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ABSTRACT 
 
 
Photovoltaic cells have become ideal alternatives to conventional energy technologies 

due to their ability to convert clean, unlimited, and sustainable solar energy into 

electricity. However, the conventional rigid, planar structure of photovoltaic cells has 

limitations in modern electronic applications. Therefore, there is increasing interest in 

developing next-generation PV devices with more sophisticated design. One simple and 

effective method is to fabricate the cell into a wire-shaped format, where the thread itself 

is capable of a PV effect combined with the advantage of being weavable into a textile. In 

this research, electrodeposited, micron-sized islands of n-WO3 on stainless steel thread, 

serving as a semiconductor photoanode, was paired with a platinum-modified, polymer 

latex-coated stainless steel wire as a counter electrode in iodide/triiodide electrolyte to 

prepare a wire-shaped liquid junction solar cell. In contrast to previous studies, the active 

layer of WO3-deposited thread was twisted around the counter electrode to achieve more 

uniform light absorption along the length of the PV wire cell. The WO3/steel wire-shaped 

PV cell gave a photoconversion efficiency of 0.36% under illumination of 71 mW/cm2, 

which was further improved to 1.86% by loading a natural anthocyanin dye sensitizer 

onto the surface of the active layer and using acetonitrile instead of water as the solvent. 

Additionally, to improve the performance of the cells, redox catalyst triethylamine was 

added to the iodide/acetonitrile electrolyte. Adding the amine under the same illumination 

conditions improved efficiency to 0.53% for the WO3/steel wire-shaped PV cell and 

2.44% for the anthocyanin dye-sensitized cell. This value is comparable to what others 

have achieved in wire-shaped PV cell performance. 
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Chapter 1. Introduction 

 
1-1. Photovoltaic wearable electronics 

 
Wearable electronics fabricated on lightweight and flexible substrates have great 

potential for portable devices. Lightweight and wearable power supply modules with high 

energy storage performance are desirable for wearable technologies.1 Recently, there is 

growing interest in making wire/fiber-shaped PV cells for flexible and woven (or textile) 

power supply electronics, of which the wire/thread comprising the textile itself is capable 

of a PV effect. The advantages of being lightweight, flexible and integrable into textiles 

in various forms make it a more practical approach for wearable electronics.  

 
1-2. Photovoltaic cells  

 

Renewable energy technologies have gained much attention due to their significant 

advantages compared to those based on conventional energy sources such as fossil fuels. 

Solar energy is the predominant renewable energy source; it can be directly transduced 

into electrical energy with photovoltaic cells. A photovoltaic cell is an electrical device 

that converts the light energy directly into electricity by the photovoltaic effect.2 

Photovoltaic cells are composed of layers of semiconducting materials forming p-n 

junctions which can convert light energy into electric current and voltage.3 The structure 

of a PV cell is shown in Fig.1. The p-n junction occurs at the interface between a p-type 

semiconductor and an n-type semiconductor. Near the interface is a depletion region 
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where the carrier density is low due to charge transfer across the interface. This also 

results in a net charge building up on either side of the interface. The n-type side 

possesses a net positive charge, and the p-type side possesses a net negative charge. This 

charge distributions generates an internal electric field across the interface. When a 

photon is absorbed within the space charge layer, it results in the formation of an 

electron-hole pair. The effect of the electric field is to force the electrons to toward the n-

type region and holes to the p-type region. This redistribution of charge results in 

photovoltage. If the back contacts of the p-n junction are connected through an external 

circuit, the photogenerated charge carriers will travel through the circuit, measured as 

photocurrent and photovoltage.4 

 

 

Figure 1. Schematic diagram of p-n junction photovoltaic cell. 
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1-3. The p-n junction 
 
 

The p-n junction is the boundary that is formed between two semiconductor phases, one 

p-type, one n-type, when they are brought into contact with each other.  Their electronic 

structure was altered by doping or growth of a layer of crystal with dopant. A dopant is 

an impurity that is intentionally introduced into a semiconductor for optimizing its 

electrical properties. N-type doping is the introduction of impurity atoms (dopants) which 

possess a filled electronic energy level near the conduction band edge. Phosphorus is a 

good n-type dopant for silicon, since the host semiconductor has four valence electrons 

while P has five electrons. If a small amount of P is added to a pure silicon crystal, one of 

its valence electrons can be thermally promoted into the conduction band, where it 

becomes a free electron. A p-type dopant introduces empty energy levels near the valence 

band of the semiconductor. For example, Si is doped with boron. The three valence 

electrons of B will be insufficient to bond to all of its Si neighbors. Filling the empty 

orbital with an electron produces a hole.5 A schematic diagram of the energy band 

diagram of a p-n junction is shown in Fig. 2. Under illumination, absorption of photons in 

the semiconductor generates electron-hole pairs, resulting in excess mobile charge 

carriers. These charge carriers are then transported in the direction of electric field across 

the p-n junction. While the minority charge carriers of the n-type region (holes) are 

transported in the direction of the electric field, the electrons in the p-type region are 

transported in the opposite direction of the electric field.6 
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Figure 2. Energy band diagram of p-n junction. 

 
1-4. Photovoltaic characterization 
 

The performance of the photovoltaic device can be evaluated by using open circuit 

voltage (𝑉𝑂𝐶), short circuit current (𝐽𝑆𝐶), fill factor (𝐹𝐹) and overall efficiency (𝜂) as 

shown in Fig. 3. 𝑉𝑂𝐶 is the voltage across negative and positive electrodes under open 

circuit condition at zero current, or the potential difference between the conduction band 

energy of the semiconducting material and the redox potential of the electrolyte.7 In 

contrast,  𝐽𝑆𝐶  is the short circuit current at zero potential. 𝑃𝑚𝑎𝑥 is the maximum efficiency 

of the cell to convert sunlight into electricity and 𝐹𝐹 is the ratio of current times voltage 

at power maximum divided by the product of 𝑉𝑂𝐶 and 𝐽𝑆𝐶 .8 Finally, the overall efficiency 

is the percentage of solar energy converted to electrical energy, where 𝜂 increases with 

𝐹𝐹, 𝑉𝑂𝐶, and 𝐽𝑆𝐶  over the incident light intensity. 
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Figure 3. I-V curve to evaluate PV cell performance. 

 

1-5. Liquid junction solar cell 
 

Liquid junction photoelectrochemical cells (PEC) were first studied in the 1950s in the 

dark and under illumination. Semiconductor electrodes can act either as donors or 

acceptors for electron exchange with excited molecules in the electrolyte. Semiconductor 

has a sufficiently large band gap which the reaction with both ground and excited state 

will not occur simultaneously unlike metal. Therefore, it is possible to observe the 

injection of electrons or holes into the semiconductor by photocurrents produced.9 The 

use of PECs in a solar energy conversion and storage scheme was first suggested by 

Fujishima and Honda in 1972, where titanium dioxide (TiO2) in the rutile phase was used 

to split water under solar illumination.10 The dye-sensitized solar cell (DSSC) is a 

photoelectrochemical cell where a wide band gap semiconductor such as TiO2 is made 

responsive to visible wavelength radiation via contact with a with a dye or 
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photosensitizer, platinum-deposited counter electrode, and a redox liquid electrolyte 

invented by O’Regan and Grätzel in 1991.11 The main feature of the DSSC is that light 

absorption takes place in a layer of adsorbed sensitizer rather than the semiconductor 

layer. The PEC consists of several components, namely, a transparent conducting oxide 

glass (TCO), thin layer of semiconductor film, electrolyte containing redox mediator, and 

usually platinum deposited counter electrode. The role of TCO is to allow the light 

passing through the PEC and DSSC with support of semiconductor. The layer of the 

semiconductor film serves as a photovoltaic effect, which electron-hole pairs are 

generated in this layer. The electrolyte containing redox-oxidation mediator serves as a 

medium of collecting electrons that flow through the semiconductor. 

 

1-5-1. Working principle of PEC 
 

The critical component of the PEC is the semiconductor, which has been configured as an 

electrode, Electron-hole pairs are generated in the semiconductor by the irradiation of the 

electrode with photons whose energy is equal or greater than the band gap energy of the 

semiconductor. When light illuminates a photoanode, electrons in the valence band are 

excited to the conduction band of the semiconductor, leaving a hole behind. The 

photogenerated electrons are swept out toward the electrical circuit and are transported to 

a counter electrode. Fig. 4 shows the general working principal of a PEC. As the PEC cell 

illustrated in Fig. 4(a)goes under illumination, the PEC undergoes six processes: (1) 

absorption of light by the semiconductor film; (2) generation of electron-hole pairs 

according to the photon energy; (3) generated electron flow from the n-type 

photoelectrode to produce electric current; (4) reduction at the interface of the counter 
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electrode and electrolyte; (5) oxidation at the surface of the semiconductor and 

electrolyte; and (6) recombination between electrons and holes in the semiconductor. 

From Fig. 4(b) upon light illumination, electrons from the valence band excite across the 

bandgap to the conduction band of the semiconductor, leaving holes in the valence 

band.12 The conduction band and valence band are bent and produce a potential barrier. 

The potential barrier prevents the flow of excited electrons from the semiconductor to the 

electrolyte and hinders the recombination of the electrons and holes. In an n-type 

semiconductor, the Fermi energy is higher than the redox potential of the electrolyte.13 

The excited electrons are collected by the photoelectrode and driven to the counter 

electrode through an external circuit. Holes are driven to the interface between the 

semiconductor and the electrolyte to perform oxidation. 

 

 

Figure 4. Schematic diagram of (a) photoelectrochemical cell, and (b) band gap 

comparison of each working and counter electrode. 
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1-5-2. Working principle of DSSC 
 

The electrical energy produced and stored in a DSSC is similar to the PEC where a highly 

adsorptive layer of organic or organometallic dye covers the semiconductor and 

“sensitizes” it to visible wavelength light. A schematic diagram of DSSC operation is 

displayed in Fig. 5(a). A DSSC is composed of a redox couple electrolyte system, 

typically iodide and triiodide complex. A photoanode covered with photosensitize dye 

molecules and a counter electrode are sandwiched between two pieces of TCO glass, and 

the redox couple in the electrolyte is used to regenerate the oxidized dye. The total 

efficiency of the DSSC is dependent on the optimization and compatibility of each one of 

the components and more particularly the photoanode, which plays a vital role in the 

charge generation and transfer processes. From Fig. 5(b) the working principle of the 

DSSC follows the sequence: (1) the cell  is illuminated onto and a photon is absorbed by 

a dye molecule, (2) the dye is energetically promoted to its excited state, (3) the 

excitation results in an injection of an electron into the semiconductor, which is then 

transported through the network of deposited semiconductor anode to the back contact, 

where it flows into the external circuit. (4) concurrently, the oxidized dye is reduced to its 

ground state by the redox species present in the electrolyte, which iodide reduces the 

oxidized dye to form an intermediate ionic species, (5) then to form triiodide, diffuses to 

the counter electrode where the regeneration cycle of triiodide reduction back to iodide 

takes place at the platinum-coated cathode.14 To increase the power conversion efficiency 

of a DSSC, a nanostructured porous titanium dioxide (TiO2) with a wide bandgap and 

large excitation binding energy is typically used in constructing the photoanode.15 The 
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large surface area of nanostructured TiO2 ensures substantial adsorption of dye molecules 

with efficient electron injection into the conduction band .  

 

 

Figure 5. Schematic diagram of (a) dye-sensitized solar cell, and (b) energy level 

comparison of each component: working electrode, dye, and counter electrode. 

 
1-6. Tungsten oxide (WO3) 
 

To date the most efficient and well-studied liquid junction solar cells are based on TiO2, 

with efficiencies approaching 12%.16 While most of the research is focused on TiO2, 

other metal oxides such as WO3 are possible alternatives with promising photoconductive 

behavior for solar energy devices. WO3 is an n-type semiconductor with energy band gap 

commonly observed in a range from 2.6 to 3.1 eV, which corresponds to the blue near 

UV region of the solar spectrum.17 For TiO2, the absorption edge commonly appears at 

380 nm (purple region), while the WO3 absorption edge appears at 420 nm.18 The 

function of the semiconducting material is to absorb sunlight, resulting in the creation of 

an electron in the conduction band. TiO2 has a band gap of 3.2 eV and only absorbs the 

UV portion of the solar spectrum, accounting for only 4% of the total irradiance.19 For 

visible light harvesting, as shown in Fig. 6, the position of the WO3 conduction band is 
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lower in energy than that of TiO2 and thus WO3 can act as an electron scavenger, without 

the risk of H2 evolution. Also, WO3 typically has a higher carrier mobility than TiO2.20 

 

 

Figure 6. Bandgap energy and bandgap alignment comparison of various metal oxides.16 

 

1-6-1. Crystal structure of WO3 
 

WO3 is reported to have different crystal structures as a function of temperature. Its 

various crystal phases consist of WO6 octahedra arranged in various corner sharing 

configurations. The phases obtained by corner sharing are monoclinic Ⅱ, triclinic, 

monoclinic Ⅰ, orthorhombic, tetragonal, and cubic. The room temperature monoclinic Ⅰ 

structure, which is shown in Fig. 7, is the most stable form of WO3, favorable for PEC 

applications.21 There is also a hexagonal  phase of WO3,  which can be obtained by 

heating the hydrated oxide.22 As shown in Fig. 8, there are trigonal cavities and 

hexagonal windows. After stacking of WO6 octahedra, trigonal and hexagonal tunnels 

along the c axis, which enable rapid conduction of ions and electrons.23 The phase 
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transition behavior of nanostructured WO3 mainly depends on the morphology, which is 

greatly affected by the synthetic process used on the initial precursors. 

 

 

Figure 7. Crystal structure of monoclinic WO3. 

 

 

Figure 8. Crystal structure of hexagonal phase of WO3.23 
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1-6-2. Nanostructured WO3 
 

The synthesis and analysis of WO3 nanostructures has become increasingly prominent 

with the advent of nanotechnologies. Enhancing the performance of  functional materials, 

nano-structured WO3 features an increased surface to volume ratio, which can provide 

more surface area for both chemical and physical interaction.24 Also, due to their 

inherently small size, quantum confinement effects influence the charge transport, 

electronic band structure and optical properties.25 In addition to light absorption in the 

visible region, the morphology of WO3 is  another key factor in the efficiency of a 

photoelectric cell. Various types of nanostructured WO3 thin films are shown in Fig. 9, 

including nanoflakes26, nanoplates27, nanorods28, nanowires29, nanotubes30, and 

nanoflowers31, which can be fabricated by various film deposition techniques. 
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Figure 9. Various nanostructured WO3 nanoarrays of (a) nanoplates26, (b) nanoflakes27, 

(c) nanowires28, (d) nanoparticles29, (e) nanotubes30, and (f) nanoflowers31. 
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1-6-3. Electrodeposited WO3 film 

 
The photoelectrochemical behavior of WO3 can be greatly influenced by the synthesis 

method. Electrodeposition is one of the methods that can deposit films onto a complex 

structure (substrate). In a potentiostat (three-electrode) system, an electrolyte containing a 

WO3 precursor species is subjected to a  DC electrical current from an electrode or 

conducting substrate immersed in the electrolyte , whereupon the precursor species is 

reduced to the oxide and deposited on the substrate to form the film.32 Kwong et al.33 has 

reported electrodeposited thin films of WO3 on FTO glass by using an aqueous solution 

of peroxotungstic acid. The electrodeposition was performed with a three-electrode 

system consisting of FTO glass as working electrode, Pt foil as counter electrode, and 

Ag/AgCl as a reference electrode. An applied potential of 0.4 V was used. Photocurrent 

density of 0.06 mA/cm2 at 0.7 V was achieved. There are few photoelectrochemical 

examples where WO3 was electrodeposited onto stainless steel substrate. Georgieva et 

al.34 electrodeposited WO3 and bi-layer of WO3/TiO2 onto stainless steel 304 plate. 

Peroxytungstate and titanium oxosulfate acids solution were used for the deposition. The 

deposition was conducted for 30 min at -1.0 V vs mercury-mercurous sulfate (MSE) 

reference electrode. The electronic structure of the WO3 layer relative to TiO2 promotes 

better separation of electron-hole pairs and reduces recombination rates while enhancing 

visible wavelength absorption. 
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1-7. Liquid junction solar cells in wire format 
 

Wire-shaped liquid junction solar cells have been mostly fabricated by twisting two 

conductive fibers together as electrodes and inserting into narrow bore, flexible tubing, 

and back-filling with electrolyte, with one as fiber as the working electrode coated with 

photoactive semiconductors or semiconductors coated with photosensitive dyes. A 

platinum wire is generally used as a counter electrode due to its high electrocatalytic 

activity for the electrolyte. The advantage of the wire-shaped liquid junction solar cells is 

that it can be easily connected to an external circuit with while maintaining flexibility of 

the cells. 

 

1-7-1. Twisted metal wires as electrode substrates 
 

Compared with the conventional planar structure, photovoltaic devices in wire format 

have attracted increasing attention as a light-weight configuration and can be easily 

woven into clothes or integrated into other structures, which enable applications in 

wearable electronics and various complex devices.35 As shown in Fig. 10, Zou and co-

workers36 pioneered this cell by twisting two steel wires coated with porous titania and 

platinum respectively, to serve as working and counter electrodes. They achieved 0.61 V 

open circuit voltage (𝑉𝑂𝐶), 1.2 mA/cm2 short circuit current (𝐽𝑆𝐶), 0.38 fill factor (𝐹𝐹), 

and energy conversion efficiency (𝜂)  of 0.27%. To improve the photovoltaic 

performance, they further used a titanium wire coated with a layer of titania nanoparticles 

to replace the porous titania-modified steel wire. A higher efficiency of 5.4% was 

achieved. Choudhury et al.37 prepared photoactive TiO2 hierarchical microstructures 
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using a simple and facile hydrothermal growth process onto Ti wire. To enhance the 

photon conversion efficiency,  plasmonic nanoparticles of Ag were also deposited using a 

photoreduction method. The branched structure of the photoanode increased the dye 

loading by filling the space between the nanowires, while the Ag nanoparticles played the 

multiple roles of dye adsorption and light scattering to increase the efficiency of the cell. 

From Fig. 11 is a schematic depicting the procedure for constructing the hierarchical 

TiO2 nanoforest structure decorated with Ag nanoparticles for a flexible wire-shaped 

DSSC. They achieved 0.882 V open circuit voltage (𝑉𝑂𝐶), 6.41 mA/cm2 short circuit 

current (𝐽𝑆𝐶), 0.71 fill factor (𝐹𝐹), and maximum energy conversion efficiency (𝜂) of 

4.0%. They improved the charge collection efficiency by providing a preferential electron 

pathway with the photoactive morphology and the high-density of Ag nanoparticles on 

the forest-like structure, which serves to decrease charge recombination . 
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Figure 10. Wire shaped dye-sensitized solar cells (DSSCs) with (a) photograph and (b), 

(c) and (d) SEM images of a twisted wire-shaped DSSC.36 
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Figure 11. Schematic diagram of mechanism of the hierarchical growth of TiO2 

photoanode.37 
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1-7-2. Carbon fiber based DSSCs 
 

Carbon fibers are flexible, low density, moderate conductivity, and high strength 

materials, and so are attractive candidates as electrodes for energy devices. As shown in 

Fig. 12, Cai et al.38 developed an all carbon fiber-based DSSC in which a sensitized TiO2 

layer deposited onto carbon fiber working electrode with another carbon fiber coated with 

carbon ink to serve as a counter electrode. They achieved 0.329 V open circuit voltage 

(𝑉𝑂𝐶), 12.19 mA/cm2 short circuit current (𝐽𝑆𝐶 ), 0.41 fill factor (𝐹𝐹), and maximum 

energy conversion efficiency (𝜂) of 1.65%.  

 

 

Figure 12. (a) Schematic diagram of the constructed carbon fiber based DSSC and SEM 

images of (b) cross-section, (c) carbon fiber/TiO2, (d) carbon ink, and (e) boundary 

between the carbon ink and the carbon fiber substrate.38 
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Similarly, as shown in Fig. 13, aligned CNT fibers coated with TiO2 photoactive layers 

were used as the working electrode and bare CNT fiber as the counter electrode in a wire-

shaped DSSC prepared by Cai et al.39 The two CNT fiber electrodes can be tightly 

twisted with close contact between them (Polyvinylidene fluoride (PVDF) non-

electrically conductive polymer barrier coated onto CNT fiber counter electrode). The 

performance of the DSSC showed 0.64 V open circuit voltage (𝑉𝑂𝐶), 9.03 mA/cm2 short 

circuit current (𝐽𝑆𝐶), 0.45 fill factor (𝐹𝐹), and maximum energy conversion efficiency (𝜂) 

of 2.60%.  

 

Figure 13. Schematic diagram of a CNT fiber based wire-shaped DSSC.39 
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1-7-3. Wire-shaped polymer solar cells 
 

Compared with the metal wire-shaped solar cells, polymer solar cells (PSCs) can be made 

into solid state devices without use of liquid electrolytes. Twisted wire-shaped PSCs have 

been prepared by using modified Ti wire that was coated with a photoactive layer of 

poly(3-hexyl-2,5-thiophene) (P3HT) and (6,6)-phenyl1-C71 butyric acid methyl ester 

(PC70BM) and twisted around an aligned CNT fiber. Fig. 14 shows the schematic 

diagram of the wire-shaped polymer cells by Chen et al.40 The prepared cells showed 

0.42 V open circuit voltage (𝑉𝑂𝐶), 0.98 mA/cm2 short circuit current (𝐽𝑆𝐶), 0.36 fill factor 

(𝐹𝐹 ), and maximum energy conversion efficiency (𝜂) of 0.15%.  Although the cell 

efficiency is relatively low compared to the metal-based wire-shaped DSSCs, this work 

has provided an effective route to develop of wire-shaped polymer solar cells. 

 

 

Figure 14. Schematic diagram of (a) wire-shaped polymer solar cell, (b) cross-sectional 

view, and (c) comparison of energy diagram.40 
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From Fig. 15 the wire-shaped PSC was fabricated by multilayer on the surface of steel 

wires for photoanode.41 A zinc oxide (ZnO) layer was first deposited as a hole blocking 

layer and following with photoactive P3HT and PCBM layer were deposited onto the 

ZnO layer. A poly(3,4-ethylene-dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 

layer coated to improve hole transport and electrical contact to the single-walled CNT 

counter electrode. By comparison to the planar, coated counter electrode, the photovoltaic 

wire showed higher efficiencies of 2.3%, which was close to 2.48% for their planar 

counter electrode parts under the same conditions. 

 

 

 

Figure 15. Schematic diagram of fabrication of wire-shaped polymer solar cells with two 

different architectures.41  
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1-8. Main challenges of wire-shaped solar cells 
 

The high flexibility of the wire-shaped solar cells is a unique advantage that makes it 

quite capable for applications in wearable technologies. Flexibility of the substrate is 

directly related to their power conversion efficiency and stability. The greatest attraction 

to wire-shaped devices is its freedom from transparent conductive oxide (TCO) glass 

photovoltaic parts. Due to the unique shape (light weight, wearability, and ease of 

integration) compared to planar solar cells, wire-shaped solar cells have attracted 

considerable attention. However, the efficiencies of the cells are still much lower 

compared to the planar format. The power conversion efficiency will be largely 

decreased as the cell length is increased, since the electrical resistance of the fiber 

electrodes are linearly increased with the length of the fiber.42 The challenge is to reach a 

balance between high efficiency and acceptable length. With the exception of PSCs, no 

reports of solid state electrolyte wire-shaped DSSCs are available; liquid electrolytes are 

mainly used for the wire-shaped DSSCs. Leakage of the electrolyte will be a challenge 

when sealing the wire cell at large scale. More efforts should be paid to solid-state 

electrolytes, which are particularly important for wire cells. Despite the described 

challenges, wire-shaped solar cells can be easily integrated into multifunctional devices. 

To this aim, more efforts should be focused on optimizing the structure and enhancing 

the performance of the solar cells. 
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1-9. Statement of problem 
 

Most PV cells are large, planar, inflexible and brittle. Many more applications would 

arise if the PV cell could be integrated or even woven into a smooth, supple surface. In 

recent years, liquid junction solar cells (PECs or DSSCs) have received more and more 

attention from both academia and industry due to low cost, simple preparation 

methodology, low toxicity, and ease of production. Through continuous development, it 

was reported that most of the liquid junction solar cells were prepared by using TCO 

glass as a substrate for the working electrode. However, rigid TCO glass has restricted 

the adaptability during installation and application. To improve the adaptability, 

fabricating flexible cells has become a challenge. 

 

1-10. Outcome from the thesis 
 

Based on the preceding literature survey, it is recognized that there are only few 

publications related to electrodeposition of WO3 on stainless steel flat substrates. These 

articles solely focused on changing the parameters of deposition voltage and time. In this 

research we have prepared electrodeposited WO3/stainless steel thread as photoanode and 

platinum-coated stainless steel wire as counter electrode to prepare a wire format liquid 

junction solar cell. It is critically important to develop miniature energy harvesting and 

storage devices that are small, lightweight, and flexible in modern electronics. 

Conventional silicon wafer-based photovoltaic technologies cannot fully satisfy these 

requirements. Therefore, there is increasing interest in developing next-generation 

photovoltaic devices. One general and effective method to overcome the above 
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difficulties is to fabricate the cell into a new wire-shaped that can simultaneously enable 

them to be small, lightweight, flexible, and foldable. In addition, they could be easily 

scaled up for industrial production by textile technology. We have proceeded in three 

main aspects of liquid junction solar cells: 1) geometric comparison prepared with two 

different configurations: i) twisting the photoanode around a Pt-coated counter electrode 

and ii) replacing the stainless steel thread with tungsten wire and orienting the wires in a 

parallel manner. 2) to enhance the light absorption, we have isolated natural dyes and 

loaded them onto the electrodeposited WO3/stainless steel thread in a dye sensitization 

scheme. For comparison, synthetic organic dyes that are suitable for the photovoltaic 

effect will be tested such as diketopyrrolopyrolles (DPP) and bis-(anthroquinones) (Red 

177). 3) several alternative redox couples will be tested.  

The electrochemical reaction rate of the redox couple 𝐼−/𝐼3
−  is of central importance for 

the functioning of liquid junction cells. Both electrodes are exposed to the electrolyte, 

and the efficiency of the cell is based on the reaction with the redox couple. 0.1 M KI and 

0.01 M I2 in DI water were prepared and tested. Alternatives to the  𝐼−/𝐼3
− redox couple 

will be investigated by replacing the KI with tetraethylammonium iodide, 

tetrapropylammonium iodide, and tetrabutylammonium iodide with higher concentrations 

in organic solvent based electrolyte. We have used a UV-vis spectrophotometer to 

analyze the light absorption characteristics and XRD to determine the crystal change after 

annealing WO3 at 350 ℃ for 1 hr. Results from electroanalytical methods such as cyclic 

voltammetry and linear sweep voltammetry will be discussed. Finally, the performance of 

the constructed DSSC will be tested to plot a current vs voltage curve and 𝑉𝑂𝐶, 𝐽𝑆𝐶 , 𝐹𝐹 

and 𝜂 will be calculated. 
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Chapter 2. Experimental & Characterization 
 

2-1. Preparation of peroxotungstic acid solution 
 

WO3 thin films were prepared by electrodeposition from a peroxotungstic acid 

(H2W2O11) solution.43 The precursor solution was prepared by dissolving enough sodium 

tungstate dihydrate (Na2WO4∙2H2O, ACROS Organics) in 100 ml DI water to make a 30 

mM solution, followed by adding 0.2 mL of 30% hydrogen peroxide (H2O2, Fisher 

chemical). A pale-yellow solution was initially formed, which faded after an hour. The 

initial pH of the Na2W2O11 solution would rise to about pH 10. Concentrated nitric acid 

(HNO3, Fisher Scientific) was added dropwise until a pH 2 was reached.   

 

2-2. Electrodeposition of WO3 film 
 

The electrodeposition was performed with a potentiostat (Princeton Applied Research, 

Potentiostat/ Galvanostat Model 273 A), using Ag/AgCl as the reference electrode, and 

platinum wire as counter electrode as shown in Fig. 16. The electrodeposition was 

performed at a potential of – 0.45 V for 60 min. The conductive stainless steel thread 

(Adafruit Industry) was used as a working electrode for the deposition and annealed at 

350 ℃ in air for 1 hr. The technique is based on the chemical reduction of peroxotungstic 

acid and the precipitation of a solid thin film onto the stainless steel thread substrate. For 

comparison to stainless 316L thread, indium doped tin oxide (ITO, Sigma Aldrich) glass 
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and tungsten wire (0.2 mm diameter, Alfa Aesar), were used as conductive substrates, 

and annealed at 350 ℃ in air for 1 h after deposition. 

 

 

Figure 16. Picture of (a) potentiostat (Princeton Applied Research, Potentiostat/ 

Galvanostat Model 273 A) and (b) conventional three-electrode system. 

 
2-3. Preparation of Pt-deposited counter electrode 
 

Electrochemical preparation of the Pt deposition was conducted in a standard three 

electrode cell with Ag/AgCl reference electrode and Pt wire as counter electrode. The 

working electrode upon which the Pt particles was deposited onto stainless steel 302 wire 

(diameter: 0.25mm). Cyclic voltammetry with potential range of - 0.35 to + 0.35 V and 

scan rate of 50 mV/s for 30 cycles was conducted. Pt4+ ions in the aqueous electrolyte 

consisting of 2.0 mM chloroplatinic acid (H2PtCl6, Sigma Aldrich) in 1 M H2SO4 were 

reduced to deposit the Pt particles.44 
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2-4. PMMA latex coating onto counter electrode 
 

To avoid contact between the working electrode and counter electrode, 

polymethylmethacrylate (PMMA) latex was synthesized by emulsion polymerization.45 

The monomer methyl methacrylate (MMA, Alfa Aesar) 3 mL was added to 25 mL 

distilled water under nitrogen in a three-necked round bottom flask equipped with 

thermometer and N2 inlet. The polymerization was carried out at 70 ℃ where the initiator 

2,2’-Azobis(2-methylpropionamidine) dihydrochloride (AIBN, Acros organics) was 

added to polymerize the MMA monomer for 2 h. The procedure involved for coating the 

Pt particles electrodeposited counter electrode, a dip coating method was employed. 

Adding 0.1 ml of prepared latex to DI water, into which the Pt-deposited counter 

electrode was immersed and dried in air at 80 ℃  for 12 h while the solution evaporated. 

 

2-5. Preparation of electrolyte solution 

 

Iodide ( 𝐼−) /triiodide ( 𝐼3
−)  electrolyte solution was prepared by adding 0.415 g of 

potassium iodide (KI, Fisher Scientific) to 25 mL of DI water to make a 0.1 M solution. 

That was followed by adding 0.064 g of solid iodine (I2, Fisher Scientific) crystals and 

stirring to make the solution nominally 0.01 M in triiodide. The pH 8 of the prepared 

solution was adjusted by adding 10% H2SO4 dropwise to pH 2. The solution was stirred 

12 h in a dark container before use. Instead of H2O as a solvent, acetonitrile was 

sometimes used as an organic solvent. For comparison, three different organic salts for 

the liquid electrolyte were studied. Table 1 summarizes the chemical structures of the 

organic salts studied. Electrolytes were prepared by combining 0.1 M solutions of 
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tetraethylammonium iodide (TEAI), tetrapropylammonium iodide (TPAI) or 

tetrabutylammonium iodide (TBAI) in acetonitrile with enough I2 to make the solution 

0.01 M in triiodide. Without pH adjustment the solution was stirred 3 h in a dark 

container before use. 

 

Table 1. Chemical structure of TEAI, TPAI, and TBAI 

Chemical Chemical structure MW 
(g/mol) 

Tetraethylammonium Iodide 

(TEAI) 

 

257.16 

Tetrapropylammonium Iodide 

(TPAI) 

 

313.26 

Tetrabutylammonium Iodide 

(TBAI) 

 

369.17 

 

2-6. Dye-sensitized electrode fabrication 

 

To fabricate the natural dye-sensitized electrodes, the electrodeposited WO3/stainless 

steel thread was immersed in an extract from blackberries and raspberries for 24 hr. The 

extraction was performed by crushing 100 g of natural fruits in a 50 mL solution of 



 

31 
 

methanol/acetic acid/water (25:4:21) and filtered with Whatman 541 – 110 mm diameter 

filter paper.46 After dye transfer, the electrode was dried at 60 ℃ in air for 1 h. Fig. 17 

shows a schematic of the stages involved in the fabrication of the natural dye-sensitized 

solar cell (NDSSC). Fig. 18 shows a schematic diagram of the completed NDSSC. The 

natural dye-sensitized and the Pt-coated wire electrodes were assembled to form a solar 

cell by twisting around each other and inserting into a transparent heat shrink tube (1/8 

inch diameter). The tube was employed to hold the iodide/triiodide electrolyte necessary 

to form a liquid junction with the semiconductor electrode and was sealed with epoxy 

cement to avoid any leakage.  

For comparison, non-natural organic dyes suitable for the photovoltaic effect, such as 

diketopyrrolopyrolles (DPP) and bis-(anthroquinones) (Red 177), were also tested. These 

organic dye solutions were prepared by adding sufficient material to make a 0.3 mM  dye 

solution in dichloromethane (CH2Cl2) and stirred for 12 h at room temperature. The 

electrodeposited WO3/stainless steel thread was then immersed in the prepared organic 

dye solutions for 24 h. After dye transfer, the electrode was dried and the cell was 

assembled in the same manner as the NDSSC. 

 

 

Figure 17. Schematic of sequence for assembling natural dye sensitized solar cell.  
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2-7. Characterization techniques 
 

The surface morphology of the synthesized PV thread was investigated using a scanning 

electron microscope (JEOL JIB-4500 multi beam system). The crystalline phase and 

average crystal size were determined by an X-ray diffractometer (Bruker, X8 

PROSPECTOR). 

 

2-8. Optical properties 

 
The absorbance of the electrodeposited WO3 onto ITO coated glass was analyzed by UV-

vis spectroscopy (Agilent 8453, UV-vis spectrophotometer system). The UV-vis 

absorption spectra of the WO3 films were recorded in the wavelength range from 190 to 

1000 nm. All solution samples were tested with 25 μL of solution diluted into a 3 mL 

cuvette filled with DI water. 

 

2-9. Electrochemical characterization 

 

Electrochemical measurements on WO3 thin films on stainless steel thread were carried 

out by cyclic voltammetry (CV) using a PAR potentiostat in a three-electrode cell 

configuration with 1.0 M H2SO4 as the electrolyte. A platinum wire was the counter 

electrode, Ag/AgCl was the reference electrode, and WO3 electrodeposited on steel 

thread was the working electrode. The potential ranged from -1 to 1 V with 50 to 100 

mV/s scan rate. 
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2-10. Photo-oxidation (Photocurrent) activity measurement 
 

The photo-oxidation activities of the WO3 electrodeposited onto stainless steel thread was 

compared with WO3 electrodeposited onto ITO glass substrates. The measurement of the 

films was determined by the linear sweep voltammetry upon light irradiation using the 

500 W xenon lamp light source (Newport solar simulator). The setup for the photo-

oxidation measurement can be seen on Fig. 19. Three-electrode cell configuration with 

1.0 M H2SO4 as the electrolyte, and a platinum wire was the counter electrode, Ag/AgCl 

was the reference electrode, and WO3 electrodeposited on steel thread (or WO3 

electrodeposited on ITO) was the working electrode. The potential ranged from 0 to 1 V 

with 10 mV/s scan rate was used to evaluate the photo-oxidation of the WO3 films. 

 

Figure 19. Schematic diagram of photo-oxidation (photocurrent) measurement. 
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2-11. Photoactivity measurement 
 

To compare for the photovoltaic activity of the films, a two-electrode cell setup was used. 

Fig. 20 shows the schematic diagram of the setup for current density vs voltage 

characterization of the prepared wire-shaped DSSCs. The light source was a 1000 W 

xenon lamp (Newport solar simulator) with 71 mW/cm2 illumination (measured by 

Newport, Power meter, model 1918-C), and the measurements were performed by 

observing the photocurrent while sweeping the potential at a constant rate of 10 mV/s. 

 

 

Figure 20. Schematic diagram of current density vs voltage measurement during Xe lamp 

light illumination. 
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As shown in Fig. 21, in a two-electrode cell system, the reference electrode connector is 

shorted to the counter electrode (negative electrode in our setup) and set apart from the 

WO3/stainless steel thread working electrode held at ground potential. 

 

 

Figure 21. Diagram of potentiostat with a two-electrode setup.47 

 

Both the reference and test cells were ensured to be placed at the same spot under the 

solar simulator during measurement. The current density vs voltage data was obtained by 

recording the generated photocurrent upon the application of an external potential bias. 

The voltage was swept in the direction of open circuit voltage to short circuit. The 

obtained data were plotted to extract the photovoltaic parameters, including open circuit 

voltage ( 𝑉𝑂𝐶 ), short circuit current ( 𝐽𝑆𝐶 ), fill factor ( 𝐹𝐹 ), and maximum energy 

conversion efficiency (𝜂). 
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Chapter 3. Results & Discussion 
 

 

3-1. Surface morphology of the fabricated cell 
 

The surface morphology of the electrodes as they were progressively modified was 

characterized by SEM. Fig. 22 and 23 show film formation by electrodeposition and 

SEM images of each stage, respectively. In first state, WO3 nucleates on the electrically 

active surface, and subsequently grows (Stage 2). After there are no longer any sites on 

the substrate for deposition (Stage 3), continued film growth must occur on top of the 

existing WO3 deposit (Stage 4). Fig 24 shows images of electrodeposited Pt particles 

coated onto the stainless steel wire substrate. A uniform coating of Pt particles covering 

the surface of stainless steel 302 wire can be seen in Fig 24(b). To avoid contact between 

working and counter electrodes, synthesized PMMA latex particles were prepared. From 

Fig 25, after the polymerization was done, uniform nanoparticles of 0.25 μm diameter 

PMMA latex were confirmed by particle size distribution. SEM images of annealed WO3 

deposited on stainless steel microfibers and other cell parts are shown on Fig. 26. Fig. 

26(a) shows WO3 electrodeposited on ITO with cracks after annealing at 350 ℃ in air 

and Fig. 26(b) shows the smooth surface of stainless steel thread without any treatment. 

From Fig. 26(c) WO3 electrodeposited on stainless steel thread and twisted around Pt-

deposited stainless steel wire can be seen. Fig. 26(d) shows the morphology of the WO3 

film with uniform cracks after annealing at 350 ℃ for 1 h in air. The coating of the films 

shows clearly that the WO3 is surrounding the individual fibrils with cracks around the 

fibers, indicating shrinkage of the deposited film during annealing. We assume the 



 

39 
 

individual channels between WO3 grains can enhance the surface area of the contact 

between the electrode/electrolyte interface while adding flexibility to the cell. To achieve 

efficient fiber photoelectrochemical behavior, the key points are uniform functional 

layers and effective interfacial contact for light collection and charge carrier generation.48 

As to the purpose of enhancing the surface area, as shown by the image in Fig 26(e), by 

using an electrodeposition method for film fabrication, we can see that the individual 

fibrils are uniformly coated with WO3. Fig. 26(f) shows the image of PMMA latex coated 

onto Pt-deposited stainless steel wire. Since the cell design involved twisting the working 

electrode around the counter electrode, the purpose of the latex coating was to avoid their 

electrical contact with each other. We had to create an electrically nonconductive porous 

structure which could transport the redox couple between the two electrodes while acting 

as a protective insulating layer.  

 

 
Figure 22. Current density vs Time curve during electrodeposition with film formation. 
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Figure 23. Comparison of morphology change of corresponding each stage during 

electrodeposition. 

 

 

Figure 24. SEM images of Pt particles electrodeposited on stainless steel 302 wire (a) 

before and (b) after. 
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Figure 25. SEM images of PMMA latex and particle size distribution. 
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Figure 26. SEM images of a fabricated PV microfiber cell with (a) WO3 electrodeposited 

on ITO, (b) uncoated stainless steel thread, (c) twisted WO3 electrodeposited on stainless 

steel around Pt-deposited stainless steel wire, (d) WO3 electrodeposited on stainless steel 

microfiber with annealing at 350 ℃ for 1 h in air, (e) 300 X magnification of PMMA 

latex coated and (f) 9500 X magnification of PMMA latex coated on Pt deposited 

stainless steel wire. 
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3-2. Optical properties 
 

UV-vis absorption spectra of  WO3 deposited on ITO with adsorbed natural dye are 

displayed in Fig. 27. From Fig. 27(a) and (b), the direct bandgap (𝐸𝑔) of nanomaterials 

was calculated by a Tauc plot using the equation;  

 

(𝛼ℎ𝜈) = 𝐴(ℎ𝜈 − 𝐸𝑔)
1

2⁄  

 

 where ℎ𝜈 is the photon energy, 𝛼 is the absorption coefficient, and 𝐴 is a constant for the 

specific materials.49 The absorption edge of the electrodeposited WO3 on ITO was around 

355 nm, and the estimated direct bandgap ( 𝐸𝑔 ) was around 2.87 eV. The optical 

properties of WO3 are directly related to its bandgap, which in turn is related to the 

oxygen vacancy concentration.50 Higher vacancy concentration leads to smaller bandgap 

energy. In the visible domain of the spectrum higher than 400 nm, there is no absorption, 

so that the appearance of the WO3 deposited on ITO was transparent. Fig. 28(a) and (b) 

depict the absorption spectra of prepared natural dyes of blackberry and raspberry, 

respectively. The absorption spectra showed the presence of distinct absorption peaks in 

the visible region for each dye. The blackberries and raspberries used for the natural dyes 

contain anthocyanins, which are responsible for the colors of the dyes and their 

photosensitizing performance. The chemical structure of the photochemically reactive 

cyanidin group contained in anthocyanins can be seen on Fig. 29 with electron transfer 

mechanisms.51 The maximum absorption peak of blackberry dye appears at the visible 

region at 560 nm and raspberry dye at 530 nm.  
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Figure 27. Comparison of UV-vis spectra of (a) ITO/WO3, ITO/WO3/dye (raspberry), 

and ITO/WO3/dye (blackberry). (b) bandgap energy of WO3 electrodeposited on ITO 

after annealing at 350 ℃ for 1 h, 
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Figure 28. Comparison of UV-vis spectra of (a) blackberry dye, and (b) raspberry dye. 
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Figure 29. Chemical structure of cyanidin contained in natural anthocyanin dyes. 

 
Fig. 30 displays the UV-vis absorption spectra and chemical structure of the synthetic 

organic dyes employed. From Fig. 30(a) the UV-vis spectrum of DPP shows two main 

absorption peaks between 300 to 400 nm, which corresponds to UVA (310-400 nm) and 

UVB (280-315 nm) absorption regions. Fig. 30(b) shows the UV-vis spectrum of Red 

177 with maximum absorbance at 580 nm and a slightly lower wavelength maximum at 

510 nm. 
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Figure 30. Solutions of UV-vis absorbance with chemical structures for (a) DPP and (b) 

RED 177 organic dyes. 
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Comparison of the optical properties of the prepared inorganic and organic iodide salts is 

shown in Fig. 31(a) and (b) respectively. All samples were prepared by adding 25 μL 

electrolyte solution (0.1 M iodide salts + 0.01 M I2 + solvent (H2O or acetonitrile)) to a 

cuvette filled with DI water. From Fig. 31(a), two main characteristic absorption peaks at 

280 nm and 360 nm correspond to 𝐼3
−.52 Relatively high concentrations of iodide ions 

compared to the I2 concentration pull more iodine into solution to form triiodide ion, 

giving rise to a large increase in the absorption. The absorption spectra of organic iodide 

salts in Fig. 31(b) with extra CH2 groups slightly shift the spectrum toward longer 

wavelengths. The light attenuation in the PV cell due to absorption by the electrolyte will 

be directly related to its performance. However, the size of cation in the electrolyte is one 

of the factors that will affect the value of the 𝑉𝑂𝐶. If the size of a cation is smaller, it can 

adsorb more strongly to the WO3-electrodeposited area and change the position of the 

Fermi level to some extent.53 
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Figure 31. Comparison of UV-vis spectra of (a) inorganic iodide salts with H2O (pH 2) 

and acetonitrile as a solvent and (b) organic iodide salts with acetonitrile as a solvent. 
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3-3. Crystal structure 
 

WO3 is a series of complicated materials with complex polymorphism and defect 

chemistry. Its various crystal phases include monoclinic, tetragonal, orthorhombic, cubic, 

triclinic, and hexagonal.54 Among these various structures, the monoclinic structure is 

favorable for photoelectrochemical cells due to its stability at room temperature.55 These 

polymorphic phases are highly sensitive to temperature and pressure changes. From Fig. 

32(a), bare stainless steel threads before/after annealing at different temperatures for 1 h 

are compared. Before annealing the stainless steel thread, the 2θ angle of the two main 

peaks corresponds to the hexagonal structure of Cr at 43.6 °  and cubic structure of 

Fe0.7Ni0.3 at 44.7 ° . The elemental analysis of stainless steel thread using X-ray 

fluorescence (XRF) is shown in Fig 34 and Table 2, for which the XRD peaks agree with 

the elemental analysis. The FWHM (or peak intensity) of the annealed Fe0.7Ni0.3Cr 

decrease as the temperature increases due to the release of internal stress and grain 

growth. These results are consistent with Etienne’s work56 and Xiong et al.57 Fig. 32(b) 

shows the WO3 electrodeposited stainless steel thread with different annealing 

temperatures. There are no diffraction peaks for annealing at 50 and 150 ℃ for 1h except 

for the peaks of the stainless steel thread. The low intensity peaks near 24 and 30° 

belonging to WO3 are observed at an annealing temperature of 250 ℃ for 1 h, revealing 

the crystallinity transition. When the annealing temperature increased to 350 ℃, peaks 

appeared at 2𝜃 = 23.1°, 23.6°, and 24.2°, which are associated with crystalline planes 

(002), (020), and (200), respectively, of the monoclinic structure. Annealing at 450 ℃ 

showed the phase transition of monoclinic to hexagonal. This result revealed that the 

crystal type of the WO3 can be controlled by annealing temperature. 
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Figure 32. Comparison of XRD patterns after annealing at different temperatures for 1 h. 

(a) stainless steel thread and (b) WO3 electrodeposited stainless steel thread. 
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From Fig. 33(a) the WO3 electrodeposited film before annealing shows the orthorhombic 

phase of hydrated (WO3 ∙ H2O). Fig 33(b) displays the effect of different times of 

deposition after annealing the samples at 350 ℃ for 1 h in air. The annealed WO3 films 

with more deposition time showed enhanced peak intensity. Curve fitting of the 350 ℃-

annealed WO3 film peaks is shown in Fig. 32(c). After transferring the dye to the 

deposited film, it can seen that the decreased diffraction peak intensity of the main peaks 

from Fig. 33(d) indicates that the surface of the film is covered with dye molecules.  
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Figure 33. Comparison of XRD patterns of WO3 electrodeposited on stainless steel thread 

after annealing at 350 ℃ in 1 h at air. (a) before and after annealing WO3, (b) different 

deposition time, (c) curve fit angle from 22 to 25 °, and (d) before(black)/after(red) dye 

transfer. 
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Figure 34. XRF analysis of stainless steel thread. 

 

 

Table 2. XRF element analysis of control stainless steel thread in weight percent. 

Cr 17.5% Mo 2.19% Fe 68.3% Ni 9.32% 
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3-4. Electrochemical measurement 
 

 

To evaluate the electrochemical behavior of electrodeposited WO3 on stainless steel 

thread, a typical CV curve was compared with ITO substrate and stainless steel thread, as 

shown in Fig. 35. There is a peak for surface reduction and reoxidation around -0.2 V and 

near 0.0 V due to the electron transfer, respectively. In Fig. 35(b), the steep rise in current 

above 0.4 V indicates oxidation of the stainless steel thread. From the obtained CV 

curves, the following formula was used to calculate the areal capacitance of the film. 

 

𝐶 =  
∫ 𝐼(𝑉)𝑑𝑉

𝐴 ∙ 𝐾 ∙ ∆𝑉
⁄  

 

where ∫ 𝐼(𝑉)𝑑𝑉 is the area under the curve, 𝐴 is the area of the working electrode, 𝐾 is 

the scanning rate in mV/s, and ∆𝑉 is the potential window in volts.58 By comparison of 

the calculated areal capacitance 68.9 mF/cm2 was measured after WO3 deposition onto 

ITO, and 116 mF/cm2 was measured after depositing WO3 on stainless steel thread. 

Comparison of the area and the calculated capacitance indicates an increase after 

deposition of WO3 with annealing at 350 ℃ for 1 h. 
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Figure 35. Comparison of cyclic voltammetric curves in 1 M H2SO4 electrolyte with scan 

rate of 100 mV/s for (a) ITO with and without WO3, (b) plain stainless steel thread and 

with WO3 film. All the deposited WO3 films annealed 350 ℃ for 1 h. 
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From Fig. 36, CV curve of reactivity and reversibility of the iodide/triiodide couple in 

water and acetonitrile are compared. From Fig 36(a) when DI water was used as a 

solvent, two pairs of positive current peaks correspond to oxidation reaction of 𝐼3
−/𝐼− can 

be seen.59 The separation of redox peak in the CV curves was broad with no clear 

indication of reduction reaction implying that the reversibility of the 𝐼3
−/𝐼− was not good. 

However, from Fig 36(b), using acetonitrile as a solvent. Clear indication of two pairs of 

oxidation and reduction peaks were observed which indicates the reversibility of the 

redox couple was good. The following reactions can occur represent as 

 

𝐼3
− +  2𝑒−  →  3𝐼− 

3𝐼2 +  2𝑒−  →  𝐼3
− 
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Figure 36. Comparison of cyclic voltammetric curves of electrodeposited WO3 on 

stainless steel thread with iodide/triiodide couple in (a) water and (b) acetonitrile with 

scan rate of 100 mV/s. 
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3-5. Photoactivity measurement 
 

To measure the photoactivity of the films, oxygen evolution behavior of WO3 in the dark 

and under illumination for the ITO and stainless steel thread are compared in Fig 37. The 

results show that the different substrates did influence the photoactivity. Minimal anodic 

current was observed at the WO3-deposited ITO and stainless steel thread electrodes 

within the potential range from 0 to 1.0 V in the dark. In Fig. 37(a), for WO3 deposited on 

ITO, the onset potential was found to be 0.2 V vs AgCl, which is in line with the onset 

potential of photoelectrochemical oxygen evolution for WO3.60 A current of 107 A/cm2 

was observed at 0.7 V using ITO substrate. From Fig. 37(b) it is confirmed that for plain 

stainless steel thread with and without illumination there was no change. After depositing 

the stainless steel thread with WO3, as shown in Fig. 37(c), a photocurrent of 317 A/cm2 

was observed at 0.7 V. Also, under the same conditions, the photo-response by 

periodically blocking the light during the test can be seen on Fig. 37(d). This is a clear 

indication that charge carriers are being photogenerated in the WO3. 



 

60 
 

 

Figure 37. Comparison of linear sweep voltammograms for WO3 films on various 

substrates in the dark and under illumination with 500 W Xe lamp (71 mW/cm2). (a) ITO; 

(b) uncoated stainless steel thread; (c) stainless steel thread with WO3 deposit, 10 mV/s 

sweep rate, and (d) chopped photo-response of WO3 electrodeposited on stainless steel 

thread at 5 mV/s scan rate. 
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By varying conditions and substrates for electrodepositing WO3, we have produced 

different thicknesses of the thin films. By using the relationship between the total charge 

passed during electrodeposition and the thickness of the deposited films, we can calculate 

the deposited film thickness by using the coulometric method. From Fig 38, we can 

integrate current over time, which is 𝑄 = ∫ 𝑖𝑑𝑡
𝑡

0
, corresponding to the area under the 

curve. The equation for film thickness is:  

 

𝐷 = 𝑄 ∙ 𝑀/𝑛 ∙ 𝐹 ∙ 𝐴 ∙ 𝜌 

 

where 𝑀 is the molecular weight of WO3 (231.84 g/mol), 𝑛 is the number of electrons 

transferred (𝑛 = 2), 𝐹 is the Faraday constant (96485 A∙sec/mol), and 𝜌 is the density of 

WO3 (7.16 g/cm3).61 By acquirng the data of 𝑄, we have calculated thicknesses 10.7 and 

17.3 μm for ITO/WO3 and stainless steel thread/WO3, respectively. Also, by comparison 

of the SEM images of deposited films in Fig. 26(a) and (d), we used Image J (Fiji 

software) to analyze the surface area of the films. Regarding each individual grain that is 

deposited, the average area we have analyzed was 150 and 1.02 μm2 for for ITO/WO3 

and stainless steel thread/WO3, respectively. The higher thickness of the film indicates 

there is more material that is deposited on the substrate and smaller specific area of the 

deposited films. A higher photocurrent density may be observed with larger exposed 

surface area with long carrier diffusion length and efficient charge transport and 

separation. 
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Figure 38. Current density vs time curve of (a) ITO and (b) stainless steel thread with 

potential -0.45 V. 
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3-6. Photovoltaic characterization 
 

From Fig. 39 to Fig. 43 the comparison of I-V curves for fabricated liquid junction solar 

cells oriented as twisted format with illuminated intensity of 71 mW/cm2 is shown. The 

corresponding values of open circuit voltage (𝑉𝑂𝐶), short circuit current (𝐽𝑆𝐶), fill factor 

(𝐹𝐹) and overall efficiency (𝜂) are summarized in Table 3 to Table 7. The effect of 

natural dyes and organic pigments on the cell performance is also shown. Deciding on the 

redox couple in a liquid junction solar cell is crucial; at present we have used 0.1 M KI 

and 0.01 M I2 with DI water (pH adjusted by 10% H2SO4) for the 𝐼−/𝐼3
− redox couple. 

Further work was conducted by replacing the inorganic salts (0.1 M KI) with the organic 

salts tetraethylammonium iodide (TEAI), tetrapropylammonium iodide (TPAI), and 

tetrabutylammonium iodide (TBAI) in organic-based (acetonitrile) electrolyte. The effect 

of electrolyte composition on liquid junction solar cells based on WO3 electrodeposited 

on a steel thread photoanode (control) is shown in Fig. 39. For the aqueous 𝐼−/𝐼3
− system, 

𝑉𝑂𝐶  = 78.74 mV, 𝐽𝑆𝐶 =  −1.17 × 10−2 mA/cm2, 𝐹𝐹 = 19.26%  and 𝜂 = 0.06%.  By 

replacing the electrolyte to acetonitrile, the values were enhanced to 𝑉𝑂𝐶  = 81.09 mV, 

𝐽𝑆𝐶 =  −4.10 × 10−2 mA/cm2, 𝐹𝐹 = 34.41%, and 𝜂 = 0.36%. Compared to water the 

potential window of acetonitrile is large (> 3.0 V) where no faradaic reaction takes 

involving the solvent as a reactant. The molecular weight increases as TEAI (257.16 

g/mol) < TPAI (313.27 g/mol) < TBAI (369.38 g/mol) so that TBAI has the largest 

molecular size. The trend of the I-V curves showed that smaller molecular weight has 

greater ion mobility for the charge transfer and so the performance of the 𝐹𝐹 followed 

22.08, 19.83, and 15.79% for TEAI, TPAI, and TBAI respectively.  
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Figure 39. Comparison of current-voltage (I-V) characteristics of fabricated 

WO3/stainless steel photoanode liquid junction solar cell. 

 
Table 3. Performance of the fabricated liquid junction solar cell based on WO3/stainless 

steel. 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

KI+I2+H2O 78.74 -1.17×10-2 18.33 -9.68×10-3 19.26 0.06 

KI+I2+ACN 81.09 -4.10×10-2 47.67 -2.4×10-2 34.41 0.36 

TEAI+I2+ACN 89.30 -1.17×10-2 20.09 -1.07×10-3 22.08 0.07 

TPAI+I2+ACN 87.84 -1.09×10-2 19.20 -9.89×10-3 19.83 0.06 

TBAI+I2+ACN 77.87 -6.09×10-3 11.87 -6.31×10-3 15.79 0.02 
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The I-V results for natural dye-loaded solar cells are shown in Fig. 40 and 41. The dyes 

were applied to WO3-electrodeposited liquid junction cells and improved the solar 

conversion efficiency. The natural dyes contain high concentrations of anthocyanins, 

which have higher visible light absorptivities compared to WO3. Compared to the WO3 

photoanode, where 𝑉𝑂𝐶 = 78.74 mV, 𝐽𝑆𝐶 =  −1.17 × 10−2 mA/cm2, 𝐹𝐹 = 19.26% and 

𝜂 = 0.06% , the natural dye-loaded cells using blackberry (cyanidin) dye had its 

performance values enhanced to 𝑉𝑂𝐶  = 86.36 mV, 𝐽𝑆𝐶 =  −0.103 mA/cm2, 𝐹𝐹 =

31.34%  and 𝜂 = 0.87%  based on H2O electrolyte. Replacing the solvent with 

acetonitrile, the performance values of the cell were again improved to 𝑉𝑂𝐶  = 88.73 mV, 

𝐽𝑆𝐶 =  −0.136 mA/cm2, 𝐹𝐹 = 49.25%  and 𝜂 = 1.86% . The molecular size effect for 

TEAI, TPAI, and TBAI showed same trend for the 𝐹𝐹 as in the aqueous system with 

41.71, 30.65 and 24.58% respectively. The anthocyanin dyes prepared from raspberries 

gave 𝑉𝑂𝐶  = 77.72 mV, 𝐽𝑆𝐶 =  −6.92 × 10−2 mA/cm2, 𝐹𝐹 = 31.96%  and 𝜂 = 0.54% 

based on H2O electrolyte. Preparing the electrolyte with acetonitrile, the performance of 

the cell was enhanced to 𝑉𝑂𝐶  = 81.17 mV, 𝐽𝑆𝐶 =  −60.138 mA/cm2, 𝐹𝐹 = 45.88% and 

𝜂 = 1.61%. For both sources of the natural dyes, the PV cell performance values were 

enhanced relative to those cells without dye loading onto the WO3 films. Both natural 

dyes contain the cyanidin molecular species. However, there is a difference between side 

groups, in that blackberry dyes contain a 3-glucoside unit, which has a slight effect in 

shifting the solar energy absorption with slightly higher photoconversion efficiency.62 
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Figure 40. Comparison of current-voltage (I-V) characteristics of fabricated blackberry 

anthocyanin/WO3/stainless steel photoanode liquid junction solar cell. 

 
Table 4. Performance of the fabricated liquid junction solar cell based on blackberry 

anthocyanin/ WO3/stainless steel. 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

KI+I2+H2O 86.36 -0.103 42.97 -6.49×10-2 31.34 0.87 

KI+I2+ACN 88.73 -0.136 62.62 -9.49×10-2 49.25 1.86 

TEAI+I2+ACN 87.55 -0.113 52.35 -7.88×10-2 41.71 1.29 

TPAI+I2+ACN 87.24 -5.30×10-2 30.35 -4.67×10-2 30.65 0.44 

TBAI+I2+ACN 88.73 -3.92×10-2 23.62 -3.62×10-2 24.58 0.27 
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Figure 41. Comparison of current-voltage (I-V) characteristics of fabricated raspberry 

anthocyanin/ WO3/stainless steel thread photoanode liquid junction solar cell. 

 
Table 5. Performance of the fabricated liquid junction solar cell based on raspberry 

anthocyanin/WO3/ stainless steel. 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

KI+I2+H2O 77.72 -6.92×10-2 32.07 -5.36×10-2 31.96 0.54 

KI+I2+ACN 81.17 -0.138 55.56 -9.25×10-2 45.88 1.61 

TEAI+I2+ACN 79.06 -0.116 47.91 -7.99×10-2 41.74 1.19 

TPAI+I2+ACN 76.68 -5.66×10-2 29.43 -4.88×10-2 33.09 0.45 

TBAI+I2+ACN 74.82 -3.86×10-2 20.73 -3.56×10-2 25.55 0.23 
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Instead of natural dye molecules, many synthetic organic dyes have been studied for 

DSSCs. Organic dyes tend to have higher molar absorptivity coefficients than inorganic 

salt-based dyes, so they have more efficient light harvesting capabilities over the solar 

spectral region.63 In this research we used a diketopyrrolopyrrole (DPP), specifically 3,6-

bis(4-chlorophenyl)-DPP (Pigment Red 254) and 4,4'-diamino-1,1'-bianthraquinone 

(Pigment Red 177) for comparison. Similar to the natural dyes, the photovoltaic 

performance of the synthetic organics  follow donor-acceptor 𝜋-conjugated bridges (D- 

𝜋-A structures), which possess both electron-donating (D) and electron-accepting (A) 

groups linked by 𝜋 -conjugated bridges, displaying broad spectral absorption.64 The 

prepared synthetic organic dye-loaded liquid junction cells are shown in Fig. 42 and 43, 

and the detailed photovoltaic parameters are summarized in Table 6 and 7.  By loading 

DPP onto an electrodeposited WO3 photoanode, 𝑉𝑂𝐶  = 118.82 mV, 𝐽𝑆𝐶 =  −5.52 ×

10−2 mA/cm2, 𝐹𝐹 = 20.85% and 𝜂 = 0.43% based on H2O electrolyte. Replacing the 

solvent with acetonitrile, the performance of the cell was enhanced to 𝑉𝑂𝐶  = 115.97 mV, 

𝐽𝑆𝐶 =  −8.07 × 10−2 mA/cm2,𝐹𝐹 = 40.95%  and 𝜂 = 1.19.  By using Red 177 for the 

photosensitizer, 𝑉𝑂𝐶  = 138.18 mV, 𝐽𝑆𝐶 =  −4.44 × 10−2 mA/cm2, 𝐹𝐹 = 35.12%  and 

𝜂 = 0.68%  based on H2O electrolyte. Replacing the solvent to acetonitrile, the 

performance of the cell was enhanced to 𝑉𝑂𝐶  = 137.73 mV, 𝐽𝑆𝐶 =  −4.73 ×

10−2 mA/cm2, 𝐹𝐹 = 46.53% and 𝜂 = 0.95%. Compared to the natural dye loaded cells, 

the DPP and Red 177 cells showed higher open circuit voltages, which can be attributed 

to an upward shift of the conduction band edge. A similar trend was found in Dualeh et 

al,65 who studied how applying donor groups of organic D- 𝜋 -A dyes onto TiO2 

influenced  𝑉𝑂𝐶. As seen in previous cases, using TEAI, TPAI, and TBAI for the 𝐼−/𝐼3
− 
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redox couple gave a 𝐹𝐹 trend of 35.49, 31.15 and 13.36% for DPP and 38.31, 20.22 and 

14.77% for Red 177 dyes, respectively. 
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Figure 42. Comparison of the current-voltage (I-V) characteristics of fabricated bis(4-

chlorophenyl)DPP/WO3/ stainless steel photoanode liquid junction solar cell. 

 

Table 6. Performance of the fabricated liquid junction solar cell based on bis(4-

chlorophenyl)DPP/WO3/ stainless steel. 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

KI+I2+H2O 118.42 -5.52×10-2 51.21 -3.89×10-2 20.85 0.43 

KI+I2+ACN 115.97 -8.07×10-2 70.57 -5.37×10-2 40.85 1.19 

TEAI+I2+ACN 119.12 -4.40×10-2 49.09 -3.79×10-2 35.49 0.58 

TPAI+I2+ACN 117.36 -5.41×10-2 50.84 -3.89×10-2 31.15 0.62 

TBAI+I2+ACN 118.06 -1.49×10-2 17.42 -1.35×10-2 13.36 0.07 
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Figure 43. Comparison of current-voltage (I-V) characteristics of fabricated 

RED177/WO3/stainless steel photoanode liquid junction solar cell. 

Table 7. Performance of the fabricated liquid junction solar cell based on Red177/WO3/ 

stainless steel. 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

KI+I2+H2O 138.18 -4.44×10-2 75.34 -2.86×10-2 35.12 0.68 

KI+I2+ACN 137.73 -4.73×10-2 89.41 -3.39×10-2 46.53 0.95 

TEAI+I2+ACN 134.91 -2.74×10-2 60.78 -2.33×10-2 38.31 0.44 

TPAI+I2+ACN 133.49 -1.26×10-2 29.32 -1.16×10-2 20.22 0.11 

TBAI+I2+ACN 136.32 -9.69×10-3 22.30 -8.75×10-3 14.77 0.06 
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To further improve the 𝐽𝑆𝐶  of the constructed cells,  a small organic electron donor, 

triethylamine (TEA), was added to the iodide/triiodide electrolyte of the liquid junction 

solar cells. Fig. 44 shows the comparison of photovoltaic performance of prepared cells 

with/without adding 0.1 M of TEA into the 𝐼−/𝐼3
−  redox electrolyte. By adding the 

organic electron donor, as from Fig. 44(a),  𝑉𝑂𝐶 and  𝐽𝑆𝐶  increased from 89.30 to 102.6 

mV and from  −4.10 × 10−2 to  −4.45 × 10−2  mA/cm2 for the electrodeposited WO3 

photoanode, respectively. The 𝐹𝐹 = 36.8%  and 𝜂 =  0.53% was calculated after the 

addition of TEA. From Fig. 44(b), after loading the natural dyes onto the WO3 

photoanode, adding TEA into the redox electrolyte enhanced 𝑉𝑂𝐶  from 88.73 to 98.55 

mV and 𝐽𝑆𝐶  from −0.136 to  −0.171  mA/cm2. The 𝐹𝐹 = 46.3% and 𝜂 =  2.44% was 

calculated after the addition of TEA. 

The enhancement of the performance of the cells can be explained by the effect of TEA 

on the charge transfer reactions of the dye, the iodide/triiodide redox couple and the WO3 

semiconductor electrode.66 From Fig. 45, the addition of an amine commonly has a 

positive redox potential around 1.0 V vs NHE. Therefore, it can give an electron to a 

photogenerated hole in the WO3, and then having been oxidized,  can in turn be reduced 

by iodide ion. The idea is that the redox catalyst amine can react faster with WO3 and 

iodide ion. When using one of the anthocyanin natural dyes as a sensitizer, an improved 

solar performance was also found, which could be attributed to a rapid dye regeneration 

reaction when TEA is added. 
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Figure 44. Comparison of current-voltage (I-V) characteristics of fabricated liquid 

junction cell with adding 0.1 M of triethylamine (TEA) based on acetonitrile (ACN) (a) 

WO3 photoanode and (b) cyanidin /WO3/ loaded photoanode. 
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Figure 45. Comparison of schematic diagram for the charge transfer reaction of (a) 

iodide/triiodide electrolyte and (b) triethylamine added for rapid dye regeneration. 
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3-7. Comparison of geometric orientation of constructed cells 
 

To compare the geometric configuration, we employed different shape of stainless steel 

316L wire as a substrate for WO3 electrodeposition. Fig. 46 shows the surface 

morphologies of the electrodeposited WO3 before/after deposition onto square shape 

stainless steel 316L wire. The substrate edge-to-edge width was 0.51 mm, the prepared 

square photoanode wire twisted around the Pt-deposited and PMMA latex covered 

counter electrode can be seen in Fig. 46(d). From the difference in shape of the 

photoanode, we wanted to compare the illumination area and assess the photovoltaic 

performance of the liquid junction solar cells. The performance of the prepared liquid 

junction solar cells with difference shape comparison can be seen on Fig. 47. By using a 

square shape wire for the substrate, the 𝑉𝑂𝐶  = 81.09 mV, 𝐽𝑆𝐶 =  −4.10 × 10−2mA/cm2, 

𝐹𝐹 = 34.41% was measured. Using a circular shape wire (or thread) for the substrate, 

enhanced parameters 𝑉𝑂𝐶  = 81.09 mV, 𝐽𝑆𝐶 =  −4.10 × 10−2 mA/cm2, 𝐹𝐹 = 34.41% 

were obtained. The use of circular thread improved the light absorption, from which  𝐹𝐹 

increased 2.8%. 
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Figure 46. SEM images of a fabricated PV cell with square shape 316L stainless steel 

wire substrate. (a) uncoated square shape stainless steel wire, (b) WO3 electrodeposited 

on the square stainless steel wire, (c) 1100 X magnification of the WO3 coated, and (d) 

constructed square wire-shaped PV cell. 
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Figure 47. Comparison of current-voltage (I-V) characteristics of fabricated liquid 

junction solar cells based on WO3 electrodeposited onto square-and circular-shaped 

stainless steel 316L as photoanode (twist orientation). 

 

Table 8. Performance of the fabricated liquid junction solar cells based on square and 

circular shape WO3 electrodeposited photoanode. 

 

 

 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

Circular 81.09 -4.10×10-2 47.67 -2.40 ×10-2 34.41 0.36 

Square 64.07 -3.56×10-2 38.56 -1.98×10-2 33.47 0.24 
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Also, it was attempted to design liquid junction cells with a different orientation. Fig. 48 

shows a schematic diagram for the design of parallel-oriented wire-shaped liquid junction 

solar cells. Another attribute of the original design involved coating the counter electrode, 

with an insulating, protective layer of PMMA latex in order to prevent shorting between 

the electrodes. To assess the effectiveness of the PMMA latex I-V characteristics were 

obtained for cells with/without the protective coating. Fig. 49 compares the I-V curves of 

the liquid junction cells with different orientation and with/without PMMA latex coating. 

The original design (twisted version) with PMMA latex gave 𝑉𝑂𝐶  = 81.09 mV, 𝐽𝑆𝐶 =

 −4.10 × 10−2 mA/cm2, and 𝐹 = 34.41% . For the twist version without the PMMA 

latex coating, the cell performance was measured to be 𝑉𝑂𝐶  = 74.36 mV, 𝐽𝑆𝐶 =

 −3.54 × 10−2 mA/cm2, and 𝐹𝐹 = 32.47%, indicating that  the PMMA latex coating  

prevented recombination of charge via shorting. The performance of the parallel 

electrode orientation of the cell was measured as 𝑉𝑂𝐶  = 42.20 mV, 𝐽𝑆𝐶 =  −2.06 × 10−2  

mA/cm2, and 𝐹𝐹 = 29.05% with the PMMA latex-coated counter electrode. Without the 

PMMA latex coating, the cell performance showed measured 𝑉𝑂𝐶  = 41.33 mV, 𝐽𝑆𝐶 =

 −1.93 × 10−2 mA/cm2, and 𝐹𝐹 = 28.91%. For of the parallel version with/without the 

PMMA latex, the performance appeared in the similar range, implying that the 

recombination of charge was avoided due to the physical separation of the two electrodes.  

Fig. 50 compares the adsorption of liquid electrolyte onto two electrodes with PMMA 

latex coating. The nature of PMMA is hydrophobic.67 However, a lowering of pH can 

protonate surface oxygen groups, change the surface energy and render the PMMA latex 

into hydrophilicity. The adsorption of liquid electrolyte onto both electrodes was 

enhanced with time.  
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Figure 49. Comparison of current-voltage (I-V) characteristics of fabricated liquid 

junction solar cells with WO3 electrodeposited on stainless steel thread in twist and 

parallel orientation with/without PMMA latex coated; Pt-deposited counter electrode. 

 

Table 9. Performance of the fabricated liquid junction solar cells based on different 

orientation. 

 

Sample 𝑉𝑂𝐶 
(mV) 

𝐽𝑆𝐶 
(mA/cm2) 

𝑉𝑚𝑝 
(mV) 

𝐽𝑚𝑝 
(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

Twist 
with PMMA 81.09 -4.10×10-2 47.67 -2.40 ×10-2 34.41 0.36 

Twist 
Without PMMA 74.36 -3.54×10-2 41.09 -2.08×10-2 32.47 0.27 

Parallel 
With PMMA 42.20 -2.06×10-2 22.75 -1.11×10-2 29.05 0.08 

Parallel 
Without PMMA 41.33 -1.93×10-2 21.55 -1.07×10-2 28.91 0.07 
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Figure 50. Weight increase (%)/Water uptake comparison after electrode immersion in 

KI+I2+H2O; pH determined by 10% H2SO4 ; Pt-deposited stainless steel wire coated with 

PMMA latex and WO3-electrodeposited stainless steel thread. 
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3-8. Long-term stability test 
 

Establishing long-term stability and efficiency is an important step towards textile 

DSSCs. The present work has identified natural dye-loaded (blackberry anthocyanins), 

twisted photoanode WO3 photoelectrodes as the best performers, with acetonitrile as  

electrolyte solvent. To perform a long-term stability test, the PV cell described above was 

exposed to daily sunlight for 5 weeks. From Fig. 51 and Table 10, performance data from 

each week of for the wire-shaped, dye-sensitized solar cell was recorded. From the I-V 

curves of the sample over 5 weeks, a downward trend in photoconversion efficiency from 

an initial  value of 1.86% (week 1) to 0.52% on week 5 was observed. Possible 

degradation of the dye and redox electrolyte can affect the stability of the cell. Another 

reason could be due to the I-V measurement itself, which may irreversibly alter the 

dye/semiconductor interface. Cell lifetime measurements are tedious and expensive, but 

to prove long-term stability, accurate and reproducible measurements will be essential in 

future work. 
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Figure 51. Long-term stability test of blackberry anthocyanin/WO3/stainless steel thread 

liquid junction solar cell with 0.1 M KI + 0.01 M I2 + acetonitrile electrolyte. 

 

Table 10. Long-term performance of the fabricated liquid junction solar cell based on 

Blackberry/WO3/stainless steel. 

Sample 𝑉𝑂𝐶 (mV) 𝐽𝑆𝐶 
(mA/cm2) 𝑉𝑚𝑝 (mV) 𝐽𝑚𝑝 

(mA/cm2) 𝐹𝐹 (%) 𝜂 (%) 

1 88.73 -0.136 62.62 -9.49×10-2 49.25 1.86 

2 83.26 -0.127 57.35 -8.31×10-2 41.46 1.37 

3 80.02 -0.108 47.23 -7.03×10-2 38.41 1.04 

4 64.18 -8.34×10-2 37.11 -5.65×10-2 39.17 0.66 

5 49.32 -7.85×10-2 32.95 -5.02×10-2 42.72 0.52 
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Chapter 4. Periodic Cracking of WO3 films 
 

 

4-1. Introduction 
 

Brittle films supported by compliant substrates are important in many emerging 

technological applications as flexible electronics including flexible photovoltaic cells. 

However, the fracture behavior of stiff deposited films on compliant substrates can 

fracture into patterns of parallel cracks.68,69 We have electrodeposited tungsten oxide 

(WO3) films onto stainless steel microfiber. After annealing the films at 350 ℃ for 1 hour 

in air, it was seen that periodic cracks had occurred on the surface of the films, as shown 

on Fig. 26(d). As for case studies, there have been several on the cracking of stiff metal 

oxide coatings onto polymer substrates. The level of modulus mismatch between the two 

components for some of these applications can generate cracks when the metal film is 

supported by a flexible elastomer.70 For instance, elastomer actuators deform in response 

to high electric field between thin metal electrodes on the surface of elastomeric 

dielectrics. During the deformation, failure of the surface layer is one of the limitations 

on the flexibility of the metal films. Formation of wrinkles can also occur on a thin film 

bonded to a compliant substrate.71 When in-plain strain in an initially flat structure 

reaches a certain extent due to mechanical loading, thermal expansion mismatch, or 

chemical reactions, wrinkling partially diminishes the strain energy in the film layer and 

relieves the strain.72 In both cases, the presence of stress in thin films and functional 

coatings constitutes a major concern in many technological applications, as excessive 

residual stress levels can dramatically affect performance, reliability, and durability of 
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material components and devices. From a more practical point of view, when brittle films 

are bonded to an elastic substrate with different modulus, a residual stress is presumed to 

exist in the film.73 The focus of this section is the influence of the mismatch in modulus 

properties on patterns of crack formation in the film. Conventional laboratory XRD can 

be performed to characterize average residual stresses and stress gradients in thin films, 

coatings and near-surface regions. Residual stress measurement by XRD is unique in that 

macroscopic and microscopic stresses can be determined nondestructively. In XRD the 

strain in the crystal lattice is measured, and the residual stress producing the strain is 

calculated. As from Fig. 52, the shape and intensity of the XRD peaks can result from 

residual stress. For example, if there are no stresses in the conjoined phases, the peaks 

will appear at the exact 2𝜃. However, if tensile stresses are induced, the 2𝜃 value will be 

shifted to the left on the baseline or if compression stresses are induced, the 2𝜃 value will 

shift to the right, due to the increased/decreased d-spacing between two atoms.74 By the 

following equation, the strain can be calculated as 

 

𝜀 =
𝜀𝑖 − 𝜀0

𝜀0
=

𝑑𝑖 − 𝑑0

𝑑0
 

 

where  𝑑0 is the spacing of the same {hkl} planes in the absence of stress and 𝑑𝑖 is the 

spacing after stress.75 The residual stress is calculated quantitatively via 

 

𝜎 = −
𝐸

𝑣
(

𝑑𝑖 − 𝑑0

𝑑0
)           
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Where, 𝐸  and 𝑣  are Young’s modulus and Poisson’s ratio respectively.76 Stress 

measurement by the XRD method is achieved by measurement of the change in d-

spacing characteristically revealed as changes in diffraction peak position. In other 

words, the sample under study must be crystalline to give a sharp diffraction peak.  

This method was employed to analyze the periodic cracking effect with residual stress 

measurements. WO3 electrodeposited thin films onto stainless steel thread were annealed 

at different temperatures to analyze the fracture mechanics with scanning electron 

microscopy and X-ray diffraction. 

 

 

Figure 52. Stress and its effect on d-spacing and diffraction peak position on XRD. 
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4-2. Modeling periodic cracking 
 

A schematic diagram of the geometric comparison of crack formation can be seen on Fig. 

53. By using the geometric function, the mechanism of crack formation, in which the 

critical strain depends on the thickness of the film and the spacing between the arrays can 

be determined. The relationship can be expressed as 

 

𝑆𝑐ℎ

ℎ
= 𝑓2 (𝛼, 𝛽,

𝛤𝑓

𝛤𝑠
,
𝜀0

2𝐸𝑓
̅̅ ̅ℎ

𝛤𝑓
) , 

 

where the film thickness is ℎ, 𝛤 is the toughness and the subscripts 𝑓 and 𝑠 denote the 

film and substrate respectively.77 The nondimensional Dundur’s parameters for the 

modulus mismatch across the interface 𝛼 and 𝛽 are given by 

 

𝛼 =
𝐸𝑓
̿̿ ̿ − 𝐸𝑠

̅̅ ̅

𝐸𝑓
̅̅ ̅ + 𝐸𝑠

̅̅ ̅
     

And 

𝛽 =
𝐸𝑓
̿̿ ̿(1 − 𝑣𝑠̅) − 𝐸𝑠

̅̅ ̅(1 − 𝑣𝑓̅̅ ̅)

2(𝐸𝑓
̅̅ ̅ + 𝐸𝑠

̅̅ ̅)
   ,     

 

where 𝐸̅ = 𝐸/(1 − 𝑣2) and 𝑣̅ = 𝑣/(1 − 𝑣) in plane strain, 𝐸 is Young’s modulus, and 𝑣 

is Poisson’s ratio.78 
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Figure 53. Schematic diagram of the process by which the energy changes associated 

with a crack channeling as (a) stress distribution along the mid plane and (b) introducing 

crack opening along the plane. 

 
4-3. Characterization techniques 
 

The surface morphology of the electrodeposited WO3 film onto stainless steel microfiber 

was investigated using a scanning electron microscope (JEOL JIB-4500 multibeam 

system). The crystalline phase and strain calculation were determined by an X-ray 

diffractometer (Bruker, X8 PROSPECTOR). 

 

4-4. Morphology study 
 

The comparison of surface morphology of the electrodeposited WO3 film onto stainless 

steel thread with different annealing temperatures was characterized by SEM. The SEM 

images in Fig. 54 show a smooth surface for stainless steel thread without any treatment. 

Depositing WO3 films at different annealing temperatures can create different patterns of 
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cracks. Havingdeposited the WO3 film at room temperature, a few cracks appearng after 

the drying process can be seen. After annealing at 50 and 150 ℃, the formation of cracks 

without periodicity were observed. After annealing at 350 ℃ for 1 h, the crack formation 

is periodic with uniform channeling. At 450 ℃, instead of periodic cracks, there are 

random shapes of cracks appearing. Thus from the SEM analysis, different cracking 

patterns were found and correlated to annealing temperature.  
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Figure 54. Comparison of SEM images of WO3 electrodeposited films onto stainless steel 

thread with different annealing temperature. 
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4-5. Residual stress 
 

The residual stress calculation was conducted based on the XRD results. From Table 11 

and 12, the d-spacing parameters of stainless steel thread substrate and electrodeposited 

WO3 film onto stainless steel thread, in which the tensile stress is presented in both cases 

after annealing at different temperatures. After using the strain equation and inserting the 

values from the reference into the equation,79 the calculated residual stress is shown in 

Fig. 55. After annealing the uncoated stainless steel thread at different temperatures for 1 

h, the residual stress was found to increase  at higher temperatures. The maximum 

residual stress was calculated for annealing at 450 ℃  to be 3.89 GPa. The residual 

stresses of the WO3 thin films exhibited a residual stress decrease from 2.13 to 2.05 GPa 

as the substrate temperature increased from 350 to 450 ℃. The residual stress is the sum 

of the intrinsic stress, thermal stress, and the external stress. The intrinsic stress is due to 

the deposition defects and lattice mismatch between the film and the substrate. The 

thermal stress is caused by the thermal mismatch between the thin film and substrate, and 

the external stress denotes the stress resulting external mechanical load.80 In our 

observation, the residual stress decrease is due to the different rates of thermal mismatch 

release at different temperatures. By comparison between the annealing temperature at 

350 and 450 ℃ of substrate and WO3 thin film, the residual stress difference at 450 ℃ 

was larger compared that at 350 ℃, which can cause different shapes of cracks in the 

films. 
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Table 11. Stainless steel thread after annealed at different temperatures. 

 

Table 12. WO3 electrodeposited film annealed at different temperatures. 

 

 

Temperature 2θ Crystal 
structure hkl d-spacing intensity 

RT 44.696 ° Cubic 1̅1̅0 2.025 Å 624 
150 ℃ 44.648 ° Cubic 1̅1̅0 2.027 Å 503 
250 ℃ 44.553 ° Cubic 1̅1̅0 2.029 Å 139 
350 ℃ 44.524 ° Cubic 1̅1̅0 2.032 Å 135 
450 ℃ 44.491 ° cubic 1̅1̅0 2.036 Å 126 

Temperature 2θ Crystal 
structure hkl d-spacing 

350 ℃ 23.11° → 22.32° Monoclinic 002̅ 3.16Å → 3.18Å 

450 ℃ 28.22° → 28.02° Hexagonal 2̅00 3.81Å → 3.84Å 
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Figure 55. Comparison of (a) Young’s modulus for WO3 annealed at different 

temperatures and (b) calculated residual stress of uncoated stainless steel thread and WO3 

electrodeposited film onto stainless steel thread annealed at different temperatures. 
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4-6. Modeling periodic cracks 
 

Numerical calculation for modeling periodic cracking of WO3 thin films was performed 

by two geometries comparison as shown in Fig. 53. The stress distribution was calculated 

along the mid-plane between two cracks of depth h and distance 2s apart for a given 

value of applied strain. The resulting crack opening displacements were computed, and 

the critical strain energy channeling this new crack was calculated. The calculated results 

are shown in Fig. 56. Matching between the geometric separation properties of the 

material and the applied strain was found. It can be seen that the range of strains for 

periodic arrays increases as the feature separation increases. Two separate curves are 

plotted, one without modulus mismatch (black) and one with the given Dundur’s 

parameter (red). The three separate regions can be defined as few cracks, periodic cracks, 

and random cracks. The conclusions from modeling periodic cracking of thin films is 

consistent with the experimental observation. By carefully analyzing the SEM images of 

electrodeposited WO3 films annealed at 350 and 450 ℃, the geometric spacings were 

obtained and paired with  the values of mechanical properties, so that plots for the 

annealed WO3 films define different regions as periodic and random cracks, respectively. 
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Figure 56. Plots showing the regimes of critical strains vs geometric spacing in which 

periodic crack arrays contained. 
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Chapter 5. Conclusions & Future work 
 

 

5-1. Conclusions 
 

WO3 electrodeposited on stainless steel thread was introduced as a photoelectrochemical 

cell and liquid junction solar cell. Morphology, crystal structure, and 

photoelectrochemical behavior of WO3 electrodeposited on stainless steel 316 L thread 

has been studied. The morphology of electrodeposited WO3 on stainless steel thread 

shows a dense structure with the coating surrounding the individual fibrils of the thread. 

Annealing the crystal causes a phase transition of WO3∙H2O to monoclinic and hexagonal 

structure at 350 and 450 ℃, respectively. Using the onset and plateau current under 

illumination as an indication of photoactivity, a photocurrent of 317 μA/cm2  was 

observed with fast response to chopped illumination. The performance of the liquid 

junction solar cell showed enhanced values of open circuit voltage (𝑉𝑂𝐶), short circuit 

current ( 𝐽𝑆𝐶) , fill factor ( 𝐹𝐹)  and overall efficiency ( 𝜂)  by adsorbing natural and 

synthetic organic dyes onto the WO3 surface. To improve the PV parameters, 0.1 M of 

redox catalyst TEA was added to the redox electrolyte and maximum performance of 

𝑉𝑂𝐶 = 98.55 mV, 𝐽𝑆𝐶 =  −0.171 mA/cm2, 𝐹𝐹 = 46.3%, and 𝜂 = 2.44% was achieved 

with the blackberry dye-loaded liquid junction cell. Separating the electrodes with a 

uniform PMMA latex layer on the counter electrode helped prevent shorting and charge 

recombination, improving power conversion efficiency. Fig. 57 shows a comparison of 

energy levels relative to WO3. Based upon the results of the I-V curves,  the photovoltaic 
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effect for WO3 electrodeposited on stainless steel thread could be observed with either 

twisted or parallel electrode orientations. 

 

 

Figure 57. Band gap energy and band gap alignment comparison of natural and organic 

dyes. 

 
Residual stresses of WO3 thin films electrodeposited onto stainless steel thread annealed 

at temperatures between 50 to 450 ℃ were compared. The residual stress analysis was 

conducted by measuring the strain energy by XRD. The results indicated that for stainless 

steel 316L thread substrates, stress increased after annealing at higher temperatures. The 

WO3 film showed decreased residual stress after annealing at 450 ℃, so that it may be 

used to control the residual stress creation. By modeling the periodic cracking of WO3 

films, the critical strain rate vs the geometric crack spacing was used to simulate the 

periodic cracking. By comparison of SEM images to the modeled plots, agreement with 

the theoretical simulation was obtained. 
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5-2. Future work 
 

In this work,  in order to create lightweight, portable, energy-harvesting devices, 

electrochemistry was performed on single fibers of metallic steel threads to deposit a 

WO3 semiconductor photoanode and create a junction with a redox electrolyte. To further 

advance the technology,  the wire-shaped liquid junction photovoltaic cells will be woven 

into a textile, so that output voltage and current from each wire cell can be additive. Fig. 

58 shows a schematic diagram for textile fabrication from liquid junction cell threads by 

stacking stainless steel fiber meshes, one with electrodeposited WO3 and one with Pt 

particles. To avoid contact between the two mesh electrodes, the same procedure will be 

followed that was employed for the single wires, i.e., a PMMA latex would act as a 

protective layer around the Pt-deposited steel mesh counter electrode. By incorporating 

the liquid electrolyte into thin films of transparent laminate paper (PEG films) it could 

also  be used as a sealant. Further study will be conducted to replace the liquid electrolyte 

with a gel or a solid electrolyte to minimize leakage from the cell. 
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Figure 58. Fabrication of the liquid junction solar cells into a textile. 
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