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Abstract 

The development of solar cells has revolutionized the renewable energy sector and still 

holds significant potential for further advancements. Different solar cell technologies 

have been proposed and utilized in practical applications. This work is focused on the 

special class of dye-sensitized solar cells which have been developed with the aim of 

achieving lower cost and higher cell efficiencies. The flexibility and simplicity of these 

photo-electrochemical systems has motivated significant research efforts in this field. 

Current efforts are focused on the utilization of alternative materials to replace the 

rather expensive platinum electrodes. The physical properties of the Iron-Copper 

system present an appealing choice as an alternative counter-electrode material. 

However, due the complexities in preparing metastable Fe-Cu alloys, the understanding 

of the fundamental electrical properties of this system remains limited and not fully 

understood. Developing a better understanding of the electrical properties of Fe-Cu, 

including composition dependencies, are relevant to the potential use of this alloy 

system in solar cell applications. In this work, FexCu100-x alloys where x (wt%) = 25, 

35, 50, 65, and 75 were prepared via mechanical alloying (MA) method. 

Microstructural characterization revealed a single-phase face-centered cubic structure 

for a wide range of compositions. Temperature dependencies of the resistivity were 

measured for all samples. At low temperatures, the Fe25Cu75 alloy exhibited T3/2 

dependence of the resistivity. At higher temperatures (100-300K) all of the 

mechanically alloyed Fe-Cu exhibited unusual T linear dependence resistivity. As for 

the magnetic properties, samples with Fe content higher than 35% exhibited magnetic 

transition temperatures (Tc) higher than 350K. The counter-electrode was manufactured 

by depositing Fe50Cu50 on an aluminum sheet using MA and rolling methods. Dye-

sensitized cells were produced, assembled, and tested with both platinum electrodes 

and Al-Fe50Cu50 counter electrodes, resulting in maximum efficiencies of (3.7%) and 

(0.26%) respectively. Additionally, the efficiency-cost of these cells were investigated 

resulting in (0.25% per AED) for platinum electrode, and (3.0% per AED) for Al-

Fe50Cu50 electrode. The obtained results indicate that it has a notable potential which 

warrants further research and optimization efforts.  

 

Keywords: Photovoltaic, Dye Sensitized Solar Cells, Fe-Cu, Mechanical Alloying, Electric 

Transport, Magnetization Properties, Efficiency-Cost Analysis 
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Chapter 1. Introduction 

1.1. Overview 

Over the last few decades, humanity has witnessed a spike in population with 

numbers increasing from approximately 3.034 billion people in 1960, to more than 

7.7billion people in 2019. These numbers are projected to grow to around 8.5billion in 

2030, 9.7billion in 2050, and 10.9billion in 2100 [1], [2]. The energy demand has 

increased significantly due to population growth and is expected to amplify in the 

upcoming years. Therefore, the supply in the energy market is required to match this 

continuously increasing demand at a low cost and with limited environmental impact. 

In addition, the inevitable depletion of conventional resources necessitates finding 

alternative energy sources that can satisfy the global energy needs. This objective has 

been a critical goal since the third industrial revolution [3]. Not only a drop in 

conventional energy sources is expected in the years 2030-2040 [4], but a catastrophic 

long-term effect on the Earth atmosphere is predicted with the prolonged production of 

greenhouse gases. Countering the effects of high concentration of greenhouse gases in 

the atmosphere has never been more critical. These conditions emphasize on the 

importance of research investment in the field of renewable energy, and specifically 

Dye-Sensitized Solar Cells (DSSC) that contributes towards generating low-cost, green 

energy. This work adds value to the DSSC field by investigating alternative cost-

effective materials that can replace existing commercial or commonly used products in 

the DSSC structure.  

With this increase in demand, combined with the essential need to lower the 

emission of greenhouse gasses, developing clean, stable, and reliable alternative energy 

sources is vital. Sustainable and renewable energy production comes in different forms; 

solar, biomass, wind, tidal, geothermal, etc. [5]. In the United Arab Emirates, where 

solar energy is abundant due to its geographical location, solar energy can be utilized 

using several methods such as solar thermal and photovoltaic (PV). The production of 

electricity directly in plants such as the Mohammed bin Rashid Al Maktoum Solar Park 

located in Dubai, which is a photovoltaic plant [6]. Solar thermal power plants such as 

Abu Dhabi’s Shams Solar Power Station, use concentrated solar power plant that 

generates and feeds 100MW electricity into the national grid [7], [8].  

With this abundance of solar energy, utilizing this privilege by exploring 

innovative emerging solar technologies, such as DSSC and perovskites is crucial. Dye-
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sensitized solar cells, an emerging technology in solar energy,  generates current when 

a photon is absorbed by a dye-molecule on the n-type material (e.g.,  Titanium Dioxide) 

[9]. The initial cells showed a conversion yield of around 7% [9] while more recent and 

optimized attempts have demonstrated values reaching 13% [10]. Despite the research 

and development efforts, the efficiency remains limited. The introduction of different 

materials to replace the conventionally used electron transport layer (ETL), hole 

transport layer (HTL), photosensitizer, mesoporous layer, compact layer, etc., present 

a significant room to improve the efficiency of the cells. Due to the fact that dye-

sensitized solar cells are photoelectrochemical cells, many limitations may arise as a 

result of the chemical reactions that occur in the process. The incompatibility of 

materials, wide bandgaps that may limit the electron transfer, and leakage while using 

liquid-based electrolytes  [11]–[18], oxidation of the material, injection and 

recombination limitations [19], are some limitations that effect the performance of the 

DSSC . The simple concept of this cell with its low-cost and high efficiency selling 

point have played a factor in the selection of this thesis topic and finding methods to 

enhance this existing technology by introducing new materials aimed at improving the 

resulting cell performance 

In general, the structure of DSSC is complex and includes multiple layers and 

the use of different materials, the basic DSSS consists of a photoelectrode (a 

combination of a conducting substrate and a semiconductor active layer), electrolyte, 

active layer, counter-electrode [20]. This works aims to improve the efficiency of 

conventional inorganic dye-sensitized solar cells by exploring alternative counter-

electrode materials. The study is considering the cell’s elements as building blocks that 

can be easily removed and replaced by other compatible materials. These changes can 

either increase or decrease the cell’s performance.  

Traditionally, platinum coated fluorine tin oxide (FTO) is the most commonly 

used counter-electrode. Due to the semi-precious metal’s high efficiency, a result of the 

electrolyte’s rapid regeneration at the counter-electrode in the case of DSSC, it may 

present as an ideal counter-electrode. On the other hand, platinum and its alternative 

semi-precious are extremely expensive and rare elements, which steered the focus of 

research towards Earth-abundant elements as a cheaper alternative to the 

conventionally used counter-electrode [21]. 
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Following these concepts, the Iron-Copper system provided an appealing cost-

effective alternative to the conventionally used expensive and rare metals. Therefore, 

this work will revolve around the Iron-Copper system (Fe-Cu) as a potential counter-

electrode material to substitute the frequently used semi-precious counter-electrode, 

platinum. Due to their wide range of magnetic properties as a results of various 

processing conditions, Iron alloys are one of the most important alloys [22]. Recent 

findings prove a new phenomenon where superconductivity, ferromagnetism[23], [24], 

and spin glass behavior[25] coexists together in magnetic systems such as Iron. 

Although stable Fe at room temperature and atmospheric pressure has a body centered 

cubic (bcc) crystal structure (with lattice parameter a roughly 2.87Å, commonly known 

as α-Fe phase), a monoatomic face centered cubic (fcc) Iron (-Fe phase, with lattice 

parameter a around 3.54Å) can be stabilized directly by substituting Iron atoms with 

materials characterized by a lattice parameter comparable to that of the -Fe lattice 

parameter (i.e. 3.5Å –3.6Å) [26]. Copper, a nonmagnetic material with an fcc lattice 

parameter a approximately 3.6Å is selected in this study as the material used to stabilize 

Iron fcc. Combined with the high conductivity and high strength properties found in 

Cu-based compounds [27] and compatibility, Iron-Copper alloy make a logically 

appealing choice.  However, the major drawback of such studies is the bulk miscibility 

of Cu in both −Fe and α−Fe.  

Traditionally, iron alloys can be produced by exercising different techniques 

that control the type and quantity of the alloying elements [28], but due to the limited 

miscibility between iron and copper elements, the synthesis of  single phase Fe-Cu has 

been a challenge [29], [30]. Nevertheless, sample preparation methods such as 

magnetron sputtering [30], electrodeposition [31], and mechanical alloying [32], have 

yielded the required results in alloying Fe and Cu. The mechanical alloying (MA) 

method has gained a popularity since it was first invented in the 20th century JS 

Benjamin [33], [34]. A solid-state powder alloying technique that was originally 

developed to produce homogeneous, uniform materials. The technique relies on a 

repeated process of cold welding, fracturing, and re-welding of the powders using a 

high energy ball mill [33], [35]–[37]. The process is used to synthesize metastable 

materials [36] such as supersaturated solid solutions [38], intermediate phases [39], 

quasi-crystalline materials [29], [40], amorphous alloys [41], and high-entropy alloys 

[42]. Utilizing this technique to produce Iron-Copper alloys, this study will focus on 
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the electrical transport properties of the Fe-Cu system, and specifically analyzing the 

temperature dependence of the resistivity of the system. The operating temperature 

plays a crucial role in the conversion process of a photovoltaic cell [43]. Therefore, it 

is important to investigate the effect  of temperature on the electrical conductivity of 

the Fe-Cu system [44], [45], and while focusing on the temperature evolution of 

resistivity of the Fe-Cu system. Shedding further insight into the physical properties of 

Fe-Cu enables us to understand its compatibility and practicality in the field of Dye-

Sensitized Solar Cells, and specifically for the commercial use at locations with 

elevated temperatures, such as the United Arab Emirates (U.A.E).  

1.2. Research Contribution 

Dye-sensitized solar cell’s attractiveness is attributed to their cost-effective 

properties. Over the years, different approaches have been taken to achieve that goal. 

Research in this field has focused on utilizing materials that have low cost and high 

efficiencies; such as certain organics dyes and synthetic dyes [12], [13], [46], [47], or 

replacing the standard photoelectrodes or counter electrodes with alternative cost-

effective materials [48]–[50]. In this study, we will be utilizing the mechanical alloying 

process to produce Iron-Copper alloys of different percentages, investigate their 

electrical transport properties, and analyzed the temperature dependence of the 

resistivity of the Fe-Cu system in detail, as a replacement of the Fluorine doped Tin 

Oxide (FTO), or the expensive platinum counter–electrodes used in as the p-type hole-

transport material (HTM). This allows us to utilize Iron-Copper alloy as an effective 

counter-electrode in a standard dye-sensitized solar cell and compare its performance 

to the traditionally used platinum electrode.  

1.3. Research Objectives 

With this target set, the following objectives will be achieved: 

1. Develop a benchmark to the dye-sensitized solar cell by producing standard 

cells as a reference, this will enable us to compare the effectiveness of 

adding Fe-Cu to the cell. 

2. Produce Iron-Copper powders at different compositions by utilizing the 

Mechanical Alloying method and categorize the crystal structures for each 

composition respectively. 

3. Investigate the magnetic and electrical transport properties of mechanically 

alloyed FexCu100-x, system 
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4. Investigate the electrical conductivity of the Fe-Cu system, while focusing 

on temperature evolution of resistivity of the Fe-Cu system. 

5. Integration of Iron-Copper as an alternative for the platinum electrode, as a 

counter electrode material. 

6. Obtain the characteristic properties of the cells discussed above (efficiency, 

open-circuit voltage, short-circuit current density, and fill factor. 

1.4. Thesis Organization 

The information available in the current document can be accessed as followed: 

the global impact of existing energy sources and the importance of converting to green 

energy will be discussed in chapter 2. The concept of third generation solar cells will 

be introduced, while focusing on dye-sensitized solar cells (DSSC). In addition, we will 

introduce the operation mechanism and characterization of DSSC cells. Followed by 

the focus of the study; the Iron-Copper alloy system. The Fe-Cu alloy section will 

discuss existing works on the system, and their contribution to the study. In chapter 3, 

the experimental methods and characterization techniques used will be further clarified. 

Followed by chapter 4, which will revolve around the results and discussion of the 

experimental work conducted. Finally, chapter 5 provides a summary and conclusion 

of the work. 
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Chapter 2. Literature Review 

2.1. Drivers of Change 

For the past eight hundred thousand years, the levels of carbon dioxide in the 

atmosphere have fluctuated continuously, following a natural cycle, but never 

exceeding 300ppm [51]. In the last century, the concentration of carbon dioxide –a 

greenhouse gas– surged in the atmosphere beginning an unexpected chain reaction 

which we are currently witnessing. These number are only expected to continue to rise. 

As of the latest data available, 86.95% of the world energy produced in 2018 is 

from fossil fuels sources [52], [53]. This contributes towards the global emission of 

33.3Gton CO2e [54], [55]. In turn, this resulted in global temperatures in 2018 being 

1.5C higher than the mean global temperatures between 1951 and 1980, a considerable 

amount from the Carbon Budget 2oC [56]. This is considered extremely alarming and 

requires concentrated efforts to reduce and control emissions. For example, the Paris 

Agreement was signed in 2016 in order to control the global temperature rise. This is 

conducted by managing CO2 emission, maintaining global temperature rise below 2oC 

by 2025 or 2030, and pursuing efforts that would limit the temperature increase even 

further to 1.5oC through technological advances [57], [58]. This task has not been made 

easy with the current global population. 

 

 
Figure 1: Energy Production World Trend 1990-2019 [59] 

 

As can be observed in Figure 1, the world’s dependence on conventional energy 

has been on the rise which is an expected outcome of population and technological 



18 
 

growth over time. In 2019, the U.S. and China, contributed towards a significant growth 

in crude oil production and coal production, respectively. Producing a total of 2,303 

Mtoe (U.S.), and 2,684 Mtoe (China), each. This has resulted in a substantial increase 

in global energy production that year. In addition, just these two countries consumed a 

collective amount of 5,497 Mtoe in 2019 [59], [60]. 

Without even looking at the environmental and economic impact of continuing 

use of conventional energy sources, understanding that these resources will eventually 

be depleted is important. Comprehending this predicament and recognizing that 

communities, cities, and countries can no longer rely on the current conventional 

sources due to their lack of sustainability and their measurable negative effect on the 

environment, a change towards a more “clean”, sustainable, and renewable energy 

sources is finally due. With existing various options in the renewable energy sector, 

realizing that solar energy is an ideal choice for locations like the United Arab Emirates, 

is the first step towards achieving energy sustainability.  

2.2. Renewable Energy 

With the depletion of conventional energy sources, we are currently in a race 

against time to find efficient, reliable and abundant sources of energy. Therefore, 

investing in renewable energy has never been more crucial. Renewable Energy is 

obtained from natural sources or processes with the ability to be constantly replenished, 

such as; solar energy, wind energy, hydropower, geothermal, and biomass; dubbing 

renewable energy as “Clean Energy” [18], [23]. 

Although renewable energy is viewed as a new form of technology, living 

beings have been utilizing these sources of energy since the dawn of time. Depending 

on the Sun to provide light, heat, and energy for natural process. Wind to power boat 

sails and windmills to grind the grain. Biomass through wood to cook food and keep 

ourselves warm in the cold. 

With this approach to converting from conventional energy sources and 

systems, to renewable and sustainable energy systems comes a huge investment. In 

2019, a total of $282.2 billion was globally invested in the renewable energy sector 

[61]. The global renewable energy investment trend can be seen in Figure 2. 
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Figure 2: Global Renewable Energy Capacity Investment, 2004 to 2019, $BN [61] 

 

Realizing the importance of this investment, it can be seen in Figure 3 the 

amount of money invested in each type of renewable energy source globally in 2019 

and their growth in comparison to the year 2018. As can be noticed. Solar energy was 

the second most-invested in field of renewable energy in 2019. 

 
Figure 3: Global Investment in Renewable Energy Capacity by Sector in 2019, and Growth on 2018, $BN [61] 

Although wind energy takes the lead when it comes to investment in the field 

of renewable energy, the United Arab Emirates’ geographical location has high 

photovoltaic power potential as can be seen in Figure 4 and  

Figure 5, where the specific photovoltaic power output is clearly noticeable at 

5.12kWh/kWp, a clear indication that this site is more suitable for photovoltaic energy 

due to its abundant incoming solar flux. This is a great indicator to invest in the  $131.1 

billion dollars were invested in that field of renewable energy  [61]–[63].  
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The utilization of solar energy can be completed using different methods of 

conversion such as solar thermal energy which utilizes the heating up of the working 

fluid process for either heating and cooling systems or electrical generation. 

 

 
Figure 4: Site-Specific Solar Energy Yield Estimates [62] 

 

 
Figure 5: Photovoltaic Power Potential - United Arab Emirates [63] 

 

2.3. Photovoltaic Energy 

2.3.1. History  In 1839, and at the age of 19, Alexandre Edmond Becquerel 

was able to create and analyze the world´s first photovoltaic cell. The first photovoltaic 

cell consisted of two electrodes placed in an acidic solution, that is separated by a thin 

membrane. When illuminating one of these electrodes, Becquerel was able to observe 

an electrical generation [64], [65]. Figure 6 shows a simplified timeline of earlier PV 

development from the birth of photovoltaics till the first PV in space.  
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Figure 6: Simplified timeline of earlier photovoltaics development [66] 

 

2.3.2. Solar cells – basic Concept  Because of the intriguing concept, Solar 

cells have gained a popularity in the 19th century. As Markvart et al. [67] explained it, 

the photovoltaic energy conversion follows two steps. First, when the incident light hits 

the cell, photons excite the semiconductor, generating free-carriers (in case of inorganic 

solar cell) or excitons (in case of organic solar cells) in the semiconductor material by 

absorbing these photons that have energies higher than their bandgap [68]. Resulting in 

the creation of an electron–hole pair. This electron–hole pair is then separated into two 

terminals: holes to the positive terminal, and electron to negative terminal, resulting in 

electrical power generation. 
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Figure 7: Current voltage (IV) cure of a solar cell [70] 

 

For an ideal solar cell, the current can be calculated using Equation (1) from the 

Shockley solar equation. Where for an ideal cell the photogenerated current (𝐼𝑝ℎ) is 

equal to the short circuit current (𝐼𝑠𝑐), and (𝐽𝑝ℎ) is the maximum theoretically achievable 

value for the short–circuit current density. On the other hand, the for an ideal solar cell, 

by using Equation (2) we can obtain the open–circuit voltage [67]. 

 

𝐼 =  𝐼𝑝ℎ − 𝐼0  (𝑒
𝑞𝑉

𝑘𝐵𝑇 − 1)     ( 1 ) 

𝑉𝑜𝑐 =  
𝑘𝐵𝑇

𝑞
𝑙𝑛 (1 + 

𝐼𝑝ℎ

𝐼0
)                ( 2 ) 

The solar cell’s maximum power (Pmax) can be used to obtain the maximum 

current (Im), and maximum voltage (Vm). Using this definition, and by using Equation 

(3), we can obtain the cell’s fill factor; or the measure of squareness of the I–V curve 

[69]. 

𝐹𝐹 =  
𝑝𝑚𝑎𝑥

𝐼𝑠𝑐𝑣𝑜𝑐
=  

𝐼𝑚𝑣𝑚

𝐼𝑠𝑐𝑣𝑜𝑐
                ( 3 ) 

Using these values and the previous equations, the efficiency of the cell can be 

obtained using Equation (4). 
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𝜂 =  
𝑃𝑚𝑎𝑥

𝐴𝑟𝑒𝑎 × 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (100𝑚𝑊/ 𝑐𝑚2)
=  

𝐼𝑠𝑐𝑣𝑜𝑐×𝐹𝐹

𝑟𝑒𝑎 × 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (100𝑚𝑊/ 𝑐𝑚2)
        ( 4 ) 

Figure 7, shows a graph of the I–V curve of the cell in red, the (VMP, IMP) point 

indicates the maximum power of the cell that correspond to the maximum current and 

voltage. The open–circuit voltage can be seen when the current is zero. As for the short–

circuit current, the value is on the y-axis where the voltage is zero. 

2.4. Third Generation Solar Cells 

Over the past years, solar cells have emerged to offer a reliable substitute to 

conventional energy sources, such as fossil fuels. This in turn, contributes towards 

providing large amounts of green–energy at affordable prices [71]. 

 

 
Figure 8: Best Photovoltaic Research-Cell Efficiencies - National Renewable Energy Laboratory [10] 

 

With these technological advances in the photovoltaic field, and specifically the 

approach of the Shockley-Queisser’s 31–41% power efficiency limit (SQ limit) for 

single bandgap solar cells [72], [73], studies were conducted to find methods to 

circumvent the SQ limit. One of resulting findings were third-generation solar cells. 

Third-generation solar cells are an alternative, nanostructured materials–based devices 

that aim to enhance the performance of their predecessor (the second–generation 

technology; thin film), while maintaining the low–cost target. This technology 

primarily involves organic photovoltaics (OPVs), copper zinc tin sulfide (CZTS), 

quantum dot–sensitized solar cell (QDSSC), dye-sensitized solar cells (DSSCs), and 
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perovskite solar cells [68]. Figure 8 illustrates the latest best research-cell efficiencies 

over the years reported by the National Renewable Energy Laboratory [10]. 

In certain cases, the end-user would prefer price over electric power production 

(in case of small applications), and vice-versa. In all situations, the efficiency of the 

cells guarantees both. High efficiency does not necessarily mean high cost, with high 

efficiencies, less material is required, and more power is produced. Typically, a solar 

cell consists of the photoelectrode, a counter electrode, the active area, and an 

electrolyte. Changing these factors to optimize the price-vs-efficiency properties 

creates ideal solar cells for different situations. 

To understand the importance of these layers we need to understand the 

operation mechanism of these cells. Since energy is generated from the photons 

absorbed, the optoelectrical properties of the cell plays a major role in the operation. 

Where the properties of the photosensitizers (in the case of this thesis; ruthenium dye) 

are one of the most important factors that determine the performance of the solar cell. 

Properties such as the absorption of the photosensitizer. With these types of cells broad 

absorption is usually targeted to utilize the maximum range of the solar spectrum, 

extending the near infrared region is crucial to achieve that goal and ensuring the 

production of a large photocurrent which translates to high efficiency [14], [16], [74], 

[75]. 

In addition, having these layers facilitate the electron transfer from the Highest 

Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital 

(LUMO). Due to the gap between these orbital levels, electron transfer from the 

semiconductor can be hindered, requiring higher energy levels to be absorbed to ensure 

the excitation of the electrons. Therefore, different technologies were investigated and 

introduced, to act as a ladder step between these orbital levels causing the bandgap to 

shrink while ensuring a wide and strong absorption spectra  [11]–[17].  

To demonstrate this Figure 9 is used as an example to show how the addition of 

graphene as an electron transport layer (ETL) resulted in shrinking the bandgap which 

translates to an increase in the short-circuit current density and efficiency as reported 

by Chen et al. [13]. This is due to graphene containing graphene oxide, which has a 

large work function range [76], [77], with of 4.9eV reported falling into that range, this 

work function is similar to that of the ITO used in the experimentation process reported. 
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Figure 9: Energy level diagram in DSSCs with graphene electron transport layer [13] 

 

2.4.1. Dye-sensitized solar cells More than a century after Becquerel’s 

discovery, in 1991, O’Regan et al. introduced the concept of dye-sensitized solar cells 

(DSSC). These photoelectrochemical devices left a great impact in the field when 

O’Regan and Grätzel first used a mesoporous semiconductor electrode with high 

internal surface area. This mesoporous layer is submerged into a dye and generates a 

current when a photon is absorbed by a dye-molecule on the n-type material (in this 

case Titanium Dioxide). Giving a rise to electron injection into the conduction band of 

the semiconductor. The circuit is then complete when the dye is regenerated by electron 

transfer from a redox species in the solution that is then reduced at the counter-electrode 

at the time resulting in a 7.1%-7.9% power conversion efficiency [9], [12], [68]. As 

seen in Figure 8, the highest achieved efficiency in 2020 stands at 12.3%,  

Figure 10 illustrates the architecture of the standard cell, where the LUMO and 

HOMO can be seen in the figure.  

 

 
Figure 10: Schematic diagram of dye-sensitized solar cells [78] 
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2.4.2. Organic photovoltaics (OPVs) Bulk–heterojunction organic solar cells 

were first invented in 1992 by Sariciftci et al., after discovering evidence of electron 

transfer from the excited state of a conducting polymer onto buckminsterfullerene. 

After the photo-excitation of the polymer, an electron transfer on to the 

buckminsterfullerene is initiated [79]. Over the years, this technology developed as can 

be seen in Figure 8. In 2020, Ma et al. [11] were able to reach 17.52% conversion 

efficiency by adding 10% of a non-fullerene small molecule acceptor (C8-DTC) to 

PM6:Y6 system. Resulting in an open-circuit voltage of (VOC=0.873V), a short-circuit 

current density of (JSC=26.50 mA/cm2), and a fill factor of (FF=75.61%). 

2.4.3. Inorganic photovoltaics (CZTSSe) Unlike OPVs, inorganic 

photovoltaic cells are still far below the SQ limit of 31% efficiency under 1.5AM [72]. 

Where the highest efficiency achieved was recorded in 2013, by Wang et al. [80], 

having the efficiency of 12.6%, an open-circuit voltage of (VOC=0.5134V), a short-

circuit current density of (JSC=35.2 mA/cm2), and a fill factor of (FF=69.8%). This was 

achieved by a hydrazine pure-solution process. Where previously, Gokmen et al. [81], 

were able to achieve an efficiency of 11.1%, an open-circuit voltage of (VOC=0.4598V), 

a short-circuit current density of (JSC=34.5 mA/cm2), and a fill factor of (FF=69.8%). 

2.4.4. Quantum dot–sensitized solar cell (QDSSC) In 1989, Barnham et al. 

[82] suggested the usage of quantum wells as the active region in solar cells for photon–

absorption in solar cells. This targeted the approach of high-efficiency multi–band gap 

solar cells. This ignited the curiosity of researchers to participate in developing the 

QDSSC field. Today, Hao et al. [83], was able to achieve 16.6% efficiency by mixing 

caesium and formamidine lead triiodide perovskite system in the form of quantum dots 

by using an effective oleic acid ligand-assisted cation–exchange strategy that allows 

controllable synthesis of the quantum dots. Resulting in an open-circuit voltage of 

(VOC=1.17V), a short-circuit current density of (JSC=18.3 mA/cm2), and a fill factor of 

(FF=78.3%). 

2.4.5. Perovskite solar cells In 2009, Kojima et al. [84] studied CH3NH3PbBr3 

and CH3NH3PbI3 (lead halide perovskite compounds)’s photovoltaic functions as 

visible light sensitizers in photoelectrochemical cells. The results from the addition of 

these solutions to the ordinary dye-sensitized solar cell structure were noticeable in the 

large optical absorption coefficient, low-cost, low-temperature processing, and high 
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performance, make perovskites materials a promising candidate for largescale 

applications in the field of solar power generation [68], [85]. Today, Perovskites were 

able to overcome many barriers and achieve up to 25.5% efficiency for single–junction 

architectures, and 29.1% for Perovskite/Silicon tandem cells [10]. 

2.5. Iron-Copper System as an Alternative Counter-Electrode 

With these different technologies, exploring various alternatives to the existing 

techniques and approaches to improve the efficiency and performance of the cell 

becomes imperative. With the depletion of precious resources, finding Earth-abundant 

elements as a cheaper alternative to the conventionally used counter-electrode [21] has 

never been more crucial. Following these concepts, the Iron-Copper system provided 

an attractive cost-effective alternative to the conventionally used semi-precious and 

expensive metal.  

2.5.1. Iron (Fe) alloys Fe–alloys are among the most widely used systems in 

practical applications. Being cost effective and highly engineerable through alloying 

(i.e., chemical composition), mechanical processing (e.g., for grain size control), and 

thermal treatment [28]. At ambient temperature and pressure, Fe is in its most stable 

form having a body-centered cubic (bcc) crystal structure (−Fe) with a lattice 

parameter of about 2.87 Å [26]. In this −form, Fe is ferromagnetic with a Curie 

temperature (Tc) of 1043 K and a saturation magnetic moment of ≈ 2.2 B/Fe [86]. 

−Fe goes through martensite to austenite structural phase transition at 1183 K where 

a face-centered cubic (fcc) structure with a lattice parameter of 3.54Å, or more 

commonly known −Fe, is formed [87].  Such −Fe phase is only stable at temperatures 

higher than the magnetic ordering temperature; hence, it is not possible to have stable 

−Fe at ambient temperatures in elemental form. 

Even though −Fe is not stable at room temperature, revealing the magnetic 

character of −Fe at low temperatures has always been one of the important themes of 

discussion and debate from both experimental and theoretical points of view in 

materials science. The Fe-Cu system considered in this work, creates complex and 

primarily dual phase structures when prepared using traditional casting methods. 

However, through specifically tailored mechanical alloying methods, which do not rely 

on melting the constituent elements, the Fe-Cu can be stabilized in fcc form across a 

wide range of compositions. The fcc stabilized Fe-Cu alloy provides means to shed 
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further insight into the physical properties of −Fe alloys which as noted above is 

challenging and limited in the literature. In this work, the potential for using this system 

in DSSC is explored. Some of the relevant physical properties to such an application 

are thoroughly evaluated, e.g., transport, as part of this investigation.  

2.5.2. Iron-Copper alloy In practice, the easiest and most reliable way of 

stabilizing the −Fe phase is the substitution of Fe atoms in a stable monatomic fcc 

crystal lattice whose lattice parameter is similar to that of −Fe.  In this respect, fcc 

metals such as Ni, Pt, Pd, and Cu have been used for alloying with Fe. Pt and Pd fcc 

structures have a lattice parameter of about 3.9Å which are about 10% larger than the 

−Fe [87]. This large difference in lattice parameters leads to a face-centered tetragonal 

structure and enhancement of the magnetic moment of the Fe compared to its value in 

pure bcc Fe. On the other hand, the lattice parameters of fcc Ni and Cu are 3.5Å and 

3.6Å respectively; therefore, they can be good choices as stable monoatomic fcc host 

for Fe substitution.  Magnetic and mechanical properties of the FeNi system are very 

rich and heavily studied and utilized in various fields such as microelectronic devices 

[88], magnetic shielding [89], and construction industries [90]. However, in the FeNi 

system, both alloy constituents are magnetic hence, complex magnetic interactions 

between the Fe and Ni atoms bring difficulty in understanding the magnetic properties 

of the −Fe. 

On the other hand, when suitably alloyed, ferromagnetic−nonmagnetic alloys 

present noteworthy saturation magnetization and magnetoresistance. In addition, when 

these alloys are prepared under carefully measured conditions, they have the ability to 

form distinct, unique micro and nano structures over a broad temperature range [91]. 

Fcc Cu, as the host for the Fe, is a good alternative for perceiving the magnetic 

properties of −Fe as Cu is nonmagnetic. However, the major drawback of such studies 

is the bulk miscibility of Cu in both −Fe and −Fe is very small, only a few percent at 

higher temperatures [26], [86], [92]–[94]. Consistent with this solubility of the bulk Fe 

in Cu is also very low [30]. Nevertheless, the miscibility issues of Fe and Cu have been 

partially lifted when adapting alternative sample preparation methods such as 

magnetron sputtering [30], electrodeposition [31], vapor condensation [95], and 

mechanical alloying [32]. In sputtered or electrodeposited FexCu100-x, (where x, is the 

Fe percentage) single-phase fcc structures for 0 ≤ 𝑥 < 60, bcc single-phase structures 
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for 75 ≤ 𝑥 < 100 and dual phase (fcc+bcc) structures for 𝑥 = 60 − 75 have been 

reported [30], [96]. Recently, mechanical alloying has been widely used for the 

fabrication of single-phase FexCu100-x alloy. As mentioned above, the nonmagnetic 

character of Cu makes the Fe-Cu system an important system for understanding the 

magnetic properties of −Fe. The difficulty in obtaining single-phase solid solutions 

limited the research on this material. However, there are a  number of studies on the 

magnetic properties of Fe-Cu system [26], [86], [92], [97], [98]. These studies mostly 

concentrate on bulk magnetic moments, invar effect, and collinear magnetism.  

Due to compatibility issues between iron and copper elements [29], [30], the 

processing of the Fe-Cu system is challenging and hard to accomplish using traditional 

alloying methods, such as casting, which is a method that involves alloying the metals 

after bringing them to their melting point, and casting them into a mold [28], [99]. The 

calculated phase diagram of Fe-Cu shown in Figure 11, highlight a clear liquid 

miscibility gap which indicates that at high temperatures, the two liquids (i.e., Fe and 

Cu) will not mix[100]. Additionally, with the increase of temperature, the solubility 

limit of copper in iron increases [101]. 

 

 
Figure 11: Calculated phase diagram of Fe-Cu [102] 
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In the twentieth century, JS Benjamin invented the mechanical alloying (MA) 

method [33], [34], as a dry, high-energy ball milling process to manufacture composite 

metal powders with a fine, controlled microstructure, originally for high-temperature 

alloys [34]. Since then, it became a popular approach to alloy metals. The technique 

produces homogeneous uniform materials by utilizing a repeated process of cold 

welding, fracturing, and re-welding of the powders using a high energy ball mill [33], 

[35]–[37]. Figure 12 displays the XRD spectra of the Fe50Cu50 alloy, starting from two 

separate powders and progressing into the fcc 50-50 mixture that is noticeable after 

10hours of ball milling. 

 

 

Figure 12: Progressive XRD spectra of milled powder, for Fe50Cu50 [103] 

 

Today, mechanical alloying is often used to manufacture metastable materials 

[36] such as supersaturated solid solutions [38], intermediate phases [39], quasi-

crystalline materials [29], [40], amorphous alloys [41], and high-entropy alloys [42].  
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Chapter 3. Methodology 

3.1. Preparation of FexCu100-x 

3.1.1. Materials High‐purity Copper (99.5%) and Iron (≥99%) powders 

purchased from Sigma Aldrich, were used to produce FexCu100-x alloys, where x (wt. 

%) =25, 35, 50, 65, and 75.  Powders were mixed using a Fritsch Pulverisette 7 Premium 

line planetary ball mill. A 25 mL tungsten carbide grinding bowl and 10mm stainless 

steel balls were used in the ball milling process for each milling cycle To prepare the 

counter-electrode, Fe50Cu50 powders were deposited on an Aluminum sheet in a 25mL 

stainless steel (SS) grinding bowl using a Retsch PM 100 planetary ball mill. Following 

deposition, the sheet was rolled using in a roller assure to insure a flat surface.  The 

Cryogen-Free Measurement System (CFMS) from Cryogenic Ltd was used to obtain 

the magnetic and electrical transport properties. Micro Point Pro (MPP)’s iBond 5000 

Manual Wedge Bonder, was used to solder the wires onto the compressed FexCu100-x 

powders, then placed into the system for the electrical properties measurements. As for 

the Magnetization, the Vibrating Sample Magnetometer (VSM) set up in the CFMS 

was used to obtain the required data for the FexCu100-x powders, and the mass of the 

powders were measured using Sartorius’s Ultra Micro Balance. 

3.1.2. Equipment and Experimental Procedure For each of the prepared 

FexCu100-x alloys, high‐purity Copper and Iron powders were weighed according to the 

composition that is targeted as seen in Table 1. The total mass of the powder in the 

crucible was 5g of iron and copper powders. Eight 10mm stainless steel (SS) balls were 

used, which corresponds to 1:6 powder to SS balls mass ratio and placed along with the 

powders in a 25mL tungsten grinding bowl. Fritsch Pulverisette 7 ball miller was set to 

milling speed of 600rpm for 10 hours for each of the considered compositions.  

 

Table 1: Iron and Copper Mass measurement for each target composition 

Target Composition Fe Powder (g) Cu Powder (g) 

Fe25Cu75 1.25 3.75 

Fe35Cu65 1.75 3.25 

Fe50Cu50 2.50 2.50 

Fe65Cu35 3.25 1.75 

Fe75Cu25 3.75 1.25 

To understand the chemical composition information, the crystal structure, 

phase purity, and chemical homogeneity of the studied material were analyzed by 

Panalytical X’pert3 powder X-ray diffraction (XRD) and further complemented by 
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energy-dispersive X-ray spectroscopy (EDX, Oxford Instruments), a small sample of 

each powder was set aside to obtain the results of these tests. 

 Furthermore, electrical transport properties were measured using Cryogenics 

ltd. high field system with vibrating sample magnetometer option in a cryogenic 

physical property measurement system. To prepare the sample, 0.35g of each powder 

was compressed into small pellets using a mechanical press as seen Figure 13 and 

Figure 14. 

 

Figure 13: Mechanical Press Figure 14: FexCu100-x Pellets 

 

Using Micro Point Pro (MPP)’s iBond 5000 manual wedge bonder in Figure 

15, micro-wires were soldered onto the FexCu100-x pellets in Figure 16. This is then 

placed into a chip holder and loaded into the Cryogen-Free Measurement System. 

 

 
Figure 15: MPP’s iBond 5000 Manual Wedge Bonder 

 
Figure 16: FexCu100-x after soldering wires onto it to 

load into the Cryogen System 

 

The cryostat was a closed cycle helium cryostat with a variable temperature 

insert (VTI) in which the VTI and sample temperatures were measured and controlled 

with a tolerance of 5mK. The Electric transport properties were measured using the 4-
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probe method which uses a Keithley 2182A nano voltmeter and Keithley 2461 source 

measure unit in delta mode for the highest sensitivity. In the 4-probe method a bias 

current of 100A used. In the case of the Fe-Cu metal alloy, low resistance is expected 

as it is a conductor by nature, therefore, the purpose of using a 4-probe, compared to 

the 2-probe is to eliminate the effect of contact resistance present in the alloy and obtain 

the most accurate results for this case. 

Additionally, magnetization measurements were carried out on pressed powder 

specimens of known weight. The weight of the powders were obtained using an Ultra 

Micro Balance to ensure accuracy. The powders were placed into capsules, then sealed 

off and placed into non-magnetic straws, then placed into the Vibrating Sample 

Magnetometer set up, the frequency of the function generated is set to match the 

frequency of the resonance frequency of the material. The set-up is then placed into the 

Cryogen-Free Measurement System and set to run for an hour at room temperature. 

With the VMS, the vibration of the material is simulating a change in area to obtain a 

reading on the magnetic flux. 

The Cryogen-Free Measurement System (Figure 17) is a powerful multi-purpose 

system that was used to obtain the magnetic and electrical transport measurements. 

 

 

Figure 17: Cryogen-Free Measurement System 

3.2. Counter-electrode preparation 

As the selected replacement of the platinum electrode, the Fe-Cu counter 

electrode was prepared by depositing Fe50Cu50 powder into a 10.0×2.0cm2 with 0.2mm 

thickness aluminum sheet. The aluminum thin sheet was placed in the inner 
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circumference of a 25mL stainless steel grinding bowl along with 3.7g of Fe50Cu50 

powder. A Retsch PM 100 planetary ball mill was used to process the Al sheet/powders 

for 10 hours at 600rpm as seen in Figure 18. 

 

 

Figure 18: Deposition of Fe50Cu50 on Aluminum Sheet using Retsch PM 100 planetary ball mill 

 

 This process results in the deposition of the iron copper alloy onto the 

aluminum sheet. During the deposition process, the powder is not consumed completely 

(only 0.1533g was deposited onto the sheet) but it is important to have sufficient amount 

of powder to ensure proper deposition onto the aluminum sheet. To ensure the 

deposition of the powder into the aluminum sheet, the resulting sheet was tested using 

energy-dispersive X-ray spectroscopy (EDX) to identify the elemental composition of 

the materials. 

Following the deposition, the sheet was rolled using a HK Malvi Wire Sheet 

Roller (Figure 18) to flatten the aluminum sheet and ensure that the Fe-Cu powder is 

pressed into the electrode. In addition, this process guarantees no microscopic ridges 

that may cause an open circuit while testing. 
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Figure 19: Flattening the Al-FeCu electrode using the HK Malvi Wire Sheet Roller 

 

3.3. TiO2 Photoelectrode 

3.3.1. Materials The type of transparent and conductive substrate (TCO) used 

is fluorine-doped tin oxide (FTO) coated glasses. As for the dye, Ruthenizer 535-bisTB 

was selected. Ready-to-use Iodolyte electrolytes (Z-50) was purchased to be used as an 

electrolyte in the cell. Drilled platinum (glass) electrodes were selected for the counter-

electrode. TiO2 (anatase) nanocrystalline powder was purchased and used to produces 

the mesoporous layer. All previously specified materials were procured from Solaronix, 

Switzerland and were used without further purification. Polyethylene glycol (PEG 600) 

is used with the anatase powder to produce the mesoprous layer, the item was procured 

from S D Fine Chem Limited. Testing of the cells was done using Sciencetech Solar 

Simulator in the American University of Sharjah, Ossila Solar Cell I-V Test System, 

and RERA Solutions Solar Measurement’s Silicon Reference Cell. 

3.3.2. Equipment preparation Prior to beginning the experimental 

procedure, the FTO substrates and driller platinum electrodes were thoroughly cleaned, 

by sonicating them in Acetone for 15 minutes, followed by ethanol for another 15 

minutes, and finally with de-ionized water for a final 15 minutes using an ultra-

sonication bath (Model 2510, Branson, USA). The substrates were then thoroughly air 

dried and UV treated with the conductive side facing upwards using Jelight’s Model 24 

UVO Cleaner® for 20 minutes. Equipment preparation was completed in the University 

of Sharjah’s Center Advanced Materials Research Lab. 
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3.3.3. TiO2 mesoporous layer  TiO2 paste was prepared with an existing 

template that was used by Alami et al. [104], where a 1:1 mass ratio of the TiO2 

nanocrystalline powder and PEG 600 were grounded using a pestle and mortar for 30 

minutes, resulting in a thick, homogenous paste as seen in Figure 20 and Figure 21. 

 

 

Figure 20: TiO2 nanocrystalline powder 
 

Figure 21: Addition of PEG to the TiO2 

The paste was then deposited on the treated FTO with an active area of 0.25cm2 

(0.5 x 0.5 cm) using doctor blading method. The FTO was then annealed using step-

by-step method where the temperature is increased to 450 oC at a rate of 10 oC per 

minute, then maintained at that temperature for 1 hour as seen in Figure 22. Once peak 

temperature is reached, the temperature is gradually decreased using until it reaches 

room temperature and is set for dye-loading. 

 

 

Figure 22: Annealing of TiO2 at 450oC 

The Ruthenium dye was prepared using Ruthenizer 535-bisTB purchased from 

Solanoix. The dye was prepared by mixing 50ml of Ethanol and 3mg of N719 powder 

[13]. The TiO2 covered FTO was soaked in the dye for 24 hours in a dark area, such as 

the storage cabinet seen in Figure 23 and Figure 24, to ensure the dye loading. Once the 
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process is complete, the photoelectrodes are removed and the area around the TiO2 is 

gently cleaned using ethanol to remove any excess dye-residue. 

 

 
Figure 23: Overnight Dye-loading in dark area 

 
Figure 24: Cells after cleaning and insulating 

  

3.4. Dye-Sensitized Solar Cell Assembly and Testing 

For the reference cell, the drilled platinum electrodes (counter-electrodes) were 

then placed on top of the photo-electrode as can be seen in Figure 25. The electrolyte 

was finally injected into the cell to complete the assembly of the inverted 

electrochemical cell.  

As for the cell with the Fe50Cu50 counter electrode being tested, the Fe50Cu50 

coated area is placed on top of the photoelectrode, and the electrolyte is injected 

between the layers. The schematic provided in Figure 26 displays how the Fe50Cu50 

were assembled. 

 

 
Figure 25: Assembled Dye-Sensitized Cell 

 
Figure 26: Schematic of the cell using Fe50Cu50 

 

The cells were tested using the Sciencetech Solar Simulator in the American 

University of Sharjah and the University of Sharjah’s Abet Technologies’ SunLiteTM 

Solar Simulator. The setup was connected to Ossila Solar Cell I-V Test System and 

using Ossila Solar Cell IV program to obtain the I-V curve, efficiency, fill factor, open 

circuit voltage, short circuit current, and internal resistance. The voltage supplied 
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throughout the testing process ranged from -0.3V to 0.8V, at an increment of 0.01V, 

and a voltage rest of 0.7s, as seen in Figure 27. Each cell was first tested using the 

platinum counter electrode, then the Fe50Cu50 counter electrode, and all cells were 

tested with the TiO2 electrode facing down to guarantee the results obtained were with 

reference to the conventionally used electrode.  

 

 
Figure 27: Solar Cell Testing Set-up 

 

To ensure the consistency and accuracy of the results obtained, different batches 

were prepared. The cells were tested under the same conditions, following Standard 

Testing Conditions (STC), i.e. Air Mass 1.5 G condition (A.M 1.5 G condition) where 

1 sun is defined as equal to 100mW/cm2 of irradiance, and at 25oC room temperature 

following the IEC 60904-3:2008 Standard. To obtain these standards, the sun simulator 

was first calibrated using RERA Solutions Solar Measurement’s Silicon Reference Cell 

as seen in Figure 28, the fan option in the solar simulator provided the temperature 

required, and the intensity is modified before each batch-test to ensure that the 

100mW/cm2 is always achieved. 
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Figure 28: Callibration of the ScienceTech Solar Simulator using RERA Solutions Reference Cell  
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Chapter 4. Results and Discussion 

4.1. Scanning Electron Microscope (SEM) and EDX 

The scanning electron microscope (SEM) micrograph images were collected at 

different magnifications for all the FexCu100-x alloys. A representative SEM image for 

one of the compositions (Fe65Cu35) is shown in Figure 29. The resulting particle size 

averaged around 100µm in diameter for the shown case. However, it should be pointed 

out that a considerable variation in powder diameter was observed within each batch, 

and among different batches. The difference between batches is potentially induced by 

composition differences. For better control of the resulting powder size, the processing 

condition will need to be optimized (e.g., ball milling time) for each alloy composition. 

In this work, however, the ball milling process was kept the same for all the considered 

compositions for the FexCu100-x alloys where x (%) =25, 35, 50, 65, and 75. This 

variation, although not fully explored in this work, is not expected to have a significant 

impact on the reported measurements. 

 

 
Figure 29: (a) SEM micrograph images for the prepared Fe65Cu35 powder. (b) higher magnification image.  

 

4.2. Energy Dispersive X-Ray (EDX) 

To evaluate the chemical composition of the prepared powders, Energy Dispersive 

X-Ray (EDX) analysis was conducted for all the FexCu100-x powders. Figure 30 displays 

a sample of the results obtained for a single Fe65Cu35 particle, where (a) displays EDS 

layered image of a single Fe65Cu35 particle, (b) indicates the Iron composition and 
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distribution in that particle, and (c) shows the Copper composition and distribution, and 

measure chemical composition is provided where it presents the exact weight 

percentage of Iron and Copper in that particle. The resulting chemical composition was 

very close to the intended alloy (e.g., measured Fe 65.9 wt.% -target Fe 65 wt.%). In 

addition, the collected elemental maps confirm a uniform distribution of Fe and Cu with 

no signs of segregation or clustering. This provides confidence in the processing 

method and that successful alloying was achieved through mechanical ball milling, a 

method that does not require the addition of heat. 

  

 
Figure 30: EDX maps of a single Fe65Cu35 particle, (a) displays EDS layered image of a single Fe65Cu35 particle 

(b) indicates the Iron composition and distribution in that particle, (c) indicates the Copper composition and 

distribution, and measure chemical composition provides the exact weight percentage of Iron and Copper in a 

single Fe65Cu35 particle 

 

All the prepared alloys were investigated using EDX.  Table 2 presents the 

compositions obtained from EDX map for each of the synthesized alloys. In all cases, 

the measured composition matched the target composition, and a uniform distribution 

of elements was confirmed.  
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 Table 2: Target composition and the EDX results for each FexCu100-x alloy 

 

4.3. X-Ray Diffraction (XRD) 

The XRD patterns for all synthesized alloy powders are shown in Figure 31, 

including Fe and Cu powders. The XRD pattern of the Fe75Cu25 alloy (Figure 31 (b)) 

revealed a single-phase bcc structure similar to that of −Fe (Figure 31 (a)). On the 

other hand, alloys with 50%, 35%, and 25% (wt. %) Fe content exhibited a spectrum 

that belongs to a single-phase fcc crystal structure. The Fe65Cu35 alloy exhibited a dual-

phase structure with both bcc and fcc phases. It is observed that the evolution of the 

structural phases as a function of composition is in line with previous reports on the 

same topic [103], [105].  

As can be noticed, all the mechanically alloyed samples exhibited considerably 

broader peaks compared to the starting material. Such peak broadening in XRD peaks 

is often attributed to the crystallite size and local strains in the samples.  Considering 

the fact that the adopted sample preparation technique, which relies on a repeated 

process of cold welding, fracturing, and re-welding of the powders using a high-energy 

ball mill [32], [36], [106] leads to a significant mechanical deformation (i.e., plastic 

strains) in the resulting powders. The resulting increase in defect densities (e.g., 

dislocations) and induced lattice strains explains such peak broadening in the XRD 

results. 

Target Composition Fe wt.% Cu wt.% 

Fe 100 0 

Fe75–Cu25 76.9 23.1 

Fe65–Cu35 65.9 34.1 

Fe50–Cu50 51.4 48.6 

Fe35–Cu65 34.1 65.9 

Fe25–Cu75 27.1 72.9 

Cu 0 100 
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Figure 31 (a)-(g): X-ray diffraction patterns for synthetized FexCu100-x alloys. Measured spectrums from Fe and 

Cu starting material are included for ease of comparison. Peaks belong to a bcc phase are marked as B and peaks 

assigned to the fcc structure are marked 

 

The Lattice parameters were obtained from the XRD data as a function of Fe 

fraction for all the prepared alloys (see Figure 32). The composition difference along 

with the variations introduced by the mechanical alloying process (i.e., induced defects 
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and lattice strains) contribute to the differences in the measured lattice parameters. The 

associated physical properties, such as electrical and magnetic properties, are also 

expected to differ for the different alloys. As noted above, studying the physical 

properties of the Fe-Cu system, and its composition dependencies is one of the 

objectives of the current work. The following sections provide a comprehensive 

assessment of the electrical and magnetic properties of the prepared Fe-Cu alloys.    

 

 
Figure 32: The lattice parameters as a function of Fe fraction in studied FexCu100-x system 

 

4.3.1. Electrical Properties Temperature dependencies of the resistivity of all 

ball-milled alloys were measured using the 4-probe technique with a bias current value 

of 100 A and plotted in Figure 33.  A microwire bonder was used to attach 25micron 

Al wires on rectangular-shaped slabs cut from pressed Fe-Cu pellets. Four different 

samples were considered for each alloy and the results were consistent Residual 

resistivity values ranging from 34.cm to 63.cm were measured for our samples. 

Such values are significantly higher than many binary alloy systems [107]. 
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Indeed, the full-width half-maximums of XRD peaks shown in Figure 31 are 

very broad which is indicative of large crystallite size distribution and the presence of 

local stresses and associated defects. The mechanical alloying process by its nature 

involves high energy collisions hence it is not unusual to have samples with very large 

residual stresses [108]. In this regard, relatively large residual resistivity values in 

metallic systems with a significant level of imperfections are expected. All of the 

studied binary alloys exhibit metallic behavior indicating that the mean free path of the 

carriers is long enough to avoid the grain boundaries however, their density is large 

enough to lead large residual resistivity values.  

The temperature dependence of the resistivity measurements reveals residual 

resistivity ratios 𝑅𝑅𝑅 =
𝑅(300𝐾)

𝑅(2𝐾)
  between 1.16 and 1.44 for studied alloys. These values 

are considerably lower than pure metal values however, it is within the reported ranges 

for binary alloys [107], [109].  

 

 
Figure 33 (a)-(e): Temperature dependence of the resistivity for all ball-milled alloys. Residual resistivity ratio 

(RRR) and residual resistivity (0) are shown for each sample. The linear dashed lines are guides for the eye. 

 

When evaluating the resistivity of a certain alloy, it’s important to understand 

the mechanism of electrical conduction and the dependencies as a function of 

temperature. Figure 34 displays the temperature dependence of the resistivity of 

Fe25Cu75 system. Where (a) is dedicated to the resistivity measurements for the low 
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temperature (2-50K) range of the Fe25Cu75 system, and (b) on the other hand, includes 

readings at high temperature (100-300K) range for the same system. The temperature 

dependence of the resistivity of Fe50Cu50 system, was also measure in Figure 34−(c) at 

low temperature (2-50 K) range, and Figure 34−(d) at high temperature (100-300 K) 

range. The dashed lines displayed in all figures, refer to the line fits. 

 The mechanism of electrical conduction in these alloys can be studied using 

power law [110]. This in correlation with the Bloch-Gruneisen theory, where electrical 

resistivity of the material (whether it is at high or low temperatures) is still temperature 

dependent. Meaning that the qualitative picture of the power law in case of temperature 

dependent resistivity is relevant. 

In this regards a T2 dependence (fermi liquid behavior) of the R(T) is a typical 

feature in metallic systems and is often interpreted to arise from electron-electron 

scattering events [110], [111]. The samples prepared exhibited typical Fermi−liquid 

behavior up to temperatures of around 50K.  In this temperature range, the temperature 

dependence of the resistivity can be modeled using ()=+2T2 expression down to 

50% Fe concentration where 0 is the residual resistivity value and 2 is the resistive 

constant. A representative example of such fit is given in Figure 34 (a) for Fe50Cu50.  

However, such expression fails to fit the low-temperature dependence of the 

resistivity for Fe content less than 50%, as indicated by the blue dashed line in Figure 

34 (b) for the Fe25Cu75 sample. Interestingly, measured data can be modeled with 

()=+3/2T3/2 where 3/2 is the resistive constant. T3/2 resistivity behavior fits 

perfectly to measured data as revealed in the black dashed line in Figure 34 (c). In this 

study, the T3/2 dependence of resistivity explanation relies on the magnon-mediated 

scattering of electrons in different subbands of the exchange-split conduction band in 

the presence of weak disorder and scattering of electrons in different subbands with the 

interaction mediated by helimagnons with and without disorder [112]. The second 

explanation is only applicable to collinear magnetic structures like helimagnets.  

The unusual dependence of the resistivity over-temperature extents to higher 

temperature ranges in our alloys. T-linear dependence of the resistivity is very visible 

in all studied alloys, as observed in the straight lines, blue dashed lines in Figure 33 (a)-

(e). Such linear dependence is very clear in the 100K-300K range for alloys with higher 

Cu concentrations.  Linear fits using ()=+1T expression were performed on the 
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Fe25Cu75 and Fe50Cu50 samples as seen in Figure 34 (b) and (d).  In this expression 0 

is residual resistivity whereas, 1 is a resistive constant. T-linear dependence of 

resistivity most commonly known as “strange metallicity” has been one of the most 

challenging problems during the last 30 years in the context that its origin suggested 

being related to the high-temperature superconductivity in strongly correlated electron 

systems [113]. Strange metallicity is characterized by a linear-T resistivity and 

relatively high metallic resistivity at room temperatures (larger than 10μ.cm) [114]–

[116]. In high-temperature superconductors (cuprates, or copper oxides that present 

superconducting properties at high-temperatures [117]), strange metallicity is explained 

through strong electron correlation or electron interaction or quantum criticality effects 

[112], [113], [116]. 

   

 
Figure 34 (a)-(d): Temperature dependence of the resistivity of Fe25Cu75 and Fe50Cu50 alloys 

 

4.3.2. Magnetization Properties Following the analysis of the magnetization, 

all the mechanically alloyed Fe-Cu were ferromagnetic in the  

measurement range of 2-350K. The temperature dependencies of magnetization of all 

samples were plotted (including the starting Fe powder) as observed in Figure 35 (a). 
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As can be noticed, the magnetization measured in a field of 0.5T at 2K dropped 

monotonically from 195 emu/g to 55 emu/g from elemental starting powder Fe to 

Fe25Cu75 alloy. 

For the convenience of comparison, the temperature dependence of the 

magnetization-to-magnetization value was normalized at 2K (Figure 35 (b)). It was 

noticed that the Curie temperatures (Tc) of the alloys with more than 35% Fe content 

were higher than the measurement limits of our experimental setup.  Therefore, the only 

measurable Tc was observed in Fe25Cu75 and determined to be 250K. A Curie 

temperature of 350-500K has been reported for FexCu100-x for compositions higher than 

35% Fe content [26][92]. The results obtained were consistent with these reported 

values, as can be noticed in in Figure 35 (b), the percentage drops revealed compared 

to 2K magnetization indicate magnetic transition temperatures in the range of 350-

500K.  

The saturation magnetic moments were calculated at 2K for all samples. As 

indicated in Figure 35 (c), where the magnetic moments monotonically decreased from 

2.28 /Fe for starting Fe powder to 0.51 /Fe in Fe25Cu75 specimen. The reported 

magnetic moments observed are in line with previously reported values [26] [92] [30].  

The origin of the magnetism in the FexCu100-x system has been the subject of very few 

studies as the experimental realization of single-phase FexCu100-x specimens is very 

difficult [92], [118].   

Fe-based alloys are very susceptible to the subtle variations in the atomic 

volume or interatomic Fe-Fe distance [97]. Specifically, any alteration on the 3d band 

of the Fe (whether it is change in the interatomic distances, change in the local 

symmetry, or alteration of nearest-neighbor interactions) will increase the density of 

states near the Fermi level and therefore an enhancement of the ferromagnetic 

interactions. In previously investigated invar alloys, the magnetism is described a result 

of a transition from a low spin, low volume to a high spin, high volume state [98], [119]. 

On the other hand, in the investigated Fe-Cu system, based on the lattice parameters 

determined from the XRD (see Figure 32), the volume per atom corresponds to a value 

of 12.13A3 for Fe50Cu50 while it is 12.17A3 for Fe25Cu75. All the estimated volumes for 

the alloy system obtained suggest a high volume state consistent with Weiss model 

predictions of ferromagnetic ground state [120].  
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Figure 35: (a) Temperature dependence of the zero-field cooled (ZFC) mass magnetization for all mechanically 

alloyed specimens.  The magnetization data for Fe starting powder has been also presented for comparison. (b) 

Temperature dependence of the magnet, (d) The lattice parameters as a function of Fe fraction in studied 

FexCu100-x system 

 

4.3.3. Magnetoresistance The magnetic field dependence of the resistivity 

(magnetoresistance) for all mechanically alloyed samples were measured, as seen in 

Figure 36. The Fe75Cu25 alloy powder did not exhibit very small magnetoresistance 

(less than 0.02%) within the applied magnetic field ranges up to 5T. On the other hand, 

in the samples with 65% and 50% Fe content, a small (0.30.5%) negative 

magnetoresistance was present. Additionally, the 35% and 25% Fe content samples 

exhibited significantly large negative magnetoresistance as seen in  Figure 36.  

Negative magnetoresistance can appear when the carrier density increases with 

the application of a magnetic field [121]–[123]. Observation of negative 

magnetoresistance in magnetic alloys is very common and explained through the 

increase of the effective field acting on the localized spins and subsequent suppression 

of the fluctuation of spins in space and time due to external magnetic fields. Such 

suppression of spin fluctuations leads to the decrease of resistivity [124]. 
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Figure 36: Magnetic field dependence of the resistivity for mechanically alloyed FexCu100-x 

 

4.4. Counter Electrode Analysis 

In order to utilize the properties of the Fe50Cu50 alloy powder (a low resistivity 

of 49μ cm at T296K as seen in Figure 34 (d)), the MA powders were deposited on 

the surface of an aluminum sheet using mechanical alloying process. After depositing 

the Fe-Cu onto the aluminum sheet, it was then rolled to complete the process of 

producing the counter-electrodes. The rolling of the aluminum sheet ensured that the 

Fe-Cu is embedded into the aluminum as seen in Figure 37 (at four different 

magnification), eliminating any chances of an open circuit during the testing process. 

The Fe-Cu particle are evenly distributed across the surface of the Al sheet, as shown 

in Figure 37 (a) & (b). Additionally, from Figure 37 (c) & (d) it can be observed how 

the Fe-Cu is embedded into the aluminum sheet. 

To confirm the composition and distribution of the Fe-Cu particles, EDX were 

conducted on the surface of the Al/Fe-Cu strip. The results of the conducted analysis 

are presented in Figure 38. The composition of the FeCu is near 50-50 weight ratio, 

indicating that the process of rolling has not disturbed the originally deposited powder 

alloy of Fe50Cu50. It should be noted that the milling process to deposit the Fe-Cu 
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particles on the Al sheet does not provide a complete and defect free film. This explains 

the detection of Al in the result reported in Figure 38. In addition, and as observed from 

the SEM images in Figure 37, some regions have limited deposition with the Al 

substrate exposed. An example of this is shown in Figure 39. The full extent of the 

effect of such deposition defects has not been explored in the current work and requires 

further investigation.  

 

 

Figure 37: SEM of Rolled Al-Fe50Cu50 Sheet used as counter electrode at different magnifications (a) at view field 

of 1.32mm, (b) at view field of 543m, (c) 269 m, and (d) 92.3m view field 
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Figure 38 (a)-(e): EDX maps of a single Fe50Cu50 particle embedded into the Aluminum sheet 

 

 
Figure 39: EDX maps of an Fe50Cu50 particle embedded into the Aluminum sheet, (a) is an electron image, (b) is 

the EDS layer image of the particle and its surroundings, (c) is the copper concentration and distribution, (d) 

indicates iron concentration and distribution, (e) indicates the aluminum concentration and distribution 

surrounding the particle 
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4.5. Cell Testing 

Following the deposition of the Fe50Cu50 powder onto the Aluminum sheet, 

different cells were constructed and tested. These cells had a platinum counter electrode 

and Fe50Cu50 counter electrode. Two different batches of cells were produced; first 

batch (FB): Cells 01 to 04 and a second batch (SB): Cells 05 to 08. The considered 

number of cells (a total of 8 in 2 different batches) aims to ensure the statistical 

significance of the results. Table 3, presents a summary of the results obtained from the 

control cells (i.e., platinum counter electrode). It is evident that the cells had consistent 

results while operating with the conventionally used platinum electrode (baseline) for 

the two produced batches (first batch (FB): Cells 01 to 04, second batch (SB)): Cells 

05 to 08). 

Since Doctor Blading method was used to deposit the TiO2 onto the FTO, 

variation in the results obtained from the cells within each batch is expected. The doctor 

blading method is a common tape casting method used to produce thin-films [125]. 

This method can be considered a manual approach, and depending on the blading 

technique, variation in results can be significant.  

Open-circuit voltage is the voltage obtained when the current flowing through 

the system is equal to zero [126]. The open-circuit voltages obtained with platinum 

electrodes are above (0.65V), which are considered acceptable voltages, since the cell 

testing was conducted between -0.3V and 0.8V.  

On the other hand, the short-circuit current is the current obtained when near-

zero resistance is applied on the cell. In other words, the maximum theoretical current 

is obtained when zero voltage is applied [127]. The short circuit current and the 

irradiance perceived by the cell have a linear relationship [128], [129]. Since all cell-

testing was conducted under the same conditions, the short circuit current fluctuations 

observed using this counter-electrode are minimal. These minimal fluctuations 

observed can be attributed to the thickness of the TiO2 cells which limits the irradiance 

perceived from sun simulator. The TiO2 thickness varies from one cell to the other, as 

indicated previously due to the deposition method. 

These two factors, along with the maximum power obtained, determine the 

cell’s performance. The obtained results (Table 3) showcase this variation for FB and 

SB which ranges from 2.26% to 3.73%. Since the obtained cells present relatively good 

performance and consistent values, the baseline obtained can be deemed reliable. 
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Table 3: Dye-Sensitized Solar Cell Testing Results using Platinum as a Counter Electrode 

Platinum Counter Electrode 

Cell Label Efficiency (%) FF (%) Voc (V) Isc (mA) Pmax (mW) 

Cell 01 2.4747 59.755 0.65297 6.342 0.61867 

Cell 02 2.7789 57.6438 0.66866 7.2097 0.69473 

Cell 03 2.7456 73.2264 0.72310 5.1854 0.68639 

Cell 04 2.26731 56.3138 0.64988 6.19531 0.56683 

Cell 05 2.91286 62.1587 0.71059 6.59479 0.72821 

Cell 06 2.50073 52.821 0.68297 6.93207 0.62518 

Cell 07 2.86859 58.6598 0.66620 7.34049 0.71715 

Cell 08 3.73252 64.7129 0.68768 8.3873 0.94293 

 

When testing the FB using Al-Fe50Cu50 counter electrodes, (also labeled as Cell 

01 to Cell 04 in Table 4), the obtained efficiencies are almost zero. These cells were 

prepared without rolling the Al-Fe50Cu50 sheet. Following the rolling process, which 

helped remove any surface irregularities and resulted in a relatively flat surface, the 

obtained efficiencies improved as reported in Table 4 for Cells 05-08. 

A noticeable drop in performance can be observed between the platinum and 

rolled Al-FeCu electrodes. The open-circuit voltage’s value is dependent on the 

operating temperature of the cell. The increase in the temperature results in a higher 

resistive power loss (I2R) [130]. This can also be observed in Figure 40, where IV curve 

of the Al-Fe50Cu50 cell is linear, indicating that the resistivity of the material is high. As 

discussed previously, it was observed that the Fe-Cu resistivity is linear T-dependent. 

Since the cells are operating at room temperature, this trend and the high metallic 

resistivity at room temperatures is expected (Figure 34). Due to the fact that these trends 

occurred after MA, it could be due to the broadening in the XRD peaks observed in 

Figure 31. A possible solution to this broadening would be heat-treatment of the Fe-Cu 

powders. 

The short-circuit current trends display a similar drop in the obtained results. 

Since this is a photo-electrochemical device, the ionic transfer plays a crucial role in 

the redox reaction. Therefore, a presence of a gap between both electrodes, can results 

in low ionic transfer and thereby lower current. Although rolling of the Al-Fe50Cu50 has 
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been shown to resolve that issue, as seen between the results of FB and SB in Table 4, 

the reduced thickness in the Al-FeCu leads to the creation of kinks in the surface of the 

material during handling and testing. These dents created a gap between both surfaces 

which possibly resulted in the current drop. A possible solution for this issue would be 

hammering the sheet instead of rolling it, or the usage of a thicker aluminum sheet that 

would not significantly lose its structure when rolled or hammered. 

 

Table 4: Dye-Sensitized Solar Cell Testing Results using Fe50Cu50 deposited onto an Aluminum sheet as a Counter 

Electrode 

 
Fe50Cu50 Counter Electrode 

Comments 
Efficiency (%) FF (%) Voc (V) Isc (mA) Pmax (mW) 

Cell 01 0 0 0 0 0 

Al-FeCu is 

not rolled 

Cell 02 0 0 0 0 0 

Cell 03 0.002867 12.1041 0.35258 0.06718 0.00072 

Cell 04 0.006808 16.2870 0.30985 0.13490 0.00170 

Cell 05 0.128910 28.5289 0.27563 1.63933 0.03223 

Al-FeCu is 

rolled 

Cell 06 0.118345 29.5617 1.27914 0.31297 0.02959 

Cell 07 0.141001 17.8913 0.31717 2.48473 0.03530 

Cell 08 0.262827 22.5602 0.34072 3.41923 0.06571 

 

Although there is a noticeable enhancement when comparing the platinum 

counter electrodes (the reference cells) and the rolled Al-Fe50Cu50 counter electrodes, 

the cell performance remains significantly lower than the platinum electrode cell. This 

is clear from the current-voltage curve of Cell 05 in Figure 40, which corresponds to 

values reported in Table 3 and Table 4. As can be seen from Figure 40, the platinum 

electrode graph (shown in orange) follows a good square shape indicating a high-fill 

factor (as provided in Table 3, Cell 05, FF (%) = 62.16%). This is a good indicator that 

the cell being tested is a reliable cell. 

Similarly, the power-voltage curve of Cell 05 seen Figure 41 portrays the gap 

in the power production from both cells, which once again is in line with the results 

reported earlier. The power curve displays the maximum power for both electrodes, 

Pmax obtained using the platinum electrode is 0.72821mW, and 0.03223mW using Al-

Fe50Cu50. 
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Figure 40: Current-Voltage Curve of Cell 05 

 

 
Figure 41: Power-Voltage Curve of Cell 05 

 

4.6. Motivation for the use of Fe-Cu  

An economic analysis of the materials and processes used can highlight the 

contribution of the current work. Platinum electrodes use screen printing process that 

results in 6-8m thickness using double print platinum screen printing process [131]. 

Each platinum electrode used during testing had 20x20mm2 active area (as specified by 

the supplier) and is sold for 15AED/piece [132]. Since platinum is highly dense element 

(density of 21.45 g.cm-3), the total mass present in the electrode is estimated to be 32mg 

of platinum per electrode. 
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On the other hand, 0.1533g of Fe50Cu50 were used for the deposition onto the 

10.0×2.0cm2 aluminum sheet (as detailed in section 0). To compare both electrodes 

properly, the mass of the Al-Fe50Cu50 for an area of 20x20mm2 is approximated as 

Fe50Cu50 0.03066g (Fe 0.01533g, Cu 0.01533g).  

With this approximation, the distribution across the Al sheet is assumed 

uniform. For the specifications mentioned, and knowing that the cost of Iron and 

Copper is 0.220776AED/g and 4.3856AED/g respectively [133], [134], the cost of the 

Iron Copper used for an active area of 20x20mm2 is approximately 0.07 AED. 

Additionally, the aluminum sheet is assumed here is approximated 0.85mm (before 

rolling), with an area of 4x8ft2 at the cost of 128 AED/sheet [135], therefore, for the 

same specifications, the cost of the aluminum sheet with an area of 20x20mm2 is 

approximately 0.017 AED. Resulting in the total cost of a single electrode to be 0.09 

AED, compared to the platinum electrode retailed at 15AED. 

Understanding the cost of these electrodes and the resulting efficiency is crucial. 

Since the platinum electrode is an expensive electrode, it is expected to yield significant 

results. Although it may seem that way at first, but when we compare the percentage 

per AED, we can understand whether the value invested is actually providing us with 

desired results. 

Therefore, the obtained efficiencies for both electrode types (i.e., platinum and 

the Al-Fe50Cu50), were normalized by the corresponding cell cost (Table 5). As can be 

noticed, the Efficiency-Cost analysis of Cell 08 indicate that although the platinum 

electrode yields better results, the Al-Fe50Cu50 is good competitor in enhancing the 

cell’s performance. Additionally, seeing as the Al-Fe50Cu50 electrode is almost 12 times 

cheaper in price compared to the Pt-electrode. The conducted analysis highlights the 

potential for using Al-Fe50Cu50 as a replacement for platinum. However, significant 

improvements and further optimization are still required to enhance the resulting 

efficiency. 

 

Table 5: Efficiency−Cost analysis of Cell 08 

Electrode Efficiency (%) Cost (AED) % per AED 

Platinum 3.73252068 15 0.24883 

Al−Fe50Cu50 0.262826842 0.09 2.98476 
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Chapter 5. Conclusion 

To summarize, the exponential increase in global population has been a 

worrying issue in the energy sector since it translates to an increase in demand. Existing 

natural resources are continuously depleting and the environmental impact of 

conventional energy sources is near catastrophic. These aspects have been a great 

motivator in the energy sector to identify new methods for producing clean and 

sustainable energy while minimizing any harmful side effects. Since the semiconductor 

revolution entered the solar energy market, photovoltaic cells have been dubbed a 

“space age marvel” [136]. Direct conversion of sunlight−to−energy, in a sunlight 

abundant location such as the United Arab Emirates is logical option. Additionally, 

since dye-sensitized solar cells, or Grätzel cells, operate on the idea of “low-cost high 

efficiency cells” they present an attractive candidate in this situation. 

 The aim of this work was to propose a candidate electrode or counter electrode 

material. This has been achieved through the selection of the FexCu100-x system. The 

counter electrode was produced by synthesizing the FexCu100-x alloy powders using the 

mechanical alloying method. The XRD, SEM, and EDX of the powders were analyzed 

and discussed. Due to the fact that the alloying process technique involves significant 

mechanical deformation, peak broadening was detected in the XRD of the FexCu100-x 

system compared to the starting materials. Moreover, detailed microstructural 

characterization revealed single phase fcc solid solutions for 25≤x≤65, single-phase bcc 

solid solutions for 75≤x<100, and dual-phase (fcc+bcc) alloy in the range of x=65-75. 

The EDX analysis confirmed that the weight percentages found in the alloys correspond 

to the target composition. The composition was also homogeneous with no signs of 

element segregation or clustering. 

 Additionally, the electric and magnetic properties were investigated. In the low-

temperature range (2-50K), Fe50Cu50 alloy exhibited T2 dependence of the resistivity as 

expected from typical metals. On the other hand, at low temperatures, Fe25Cu75 alloy 

exhibited T3/2 dependence of the resistivity. Such dependence is often called non-Fermi 

liquid behavior and its origin was discussed. At higher temperatures (100-300K), 

mechanically alloyed Fe-Cu exhibited unusual T linear dependence resistivity. Such 

behavior is often called strange metallicity or non-fermi liquid behavior. The origin of 

such behavior was also discussed. Moreover, it was concluded that all the mechanically 

alloyed Fe-Cu are ferromagnetic in the measurement range of 2-350K. The 
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magnetization measured in a field of 0.5 T at 2K dropped monotonically from 195 

emu/g to 55 emu/g from elemental Fe to Fe25Cu75 alloy. In the materials investigated 

and based on the lattice parameters determined from the XRD, the volume per atom 

corresponds to a value of 12.13A3 for Fe50Cu50 while it is 12.17A3 for Fe25Cu75. All the 

estimated volumes for the alloy system suggest a high-volume state consistent with 

Weiss model predictions of the ferromagnetic ground state. 

 Following the analysis of the FexCu100-x system, the Fe50Cu50 was selected for 

further evaluation as potential counter electrode in DSSC due to its low resistivity 

compared to the remaining Fe-Cu compositions. Fe50Cu50 was deposited onto 

aluminum sheets and pressed using the rolling method to ensure contact between the 

powder and the conductive substrate (aluminum). This system was selected specifically 

due to its cost-effectiveness. The cells were produced, and then tested according to the 

IEC 60904-3:2008 Standard. 

The cells were tested using platinum electrodes to obtain a reliable baseline. The 

Al-Fe50Cu50 counter electrode was tested before and after rolling the aluminum sheet. 

It was observed that rolling the aluminum sheets impacted the results significantly. The 

performance of the cells using both platinum electrode and rolled Al-Fe50Cu50 counter 

electrode were discussed. The current-voltage and power-voltage curves of a 

representative cell were evaluated using platinum electrode and rolled Al-Fe50Cu50 

counter electrode. The platinum electrode yielded an efficiency =2.91%, FF=62.1%, 

Voc=0.71V, Isc=6.60mA, and Pmax=0.728mW. On the other hand, the use of Al-

Fe50Cu50 counter electrode resulted in an efficiency=0.129%, FF=28.5%, Voc=0.28V, 

Isc 1.64mA, and Pmax=0.032mW. Additionally, the drop in trend was discussed, and 

possible solutions were suggested to improve the Al-Fe50Cu50 counter electrode’s 

performance. 

Since the Fe50Cu50 alloy was selected in this work as a potential cost-effective 

alternative for the rather expensive platinum, the results obtained from both counter-

electrodes were compared, in terms of efficiency (%), total cell cost (AED), and 

normalized efficiency (% / AED). Although the efficiency was relatively low compared 

to that of the platinum electrode, the cost invested into the electrode was relatively low. 

This was further highlighted by the comparing the efficiency-levels normalized by the 

corresponding cell cost. The results, conducted analysis, and comparisons point to the 
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great potential of the Fe-Cu system which warrants further research and optimization 

efforts.  
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