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SUMMARY 
 

 

PEM fuel cell (PEMFC) is an environmentally friendly energy conversion system 

that directly transforms chemical energy into electrical energy with water as a by-product. 

In order to use PEMFC commercially, it is necessary to reduce the production cost and 

increase its efficiency. At this stage, it is vital to decrease the amount of Pt catalysts in 

membrane electrode assembly unit (MEA) responsible for ~70% of PEMFC expenses.   

In this thesis, five different carbon black-graphene nanoplatelets composite 

supported PtCu nanoparticles (NPs) were produced with synergistic contribution of a 

secondary copper metal, which is cheaper than platinum. Two methods, organometallic 

synthesis and thermal decomposition, were used to synthesize PtCu NPs under various 

conditions. The resulting materials were characterized by TGA, FT-IR, Raman, XRD, 

XPS, TEM, SEM-EDS. Electrochemical surface area (ECSA) were calculated by cyclic 

voltammetry (CV). Most effective synthesis method for supported PtCu NPs is the thermal 

decomposition under dynamic varigon gas at 300 0C for 1 hour.   

In the second part, PtCu/CB:GNP (50:50), PtCu/CB:GNP (30:70) and 

PtCu/CB:GNP (70:30) were prepared by optimized thermal decomposition method  to 

study the effect of carbon support ratios on electrochemical activity. According to ECSA 

values, all three catalysts were reported to be electrochemically superior compared to 

commercial %20 wt Pt on carbon Vulcan XC-72. We believe that the carbon corrosion 

and durability issues are minimized with the introduction of a hybrid support having GNP. 

Moreover, decrease of precious metal Pt without compromising from catalyst activity is 

achieved. Our studies will be towards direct investigation of such catalysts in PEMFCs.   

 

 

 

 

 

Keywords: PtCu bimetallic nanoparticles, Bimetallic nanocatalyst, Graphene 

nanoplatelet, Carbon black, Organometallic synthesis, Thermal decomposition. 
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ÖZET 
 

 

PEM yakıt pilleri (PEMFC), kimyasal enerjiyi doğrudan elektrik enerjisine 

dönüştürebilen ve bunu yaparken yan ürün olarak yalnızca su üreten çevre dostu bir enerji 

dönüşüm sistemidir. PEMFC'nin ticari olarak kullanılabilmesi için üretim maliyetinin 

düşürülmesi ve veriminin artırılması gerekmektedir. Bu aşamada, PEMFC giderlerinin 

~% 70'inden sorumlu membran elektrot montaj ünitesindeki (MEA) Pt katalizör miktarını 

azaltmak hayati önem taşımaktadır. 

Bu tezde, platinden daha ucuz olan ikincil bir bakır metalinin sinerjik katkısıyla 

karbon siyahı-grafen nanoplatelet kompozit destekli beş farklı PtCu nanopartikülleri 

(NP'ler) üretilmiştir. PtCu NP’leri farklı sentez koşulları altında sentezlemek için 

organometallik ve termal dekompozisyon olmak üzere iki sentez yöntemi kullanılmıştır. 

Elde edilen malzemeler TGA, FT-IR, Raman, XRD, XPS, TEM, SEM-EDS ile 

karakterize edildi. Elektrokimyasal yüzey alanları (ECSA), döngüsel voltametri (CV) ile 

hesaplandı. Destekli PtCu NP'ler için en etkili sentez yöntemi; varigon gazı altında 300 

0C, 1 saat süren termal dekompozisyon olduğu raporlandı. 

İkinci bölümde, elektrokimyasal aktivite üzerinde karbon destek oranlarının etkisini 

araştırmak için optimize edilmiş termal dekompozisyon yöntemi ile PtCu/CB:GNP 

(50:50), PtCu/CB:GNP (30:70) ve PtCu/CB:GNP (70:30) NP’ler sentezlenmiştir. ECSA 

değerlerine göre, üç katalizörün de elektrokimyasal olarak, ticari karbon Vulcan XC-72 

destekli % 20 Pt’ye kıyasla daha üstün olduğu bildirildi. Bizler, GNP'ye sahip hibrit 

desteğin devreye girmesiyle karbon korozyonu ve dayanıklılık sorunlarının en aza 

indirildiğine inanıyoruz. Ayrıca, sentezlenen bu hibrit destekli NP’ler ile katalizör 

aktivitesinden ödün vermeden değerli Pt metalinin katalizör içindeki oranı azaltılmıştır. 

İleriye yönelik çalışmalarımız, doğrudan PEMFC'ler için bu tür katalizörlerin 

araştırılmasına yönelik olacaktır. 

 

 

 

Anahtar Kelimeler: PtCu nanopartiküller, Bimetalik nanokatalizör, Grafen 

nanopletler, Karbon siyahı, Organometalik sentez, Termal dekompozisyon. 
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1. INTRODUCTION 

 

Energy is one of the most important factors that determine the economic 

developments, living standards and competition power of the countries in the international 

arena. Nowadays, the need for energy is amplifing exponentially with the continuous 

increase in the world population, the increasing spread of industrialization and 

urbanization and the rapid progress in technological developments. For all these reasons, 

the investigation for alternative renewable energy sources and their usage areas have 

gained importance worldwide with the decrease in the reserves of fossil fuels, which have 

a crucial aspect of energy sector such as petroleum and natural gas, the release of harmful 

gases (especially CO and nitrogen oxides-NOx) into the atmosphere and increased 

environmental issues awareness such as global warming [1]. 

Fuel cells are electrochemical conversion devices that directly convert the energy 

generated from the electrochemical reaction of a fuel into the direct current (DC) 

electricity in a single step and without any combustion steps. They are an ideal alternative 

energy source that operates with an energy efficiency of up to %70, uses the most 

abundant hydrogen element in nature as fuel and releases only water to the environment 

as a by-product. With these adventages, fuel cells can be one of the good alternatives to 

internal combustion engines currently in use and powered by fuels such as petrol or diesel 

[2]. 

There are various types of fuel cells such as Solid Oxide Fuel Cells (SOFCs), 

Alkaline Fuel Cells (AFC), Phosphoric Acid Fuel Cell (PAFC), Direct methanol fuel cells 

(DMFC), Molten Carbonate Fuel Cells (MCFC) and Polymer Electrolyte Membrane Fuel 

Cells (PEMFCs). Although they all have their own advantages and disadvantages, PEM 

fuel cells attract more attention than others with some unique features. These features can 

be listed as follows; low operating temperature (80 0C), good energy density, robustness 

and no greenhouse gases emissions such as CO2 and use of existing air in the environment 

as the oxidant [3]. 

PEM fuel cells are electrochemical cells where two basic electrochemical reactions 

take place. These reactions are the oxidation of hydrogen (hydrogen oxidation reaction) 

at the anode and the reduction of oxygen (oxygen reduction reaction) at the cathode and 
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they enable hydrogen to turn into water by electrochemical combustion and to obtain 

energy with zero emission. Both reactions require catalysts to proceed. However 

especially the reduction reaction occurring in the cathode region is critical because it 

directly affects the efficiency and the cost of the PEM fuel cells [4]. The sluggish rate of 

the oxygen reduction reaction (ORR) requires more catalyst loading in the cathode region 

and this is the most important limit for the commercialization of PEM fuel cells. In 

addition to this negative situation, the formation of the reduction product hydrogen 

peroxide (H2O2), - by using two electrons in the reaction mechanism prevents the transfer 

of four electrons that is necessary for ORR. The formation of hydrogen peroxide also 

dramatically affects the decomposition rate of organic compounds in the reaction 

environment [5]. 

Therefore it is very important to use the right catalyst to prevent all these negative 

factors. The catalytic activities and stabilities of selected catalysts in reaction conditions 

for PEM fuel cells should be high. Platinum is the most efficient catalyst that is widely 

used in fuel cells, petroleum chemicals and energy industries because of its unique 

catalytic properties such as long service life, its remarkable catalytic performance, 

unsaturated d-orbital (5d9 6s1) and resistance to lose its valence electrons [6]. However, 

Pt is a very expensive element with low abundance in the nature. These facts increase the 

cost of PEM fuel cells and negatively affects its competitive ability with other energy 

sources. Recently, cost-effective and highly active new types of ORR (oxygen reduction 

reaction) electrocatalysts prepared with Pt and less expensive and less noble 3d transion 

metals (Cu, Ni, Co, etc) alloys are found promising solution to obtain reasonably priced 

fuel cells. This type of Pt-based nanoparticles is catalytically more active compared to 

pure Pt catalyst due to change in the d-band position [4]. In addition, Pt-based 

nanoparticles’ activities strongly depend on the distribution, size and shape of the 

nanoparticles. For all these reasons,the control should be provided on the three factors 

(distribution, size and shape) mentioned above to obtain the catalyst with the best activity 

under specific reaction conditions [7]. 

Many physical or chemical methods such as chemical reduction, sound waves, UV 

radiation, thermal decomposition, chemical vapor deposition (CVD) or electrochemical 

synthesis are used in the preparation of nanoparticles as catalysts [8]. Apart from these 
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synthesis methods, organometallic synthesis is very useful for obtaining well-controlled 

nanostructures. Organometallic approach uses, metal-organic complexes as the source of 

metal nanoparticles and based on the reduction of these complexes under mild reaction 

conditions and presence of gas pressure, offers significant advantages for the synthesis of 

controllable nanostructures [9]. With well-tuning of the reaction parameters, 

organometallic synthesis method expands the control area on critical issues such as size 

distribution, chemical composition, surface condition and size of metal nanoparticles and 

paves the way for the formation of well-defined nanostructures.  

Insufficient durability that is mainly associated with ORR electrocatalyst in use at 

the cathode is one of the most important obstacle to commercialization of fuel cells [10]. 

Today, carbon-supported Pt electrocatalysts are still widely used in PEM fuel cells. 

Present investigations indicate that the carbon-based electrocatalyst support materials play 

a critical role in the activity and stability of the catalyst [11]. It has been recognized that 

choosing the right support material affects the durability of the electrocatalyst by 

preventing catalyst degradation, Pt dissolution, sintering and agglomeration during the 

fuel cell test [12]. Although carbon black is currently the most available support material 

for fuel cell catalysts, it is oxidized in the presence of oxygen throughout long fuel cell 

operation. This carbon oxidation is called carbon corrosion and results in the separation 

of Pt particles from the support material [11]. Hence, it is essential to explore and utilize 

more durable catalyst support materials to enhance the activity and satability of PEM fuel 

cell catalysts [13].  

Carbon support materials include carbon black (CB) [14], carbon nanotubes (CNTs) 

[15], carbon nanofibers (CNFs) [16], mesoporous carbon spheres [17], graphenes [18], 

and others are still the most popular and practical for Pt-based electrocatalysts as support 

materials because of several properties [19]. However among them, graphene has attracted 

a great deal of attention as a new generation of promising support material for PEM fuel 

cells due to its unique physicochemical properties such as huge specific surface area, 

excellent electrical/thermal conductivity, great mechanical strength and quick charge 

transport mobility [20]. 

In the first part of this thesis study, by using the synergistic interaction of CB and 

graphene-derived graphene nanoplatelet (GNP) materials, hybrid CB:GNP (50:50) carbon 
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supported five diffrent PtCu electrocatalysts were synthesized under various synthesis 

methods and conditions in order to explore the synthetic conditions for a potential 

electrocatalyst. Investigation of the tuning of the properties of the bimetallic PtCu NPs 

was made with the change of reaction parameters. Produced PtCu NP samples were fully 

characterized with ICP-MS, TGA, XRD, XPS, TEM, SEM-EDS and FTIR and Raman 

spectroscopies. Finally, cyclic voltammetry (CV) analyses were carried out in order to 

understand the effect of structural differences in nanoparticles on their electrochemical 

properties in an attempt to use them as potential electrocatalysts for PEM fuel cells.  

The key idea of the second part of the thesis is to evaluate the influence of varying 

carbon support ratios on bimetallic nanoparticle creation and carbon corrosion that may 

appear during electrochemical tests. Adhering to this purpose, the thermal decomposition 

process, which gives the best electrochemical results under dynamic varigon gas at 300 

0C for 1 hour, was preferred as the synthesis method for all catalysts synthesized in this 

section. Three different bimetallic electrocatalysts, PtCu/CB:GNP (50:50), PtCu/CB:GNP 

(30:70) and PtCu/ CB:GNP (70:30), were synthesized in accordance with this synthesis 

condition. In addition to these catalysts, using the same synthesis method, monometallic 

Pt/CB:GNP (50:50) and Cu/CB:GNP (50:50) supported NPs were also synthesized to 

further investigate the synergistic interaction of Pt and Cu elements both structurally and 

electrochemically in bimetallic structures. Structural characterizations of these five 

different nanostructures were made by ICP-MS, XRD, TEM, SEM-EDS and Raman 

spectroscopy. Electrochemical surface area (ECSA) values of both mono- and bimetallic 

nanostructures were compared with the commercial 20% wt Pt on carbon Vulcan XC-72 

catalyst by CV technique. 

 

1.1. Synthesis Techniques of Nanostructures 

 

With the development of nanotechnology, the way has been opened for the creation 

of nanostructures with quite different physical and chemical properties than those of bulk 

structures. A substance including particles, aggregates, and filaments smaller than 100 nm 

is considered as a nanomaterial [21]. They are greater in size than individual atoms and 

molecules, but nonetheless smaller enough with different properties compareded to bulk 
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solids. Thus, they do not follow either absolute quantum chemistry nor classical physics 

principles and hence have properties that vary greatly from those predicted [22]. 

Small-sized particles with a very large ratio of surface area-to-volume are created 

by the reconfiguration and production of nanomaterials. This property of nanomaterials 

has contributed to enhancement of optical, electrical, mechanical and functional 

characteristics of matter. In addition, nanotechnology is mainly accountable for the 

success of this promising modern interdisciplinary technology at diverse potential 

application areas such as drug, medicine, textile, food, agriculture and energy [21,23]. 

Especially, for metal NPs, the electronic features, such as conductivity, magnetism, 

etc., vary widely from bulk metal because the electronic states in the valence band and the 

conductivity band decrease to such a degree that the electronic properties change 

significantly with the decrease in size. The quantum size effect indicates that the electronic 

state of matter decreases continuously from the bulk system (three-dimensional system) 

to the quantum dots (zero-dimensional system) (Figure 1.1) [24,25]. 

 

 
 

Figure 1.1: The electronic state of matters. 

 

Being able to explain how nanoparticles (NPs) are formed by chemical processes is 

one of the most important points for their manipulation of well-defined structure and size. 

For this purpose, many scientists have conducted studies to explain the formation process 

of nanostructures. Among these scientists, the studies of LaMer, Turkevich and Finke are 

particularly striking [26,27]. 

The production of sulphur sols from the degradation of sodium thiosulfate in 

hydrochloric acid was explained by LaMer in 1950. In the principle put forward with this 
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study, it was claimed that homogeneous nucleation continues until a nucleus of critical 

size is obtained [26]. Following LaMer’s studies, Turkevich and his co-workers attempted 

to describe the stepwise formation of gold NPs focused on nucleation, growth, and 

agglomeration via electron microscopy [28]. Afterwards , Finke and Watzky announced a 

two-step procedure for the reduction of metal salt in 1997, and then a more general 

procedure for the creation of transition metal nanoclusters was documented [29]. 

 

 
 

Figure 1.2: A representation of formation of NPs: nucleation, growth and aggregation 

processes during the synthesis. 

 

Three stages simplify the basic mechanistic construction of NPs; nucleation, growth 

and agglomeration (Figure 1.2). Factors that influence particle size, shape and 

composition are dependant on the difference between the redox potential of the metal salt, 

the reducing agent, and the reaction conditions (the rate of addition, the reaction 

temperature etc). Metal salt in the reaction medium is reduced in the first step of the 

nucleation process to provide zero-valent metal atoms. These metal atoms then collide 

with other atoms around them, forming first permanent seeds of durable metal nuclei. 

Depending on the quality of the metal-metal bonds and the difference between the redox 

potential of the metal salt and the reducing agent added, the diameter of the "seeds" could 

be well below 1 nm [26,30,31]. 

In fact, in all forms of nanostructures, the control of size and shape is a 

consideration, as both would have an influence on the substance's physical and chemical 

characteristics [32]. In order to understand the characteristics of the products, various 

forms of rules can be implemented depending on the size and shape of the nanostructures. 

For this purpose, there are a number of fabrication techniques for nanostructures in the 

literature. The key parameters for the effectiveness of these different techniques can be 
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described as 1. control of scale, shape, crystal structure, 2. prevention of nanoparticle 

agglomeration, 3. Use of eco-friendly precursors 4. amount of harmful by-product and 5. 

stable chemical and physical properties of synthesized nanostructures [33–35]. 

All synthetic methods in literature for the production of nanomaterials can be 

grouped into two main procedures; these are called, bottom-up and top-down methods 

(Figure 1.3). Top-down method involves reducing bulk structure to nano-size by physical 

methods such as cutting and abrasion. It starts from larger structures until the designed 

shape and structure is obtained. This approach has an effective success especially in the 

design of semiconductor devices offered to the consumer and it is used effectively in 

miniaturizing the components of more efficient and fast high-tech machines and devices 

[35]. 

There are various physical methods to obtain micro / nano sized structures using the 

top-down approach. Among these methods, the most commonly used by the electronics 

industry are; lithography (photolithography, X-ray lithography, and electron beam), 

mechanical milling, wet and plasma etching and sputtering [33,36]. These techniques are 

more expensive than bottom-up methods and require advanced equipments for the 

production.  

 

 
 

Figure 1.3: Schematic representation explaining top-down and bottom-up approaches in 

nanoparticle synthesis. 

 

In contrast to the top-down approach, the bottom-up approach involves arrangement 

and organization of individual elements such as atoms, molecules and biological cells to 

create a nano-sized structure by the direct manipulation of atoms or molecules. In bottom-



8 
 

up technique, atoms or molecules form nano-sized units by self-assembly with physical 

and / or chemical interactions [36]. 

These methods allow nanoparticle synthesis in two different media, liquid and gas 

phase. Unlike top-down methods, nanostructures of a wide variety of sizes and structures 

such as 0 D, 1D, and 2D can be synthesized with simple chemical equipment via bottom-

up approach. In addition to all these, the morphology, size and shape of nanoparticles can 

be easily manipulated by making small changes such as temperature, pressure, precursor 

used in the synthesis method [26]. 

There are a variety of approaches to produce nanostructures that are well defined in 

shape and size using the bottom-up technique. Examples of these approaches are; 

chemical vapor deposition (CVD), chemical reduction, electrochemical method 

(electrolysis), microemulsion method, pyrolysis, photochemical (irradiation) method, 

solvothermal / hydrothermal synthesis, sol-gel process, sonochemical method, thermal 

decomposition, green synthesis approach and organometalic synthesis approach. 

 

1.1.1. Chemical Vapor Deposition (CVD) 

 

CVD, one of the bottom-up synthesis methods fort he production of nanostructures, 

is defined as chemical vapor deposition on the relevant substrate in a chamber under high 

temperature and pressure [37]. Thanks to this method, two dimensional (2D) 

nanostructures can be formed on the desired substrate in the presence of a catalyst or 

without a catalyst [38]. CVD method is often preferred for synthesis of 2D materials 

because of the creation of high purity and high quality crystal structures and allowing 

large scale production with limited defects on the substrate [39]. 

In the CVD method, gas phase reactive precursors with sufficient activity can either 

deposit on the substrate and/or react with the substrate to form the designed thin film on 

the substrate that held in the chamber (Figure 1.4). While reaction or/and decomposition 

occurs on the substrate, by-products formed as a result of side reactions are removed with 

the carrier gas dynamically passing through the system [40]. 

By using the CVD method, 2D structures (e.g graphene, h-BN nanosheets, transition 

metal dichalcogenides (TMDs) , metal carbides, borophenes, antimonene, silicone) that 
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are used in especially optical, electronic and semiconductor technologies can be 

synthesized in large scale [39–41]. 

 

 
 

Figure 1.4: A Schematic of conventional CVD reactor. 

 

1.1.2. Chemical Reduction Method 

 

Chemical reduction (Figure 1.5) is a common synthesis method especially to obtain 

graphene from graphene oxide and metal nanoparticles (MNPs) from various metal salts. 

It is a cost-effective and simple technique with the use of simple laboratory equipments 

[42]. In the chemical reduction method, the most necessary material for the formation of 

nanostructures is the careful selection of the reducing agents. These reducing agents 

reduce the metal ions that act as nuclei in the reaction environment and nanoparticle 

growth occurs on these nuclei. Phenyl hydrazine, ascorbic acid, hydroxylamine, 

hydroquinone, glucose, sodium borohydride, alkaline solutions, and pyrrole are among 

the chemicals that are often used as chemical reducing agents [42–44].  

Strong reducing agents allow the formation of smaller NPs compared to weak 

reducing agents. However, as the NP size decreases, the surface energy increases and 

extreme thermodynamic instability occurs. NPs are susceptible to agglomeration due to 

Ostwald ripening and rapidly nucleate [45]. In order to prevent agglomeration and 

preserve their stability, various cappling agents (stabilizers) such as ligands or polymers 

(polyvinyl pyrrolidone (PVP), polyacrylates, polyacrylamides, poly(ethylene glycol) 
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(PEG), polyvinyl alcohol (PVA) etc.) are used to keep the nanoparticles stable and prevent 

their coalescence [46,47]. 

 

 
 

Figure 1.5: Schematic representation of chemical reduction method for the formation of 

MNPs. 

 

1.1.3. Electrochemical Method 

 

Electrochemical method, another chemical method used in MNP synthesis, is worth 

mentioning since it usually allows obtaining NPs with desired size and shape by adjusting 

the current density [48]. Using this synthesis method, high purity MNPs can be obtained 

quickly and easily. In addition to being a fast and simple method, it has taken its place in 

the literature as an eco-friendly synthesis method, since no environmentally hazardous 

reducing agents nor any toxic chemicals are used in MNP formation via this method [49]. 

Nanoparticle production by simple electrochemical reaction is as follows; the bulk 

metal structure at the anode region is oxidized and then formed metal cations migrate to 

the cathode region where reduction occurs to produce metal or metal oxide NPs in the 

zero oxidation state (Figure 16.) [50]. During the NP formation reaction, stabilizing agents 

such as polymers and surfactants are used to avoid undesirable by-products and also to 

obtain MNPs with desired properties [51–53]. 
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Figure 1.6: Experimental set-up of electrochemical formation of Ag NPs in distilled 

water. 

 

1.1.4. Microemulsion Method 

 

Microemulsion technique, which is one of the methods developed for the synthesis 

of nanomaterials, can prevent the growth and aggregation of NPs. Microemulsion 

synthesis method, also known as reverse micelle synthesis, offers versatile and 

reproducible NP synthesis and has an advantage over other synthesis  methods such as 

CVD and elecrochemical methods in terms of forming homogeneous and monodispersed 

nanoparticles of various metals, oxides and chalcogenites [54,55]. 

In the synthesis of several types of NPs, reverse micelles (Figure 1.7) are commonly 

used today as nanosized aqueous droplets found in many formulations of water-in-oil 

microemulsions. The reaction takes place in aqueous core of reverse micelles, which can 

be dispersed in an organic solvent and stabilized with a surfactant [56,57]. The dimensions 

of the aqueous core are nanoscale and the product obtained at the end of the reaction is 

homogeneous [58].  

The synthesis of a simple compound such as AB using the microemulsion synthesis 

method is carried out as follows; first, two identical microemulsions are prepared and two 

different reactants (A and B) are added into these two microemulsions, and then these two 

microemulsions are mixed and the resulting mixture is left to mix continuously. The 
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droplet collision results in reactant exchange, during which the reaction takes place within 

the droplets that serve as a nanoreactor. The two reverse micelles form an encounter pair 

(EP) which, after collision, transforms to a fused dimer (FD). Because of the large surface 

area, the surface tension of the FD becomes very high and it can not maintain its geometry. 

The FD breaks down into two smaller stable droplets containing the substance 

precipitated. 

 

 
 

Figure 1.7: A typical reverse micellar structure. 

 

1.1.5. Pyrolysis Synthesis Method 

 

In the pyrolysis method, one of the frequently used methods in the NP synthesis, the 

main aim is to isolate the solute and the solvent from the solution, which is carried out by 

heating the solution This process evaporates the solvent and finally creates the NPs  [59].  

The most frequently used technique in the pyrolysis process is the spray pyrolysis where 

the solution of the precursor is sprayed in very small droplets and then the aerosols of 

these droplets are heated and/or diluted to evaporate the solvent from the environment 

[60]. Each droplet is usually converted into a single product particle in the manufacture of 

microparticles by spray pyrolysis. However, in order to obtain NPs (<100 nm) using the 

spray pyrolysis method, either impractical small droplets or impractical precursor 

solutions at very low concentrations are required. Therefore, it is desired to produce a 

number of NPs from each precursor droplet [59,61]. 

 

 



13 
 

1.1.6. Photochemical (Irradiation) Synthesis Method 

 

Photochemical synthesis (Figure 1.8) depends on the absorption of photons (of 

usually visible, UV or VUV (vacuum ultraviolet)) by a photochemically active compound 

which in return rearranges or decomposes into reactive species called radicals. In 

photochemical processes, the photons must be absorbed by the active compound (i.e there 

is an overlap between the emission spectrum of the light source and the absorption 

spectrum of the irradiated medium); or else, most of the light would pass through the 

solution without doing any reaction. Then, rapid chemical reactions are triggered by the 

generated reactive radicals, leading to the formation of various intermediates or products 

[62,63]. 

The solvent used in the photochemical synthesis method is a very critical parameter. 

Chlorine-containing solvents are generally not preferred in this type of synthesis as they 

may cause chlorination of the substrate. While strong absorbent solvents intercept photons 

from reaching the substrate, hydrocarbon-based solvents can be used in photochemical 

synthesis because they absorb shorter wavelengths [64]. 

The key advantages of photochemistry are the ability to conduct chemical reactions 

by altering the strength of the irradiation light and simple scale-up of the reaction. In 

addition to all these advantages, photochemical synthesis is a cost-effective and relatively 

an environmentally friendly method since there is no need for dangerous and expensive 

materials during synthesis compare to with hazardous chemical reducing agents [62,65].  

 

 
 

Figure 1.8: Schematic representation of gold NP synthesis by photochemical method. 
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1.1.7. Solvothermal / Hydrothermal Synthesis Method 

 

Solvothermal reactions are defined as chemical reactions that take place at a 

temperature above the boiling point of the solution with a reaction pressure above 1 bar 

and are often preferred especially for the synthesis of metal oxide NPs such as Fe2O3, NiO, 

Co3O4, CeO2, MgO, and CuO [66,67]. The medium in which the reaction takes place can 

be any solvent; from water to alcohol, organic or inorganic solvent. The term 

“hydrothermal” is used when the reaction medium is water and again the synthesis occurs 

in a closed vessel at a controlled temperature and pressure. In these two synthetic methods, 

since high pressures are used to obtain NPs, the reactions take place in autoclaves which 

are pressure-resistant sealed containers. 

In addition to metal oxides, by using this process, free metals, chalcogenides, 

pnictides, and other materials can also be synthesized. The use of eco-friendly solvents 

for particle growth and homogeneous nucleation is the key benefit of hydrothermal 

synthesis. With control of different reaction parameters, such as pH, temperature, 

pressure, time, medium of reaction, and concentration, direct crystal structure formation 

of nanomaterials from the solution allows the rate and the uniformity of product 

nucleation, growth and oxidation to be properly regulated. Therefore, in this process, the 

scale, morphology, structure, and properties of materials are well regulated [68,69]. 

 

1.1.8. Sol-Gel Synthesis Method 

 

Hydrolysis and polycondensation reactions are the basis of the chemistry of the wet 

chemical sol-gel process (Figure 1.9) [70]. A metal alkoxide dissolved in an appropriate 

solvent, mostly ethanol, is the precursor for the synthesis. The substance is hydrolyzed by 

the addition of a little water and that becomes a polymeric material, generally assisted by 

making the solution slightly acidic. A loose gel with liquid filled pores is the resulting 

substance, which could be transferred to a surface via dipping. Liquid elimination and 

material densification is accomplished by thermal treatment; the higher the temperature, 

the denser the resulting film would be. If complete densification is required, temperatures 

of 600 ° C, often even up to 1000 ° C, can be used. The benefit of using this technique is 
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the construction of an inorganic network primarily linked to polymeric materials, 

particularly with noncovalent interactions [71,72]. 

 

 
 

Figure 1.9: A simple representation of the sol-gel process pathway. 

 

1.1.9. Sonochemical Synthesis Method 

 

The scientific field in which molecules undergo chemical reaction due with the use 

of strong ultrasound radiation (20 kHz-10 MHz) is sonochemistry. This method in the 

production of nanostructures is a well-defined and well-researched area due to its 

simplicity and diverse applicability [73,74]. 

The accoustic cavitation is the physical phenomenon essential 15ort he 

sonochemical method. This can be separated into three main phases: (i) formation, (ii) 

growth, and (iii) bubble implosive collapse in a liquid that generates high pressure and 

temperature, accompanied by high cooling speeds [73,75,76]. These mechanisms are 

primarily accountable 15ort he selective and well-defined shape and size nanoparticle 

synthesis [77].  

Using the ultrasonic process, nanomaterials can be easily synthesized. In addition, 

in the following aspects relevant to nanomaterials, the sonochemical approach contributes 

to all other techniques: (i) preparation of amorphous products; (ii) injection of 
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nanomaterials into mesoporous materials; (iii) deposition of nanoparticles on ceramic and 

polymeric surfaces; and (iv) regulation of nanomaterial morphology [73]. 

 

1.1.10. Thermal Decomposition Method 

 

Thermal decomposition is one of the effective method for especially synthesis of 

inorganic NPs to generate stable monodisperse suspensions with the capacity for self-

assembly [78]. It is much faster, safer and also more economical than traditional 

approaches such as super critical techniques, metal salt reduction, microwave heating, 

micro emulsion techniques etc. In this method, nanoparticle nucleation takes place when 

the metal precursor is applied to a heated solution in the absence of a surfactant, while the 

growth state occurs at a higher reaction temperature [79]. 

Many different metal precursor such as inorganic and organic salts and metal-

organic frameworks (MOFs) structures can be used to obtain metal nanoparticles using 

thermal decomposition synthesis method [79,80]. The direction of decomposition of the 

precursor dependent on the characteristics of gaseous environment prevailing during the 

heating process, the heating schedule itself and the organic group characteristics [81]. 

 

1.1.11. Green Synthesis Approach 

 

Green nano-technology (Figure 1.10) usually indicates the synthesis of 

nanoparticles or nanomaterials by means of biological pathways, including some micro-

organisms, plants and viruses or their components, such as proteins and lipids, with the 

assistance of various biotechnological instruments [34,82]. Green synthetic techniques 

contain polyoxometallates, polysaccharides, tollens, irradiation, and biological mixed-

valence approaches. All of these approaches reduce the use of costly chemicals, require 

less energy and produce ecologically responsible products and by-products. The dry 

biomass of the plants and metallic salt, as bioreducing agent and precursor respectively, 

have been used in the general green synthesis procedure using plants to obtain MNPs [34]. 

For the production of nanomaterials based on green synthesis, three principal steps 

should be followed: (i) the preference of a solvent that using as medium, (ii) the selection 
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of an environmentally safe reduction agent and (iii) the choosing of an ecofriendly and 

nontoxic material as a capping agent for the stabilization of the synthesized NPs [83].  

 

 
 

Figure 1.10: A simple representation of the green synyhesis process for production of 

metal/metal oxides NPs. 

 

1.1.12. Organometallic Synthesis Approach 

 

Organometallic synthesis (Figure 1.11) method is one of the methods developed to 

provide complete control over the size, shape and distribution of nanostructures [84]. In 

the existence of appropriate stabilizing agents, which may be multiple functional 

molecules including such surfactants, polymers, dendrimers, etc., the organometallic 

synthesis method relies on the use of metal complexes as the source of metal and their 

reduction or decomposition [85,86]. 

The use of organometallic precursors enables the synthesis of MNPs showing a 

regulated scale, shape and surface environment in mild reaction conditions. The method 

of synthesis involves the removal of ligands from an organometallic complex under mild 

conditions (room temperature or below, low gas pressure), with minimal or desirably no 

polluting reactants. The appropriate example is the dihydrogen reaction of an olefinic 

precursor that leads to the formation of an alkane that is unable to develop a strong bond 

with the expanding metal surface in these circumstances. To create NPs, the naked atoms 

formed in these conditions can condense. 

Utilizing reactive gasses such as H2 or CO to achieve naked zerovalent metal atoms, 

the decomposition prosses are carried out [87]. All of these naked atoms will decide to be 

closer to each other in order to create permanent seeds. Until the through reaction, 
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regulation of size and prevention of agglomeration are crucial. Therefore stabilizers 

generate a steric barrier surrounding MNPs via chemical or physical connections between 

the surface of the NP and the stabilizer. The stabilizers such as polymers and dendrimers 

restrict the uncontrolled growth of particles by electrostatic forces resulting from ligands 

or sterical hindrance coordination. Olefinic and allylic complexes are commonly used 

metal precursors since they are reduced with the use of dihydrogen pressure under 

relatively mild conditions and ligands, turning into alkanes that avoid from the attachment 

of NPs surfaces. Tris-Allyl Rhodium (Rh(C3H5)3), bis-1,5-cylooctadiene nickel (Ni 

(COD)2), 1,5-Cylooctadiene 1,3,5-cylooctatrien ruthenium (Ru(COD)(COT)), tetra-allyl 

dirhenium (Re2(C3H5)4) are some of the examples for this kind of organometallic 

complexes which are efficiently able to decompose [85,86,88].  

 

 
 

Figure 1.11: Representation of organometallic approach for production of MNPs. 

 

1.2. Electrocatalysts towards PEM Fuel Cells: Working 

Principles, Catalyst and Support Materials 

 

1.2.1. Operation Principle of PEM Fuel Cells 

 

Unlike conventional combustion technologies, fuel cells (Figure 1.12) obtain 

electrical energy by converting the chemical energy of a fuel directly into an electrical 

signal as a result of electrochemical reactions. Although fuel cells are similar to batteries 
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in many respects, they do not need to be recharged periodically like batteries to produce 

electricity. As long as the fuel source is provided, fuel cells can continue to generate 

electrical energy. The main reason for this difference is that the fuel cell is continuously 

fed with fuel and air (or O2) from an external source. Contrary to this situation, batteries 

have a limited amount of fuel and oxidant that they use up [89,90]. 

 

 
 

Figure 1.12: The basic scheme of different fuel cells. 

 

Electrochemical reactions occur in fuel cell: 

 

Anode: 2H2 → 4H+ + 4e- 

 

Cathode: O2 + 4H+ + 4e- → 2H2O 

 

Overall: 2H2 + O2 → 2H2O + Energy 

 

Proton exchange membrane (PEM) fuel cells, which can transform chemical energy 

directly to electrical energy, attract considerable interest due to their superior advantages 

such as high power density, high efficiency of energy conversion, quick start-up, low 

orientation sensitivity, and environmentally friendly nature. A schematic representation 

of a simple PEM fuel cell is showed in Figure 1.13. As can be understood from Figure 

1.13, the most important component of PEM fuel cells is the membrane electrode 

assembly (MEA), and this structure consists of two electrodes (anode and cathode) with a 
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catalyst layer, a polymer membrane separating these electrodes, and a gas diffusion layer 

(GDL). The polymer membrane that separates the anode and cathode electrodes from each 

other consists of Nafion and acts as an electrolyte in the environment during the fuel cell 

test and ensures that the protons formed in the anode are transmitted to the cathode [91]. 

 

 
 

Figure 1.13: The schematic representation of a simple PEM fuel cell. 

 

During the fuel cell test, the fuel (e.g. H2) is oxidized with the aid of the catalyst 

layer in the anode region, thereby producing both electrons and protons. These protons 

are then transported to the cathode area along the PEM membrane, while the generated 

electrons are carried to the cathode electrode with the help of the external circuit. These 

protons and electrons that reach the cathode area then interact electrochemically with the 

oxidant in the catalyst layer that namely oxygen in the feed air, and generate water and 

heat. In summary, electricity, water and heat are produced during a PEM fuel cell test 

without creating any environmentally harmful by-products [92,93]. 

The most important problem arising in the commercialization of PEM fuel cells is 

the expensive nature of the MEA structure [94,95]. Today, many studies are carried out 
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to eliminate this problem and to develop the membrane where only H+ passage is allowed, 

catalyst layer and GDL layers in order to expand the usage areas of PEM fuel cells. For 

this purpose, various membranes have been developed for use in the PEM fuel cell, 

namely perfluorinated (PFSA, PFCA, PFSI), partially fluorinated (PTFE-g-TFS and PVDF-

g-PSSA), non-fluorinated (NPI, BAM3G, SPEEK, SPPBP, MBS-PBI), acid-base blends 

(SPEEK/PBI/P4VP, SPEEK/PEI, SPSU/PBI/P4VP etc.) and supported composite 

membrane [93].  

The gas diffusion layer (GDL) layer, another component in the PEM fuel cell, is 

porous to provide gas permeability, and because of its porous nature, carbon papers are 

often used in PEMFC as GDL layer. Another PEM fuel cell component that is located 

between the membrane and GDL layer and plays a major role in the cost of the MEA 

structure is the catalyst layer. In this layer, the catalyst is distributed over a support 

material to ensure stability and prevent agglomeration and provide high performance 

throughout fuel cell performance. The type of catalyst used commercially in PEM fuel 

cells is carbon supported Pt catalyst [92,96]. However, due to the expensive and scarce 

nature of Pt metal, many studies have been done and continue to be done in the literature 

in order to lower the catalyst cost in PEM fuel cells. Details of the catalyst and support 

material types used in PEM fuel cells are discussed under their respective titles in the 

following sections. 

 

1.2.2. Oxygen Reduction Reaction (ORR) Mechanism in PEMFC 

 

Despite its being environmentally friendly, highly efficient and with high power 

density, the most important factor in the commercialization of PEM fuel cells is the very 

high production cost. In particular, the cost of the catalyst layer required for faster and 

more efficient redox reactions mentioned in the previous chapters is one of the most 

important obstacles to the spread of PEM fuel cells. In addition to the expensive catalyst 

layers, the short operation time of membranes used in PEMFCs makes it a priority 

research topic to increase the durability throughout the PEMFC performance [97]. In 

addition to all these issues, one of the most significant barriers for the use of this 
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technology, especially in public transport systems, is that it is not yet fully developed to 

provide an adequate hydrogen storage system [98]. 

For the release of energy in PEMFCs, two important electrochemical reactions must 

occur efficiently. The first of these is the hydrogen oxidation reaction (HOR) occurring in 

the anode part and the other is the oxygen reduction reaction (ORR) occurring in the 

cathode part. At this point, it is important to understand the kinetics and mechanism of 

these redox reactions occurring in the PEMFCs [99]. 

As opposed to HOR, the rate of ORR is rather sluggish and has a more chemically 

complex reaction mechanism. Among with these adverse effects, the chemicals used in 

the cathode portion are exposed to very extreme conditions [6,20]. It is common for 

PEMFC efficiency and durability to decline when all these negative effects come together 

and to be seen as an important obstacle to the widespread use of fuel cells. 

In order to eliminate all these negativities, the amount of Pt loaded on the catalyst 

layer is much higher in the cathode part than in the anode part. When it comes to PEMFC 

performance to be more efficient, it is very important that the surfaces of Pt metals 

attached to the MEA surface are electrochemically active and large [92,96].  

Carbon black supported Pt NPs are already widely used in the market as PEMFC 

cathode region catalyst. However, due to their high aspect ratio, these Pt NPs have a very 

active surface area and are more vulnerable to agglomeration and leaking on the carbon 

support during fuel cell performance (Figure 1.14) [92]. This situation directly results in 

the decrease in the electrochemical active surface area (ECSA) of Pt nanocatalysts and 

naturally impairs the efficiency of the fuel cell. 
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Figure 1.14: Nanocatalyst degradation process on carbon support. 

 

Three main reasons that cause performance decrease in PEMFCs due to MEA 

degradation are membrane degradation, chemical contamination and catalyst degradation 

[100]. A decrease in conductivity will occur as problems arise in the transmission of 

protons from anode to cathode due to membrane degradation. Moreover, H2 crossover 

also produces H2O2 during the reaction with O2, leading in the degradation of both the 

catalyst and the membrane portion. Also, this reaction is exothermic and the heat released 

can play an extra role in the breakdown of the polymer-based membrane [96,97].  

The formation of pollutant by-products such as CO and SOx during hydrogen 

production causes the catalyst to be poisoned, and causes a decrease in kinetics, ohmic 

and mass transfer, which affects fuel cell performance negatively. These types of 

impurities both damage the structure of the catalyst and accelerate carbon corrosion, 

causing serious performance decreases. The deteriorating catalyst structure can cause Pt 

nanocatalysts to sinter, detach, and displace on the carbon support [92,96]. 

The above-mentioned degradation mechanism can be explained in three steps. First, 

metal NPs migrate through the carbon support and clump together, namely agglomerates. 

Secondly, these agglomerated metal structures undergo an electrochemical re-deposition 

process called the electrochemical Ostwald ripening. Finally, the electrochemical 
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oxidation reaction that causes carbon corrosion occurs on the carbon support. To minimize 

and if possible eliminate all these negative side effects, the catalysts and support materials 

used in PEMFC should be reinterpreted with innovative approaches [92,101]. 

 

1.2.3. Catalyst in PEM Fuel Cell 

 

Electrochemical catalysts play a major role in the production of electrochemical 

reactions in a much shorter and more efficient manner by reducing the activation energy 

of electrochemical reactions in order to ensure that existing electrochemical devices can 

operate at high performance and produce electrochemical devices with high efficiency. 

Platinum, palladium, ruthenium and platinum-based transition metal alloys are frequently 

preferred electrocatalysts in electrochemical devices such as fuel cell, electrolyzers, 

electrochemical pumps, electrochemical inerters, electrochemical dehumidification, etc. 

[10]. 

In the working mechanism of PEMFCs, catalysts are needed for ORR and HOR 

reactions to occur efficiently and quickly. The electrocatalysts are used in pure form or in 

supported forms. However, the active surface areas of electrocatalysts used in pure form 

are lower than the supported catalysts and deteriorate in shorter periods during fuel cell 

performance and thus affecting the test performance, negatively. 

It is expected that the catalysts preferred for PEM fuel cell will have certain 

properties such as activity, selectivity, stability and poisining resistance. Perhaps the most 

important of these properties is that the catalyst should be optimally active enough to 

activate electrochemical reactions, but at the same time not adversely affect other 

important factors such as reactants and products. Selectivity is another important feature 

sought in PEMFC catalysts. Thanks to this feature, the desired product can be obtained 

with high efficiency by eliminating by-products and intermediate products as much as 

possible. In addition to all these two features, an ideal PEMFC catalyst must be stable for 

long periods under harsh fuel cell test conditions (operating temperature, reactive 

chemicals, high voltage, acidic environment etc.) and must be able to withstand 

contamination from the fuel itself throughout the test [102]. 
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Since it contains these four properties, Pt metal stands at a very important point as 

a PEM fuel cell catalyst. Thus, Pt is the most ideal noble metal for both H-bonding at the 

anode side and oxygen bonding at the cathode side, showing the highest activity compared 

to noble metals such as Rh, Re and Au [102,103].  

In addition to high activity, Pt catalysts are also particular importance for PEM fuel 

cell in terms of selectivity. Oxygen reduction and adsorption without creating by-products 

such as hydrogen peroxide (H2O2) in the ORR reaction that takes place at the cathode, 

which is one of the most challenging factors in the popularization and cost reduction of 

PEM fuel cells, is carried out with Pt catalysts (Figure 1.15). In the adsorption process, 

the affinity for oxygen and the oxygen intermediates of Pt catalyst arises from the position 

of Pt in the d band with regard to the level of Fermi [103]. 

Together with their activity and selectivity, Pt catalysts exhibit remarkable 

performance in terms of stability under PEM fuel cell operating conditions and poisoning 

resistance against fuel-borne pollutants. It has taken place in the literature that the Pt (111) 

has the highest stability and substantially reduced poisoning rate, among other Pt structure 

options [104,105].  

 

 
 

Figure 1.15: Representation figure of dissociative and associative pathway for O2 in 

ORR mechanism. 

 

Apart from Pt, also known as platinum group metals (PGMs) and consisting of Ru, 

Rh, Pd, Os, Ir are also used as electrocatalysts. When looking at the electromotive force 

(emf) which defined as the voltage produced by an electrical source values of these metals 
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(Table 1.1), it is understood that especially Pt and Pd elements are very active [106][107]. 

In addition to being highly active, Pt and Pd elements have very high hydrogen absorption 

capability, and due to these properties, they are very suitable catalysts for hydrogenation. 

Furthermore, platinum group metals are more resistant to corrosion than other metals and 

are more likely to stay inert in reactions where they are used as catalysts [107]. 

 

Table 1.1: Atomic numbers and emf values of platinum group metals (PGMs). 

 

Metal 

Propertiy 
Pt Pd Rh Ru Os Ir 

Atomic 

Number 
78 46 45 44 76 77 

Efm 

(M/M+2) 

(vs. NHE) 

9.85 9.90 4.33 6.80 8.12 4.70 

 

Despite all the positive properties mentioned above, Pt metal is an expensive 

element and may have some stability and activity problems when used as a catalyst in its 

monometallic state. New types of catalysts such as alloy, heterstructures or core-shells 

(Figure 1.16) have been developed in liretarur with inert metal additions such as Cu, Ni, 

Co, Ti, Cr in order to prevent such negativities and improve durability of Pt catalyst 

[103,104]. In the literature, there are studies carried out to increase the activity and 

durability of the Pt catalyst with the addition of noble metals such as Pd, Au, Ru and Ag 

as well as non-noble metal elements. 

 

 
 

Figure 1.16: Pt-based bimetallic/ trimetallic catalysts: alloys, heterogenous structure and 

core-shell. 
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Much more durable electrocatalysts can be developed by manipulating parameters 

such as size and distribution in the preferred catalysts for PEMFC. The change in 

geometry and structure of the surface decreased the more oxidizable portion of the alloy 

and improved electronic factors for further development. By using the dispersion support 

materials of these expensive platinum-based electrocatalysts, more homogeneous and well 

dispersed catalysts can profit from both the catalyst loading amount and the cost. 

Nanoparticles of very small size and homogeneously dispersed on a suitable support 

material with a high surface area show great activity as a catalyst. This situation is 

explained by the particle size effect [108–110]. However, when it comes to the acidic 

environment in the PEM fuel cell, such small nano-structures cannot be efficient as 

catalysts because they cannot show sufficient oxygen reduction activity in such 

environments. Beacuse edges and corners are more common in Pt electrocatalysts with 

small particle size than large ones, and they can react with the reactants in the environment 

and block the reaction path of oxygen species in this way. This is why it should be 

optimum for the Pt scale. Recent studies have shown that the optimal size of Pt 

nanoparticles for better operation should be between 2 and 4 nm [110]. 

 

1.2.4. Pt-based Bimetallic Alloys as Electrocatalysts for PEMFC  

 

Due to the kinetic limitations of ORR under standard PEMFC system parameters, 

the high overpotential loss of ~0.4 V on the cathode, or about 70 % of the total loss, is 

also a massive issue to the commercial feasibility of PEMFCs [111]. The development of 

Pt-based catalysts appears to be an elegant alternative to these issues and has attracted a 

great deal of attention as a way of achieving high efficiency and substantially reducing 

PEMFC costs [112]. Therefore, detailed studies on the production of Pt-based 

electrocatalysts have been carried out. The beginning of these studies goes back to the 

development of a series of Pt-alloy catalysts (Pt-V, Pt-Co-Cr, Pt-Ir-Cr, Pt-Rh-Fe, etc.) by 

United Technologies Corporation (UTC) in the 1980s that can be used as ORR catalysts 

for phosphoric acid fuel cells (PAFCs) [113]. 
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The ORR behavior relies greatly on the electrode-electrolyte interface structure. 

Hence, detailed awareness of the interface structure is necessary in order to create 

effective catalysts [114]. Considering the acidic operating conditions of PEMFCs, many 

studies have shown that Pt-based catalysts are active and stable under these conditions 

compared to commercial Pt/C catalysts. 

Changing the geometrical configuration and/or the electronic structure of the Pt 

surface atoms are often the preferred approach in order to minimize the Pt loading while 

increasing the ORR activity. By alloying Pt with other metals, this aims could be 

accomplished. This has been extensively observed in Pt-based metal transition alloys. Due 

to the nature of alloy structures, a variety of transition metals alloyed with Pt appeared in 

varying activities [113]. Pt-alloying with non-noble metals such as Ni, Co, Cu, Fe not only 

decreases Pt loading for PEMFCs, but also helps improving the catalytic activity. In the 

early 1990s, Murkenjee and at. all reported early studies on the utilization of Pt alloys as 

ORR catalysts for PEMFCs [115,116]. At high temperatures (900 °C) and under an inert 

atmosphere, they developed a series of Pt alloys, including Pt-Ni, Pt-Co, Pt-Cr, Pt-Mn, 

and Pt-Fe. According to this study, it was determined that the Pt (75): M (25) composition 

was the most effective catalyst based   on   crystallographic   considerations. In the late 

1990s, Johnson Matthey also completed notable studies on binary alloys such as Pt-Fe, 

Pt-Mn, Pt-Ni, Pt-Cr, Pt-Cu, and Pt-Ti. To enhance performance for fuel cell, Pt alloys with 

a 50:50 Pt:M ratio were heat-treated at different temperatures. It was noticed that if Pt-Ti, 

Pt-Mn, and Pt-Fe were used as the catalysts (20 wt % Pt alloy on Vulcan carbon), a 20–

40 mV efficiency improvement could be achieved [117]. 

In order to explain the electrochemical activities of Pt-alloy catalysts, it is essential 

to clarify the kinetic mechanism.  One of the accepted explanations in the literature is that 

dissolution or leaching of the more readily oxidizable base metals in bulk alloys has 

caused the surface roughening of the Pt alloy to be observed [118]. Through an increase 

in surface area, this dissolution or leaching of transition metal may lead to greater activity. 

The low-index crystal planes of Pt have also been observed to display higher ORR 

reactivity than the high-index crystal planes [110]. On the other hand, the structural effect, 

the OHads inhibition effect, and the electronic effect are usually known as the major 

alloying effects. 
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Jalan and Taylor claimed that increased ORR activity of Pt alloys may be attributed 

to the decrease in the inter-atomic distance of Pt-Pt. They suggested that more suitable 

sites for dissociative oxygen adsorption would be given by smaller Pt-Pt bond distances. 

The lattice contraction alloys are more effective than Pt, but much less active are those 

with lattice expansion. A series of Pt alloys were investigated by Min et al. and an 

association between the nearest neighbour distance of Pt-Pt and the particular ORR 

behavior was established [119]. According to this study, a dozen Pt alloys (Pt3Ni11, Pt3Cu9, 

Pt3Co11 and so on), show greater specific behaviors than Pt alone since these alloys have 

smaller Pt-Pt neighbour distances. They also observed that the Pt-Pt nearest-neighbour 

distance of the synthesized alloys was defined by the heat-treatment temperature [120]. 

In PEMFCs, most species of surface oxygen (surface hydroxide or oxide) are known 

to be poisoning species instead of intermediates and the reaction rate is regulated by the 

concentration of unpoisoned sites [121]. Thus, surface adsorbed OH on Pt may be an 

intermediate as well as a poisoning species in ORR. It was found that Pt alloys were 

capable of preventing the formation of OHads on Pt and thus increase the catalytic activity 

of ORR. Mukerjee et al. found that for certain Pt alloys (PtCr/C, PtMn/C, PtFe/C, 

PtCo/C,and PtNi/C), the onset potential of OH, which was considered to normally occur 

above 0.8 V on Pt/C, shifted to more positive potentials [115]. 

Consequently, bimetallic NPs can be categorised into three major groups depending 

on the mixing pattern; core–shell structures, heterostructures, and intermetallic or alloyed 

structures. Bimetallic alloy NPs are very important nanomaterials among all bimetallic 

NPs, because of their applications in various catalytic reactions such as catalytic reforming 

reactions, pollution control, and oxidation of alcohol. A significant approach to designing 

the electronic and geometric structures of NPs to boost their catalytic activity and 

selectivity is the addition of a second metal. In certain cases that mentioned above, due to 

strong synergy effect between the metals, bimetallic alloy NPs have higher catalytic 

efficiencies than their monometallic equivalents. Thanks to their synergistic effect, 

particular physical and chemical properties of bimetallic alloys are greatly enhanced.  
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1.2.5. Carbon Support Materials 

 

As mentioned in previous sections, one of the most important obstacles to the spread 

of PEM fuel cells is the expensive nature of the MEA structure. At this point, the preferred 

support material is very critical to reduce the Pt loading amount in the expensive catalyst 

layer in the MEA structure, to improve the catalyst distribution and to increase the mass 

transfer on the electrode. Carbon support materials greatly affect size, shape and 

distribution of PEM fuel cell electrocatalysts, not only in catalyst performance and 

preparation, but also in the transmission of electrons generated during electrochemical 

reactions and in the difussion of gases [122–124]. 

Carbon supports with large surface area, optimum porosity for gas flow, high 

conductivity, contributing positively to catalytic activity and resistant to corrosion are 

preferred in PEM fuel cells. At this point, the use of appropriate carbon support material 

especially during the oxygen reduction reaction (ORR) occurring in the cathode part is 

very critical, as the reaction takes place in the range where the carbon is oxidized. 

Oxidation of carbon during the fuel cell test causes the interaction between carbon and 

catalyst to weaken and catalysts to migrate through the support. This situation adversely 

affects the catalyst performance and causes a shortened catalyst life during testing [125]. 

Carbon black (CB) is commonly used as a material for PEMFC carbon support. In 

particular, the Vulcan XC-72 is often used in PEMFCs due to its high surface area and 

low electrical resistance properties. However, these properties do not make CB an ideal 

support material for PEM fuel cells. In addition to these advantages, CB has serious 

disadvantages such as low electrochemical stability and insufficient Pt usage that will 

affect PEM fuel cell performance dramatically [126]. 

With the discovery of new types of carbon derived nanostructures in the scientific 

world, innovative carbon structures have been used in PEMFCs in order to prevent the 

negativities caused by carbon black. Almost all of these innovative carbon structures are 

graphene-derived carbon supports. Due to its unique properties, graphene has become a 

desired material for use in many areas [126]. These unique properties of graphene include 

its mechanical properties which contributed to it being known as the strongest material 

ever known, high surface area (2630 m2/g) and high electrical conductivity [127,128]. 
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Thanks to all these unique properties and the unique structure of defective regions and C 

= C bonds in its structure, graphene and graphene-derived carbon support materials such 

as carbon nanotubes (CNTs), graphene nanosheets (GNS), graphene oxide (GO), reduced 

graphene oxide (RGO) and  graphene nanoplateletes (GNPs) are promising structures as 

they improve the interaction between catalyst and support in synthesizing supported 

electrocatalysts [129,130]. 

Among graphene-derived carbon materials, graphene nanoplateletes (GNPs) 

consists of approximately 10 layers of graphene and distinguishes from other graphene-

derived carbon support materials by showing the properties of both single layer graphene 

and high graphite carbon. For that reason, it has various characteristics; high stability, high 

surface area, advanced conductivity and high mechanical strength resulting from the 

single layer graphene structure. In contrast to the potential risk of a thin 2D graphene 

layer, the graphitic structure helps to prevent inefficient stability. Another advantage 

comes from the synthesis method of GNP which preserves the graphitic structure of 

graphite. This structure makes GNP more stable and robust under the conditions of the 

PEM fuel cell [20,131]. 

In the literature, many carbon supported Pt-based electrocatalyst studies prepared 

for PEMFCs with different synthesis methods are available. Details of some of these 

studies are given below. 

Elif Das et al. synthesized  GNP-supported bimetallic PtNi, PtFe and PtCu NPs 

using the supercritical carbon dioxide (scCO2) process [132]. For GNP supported 

bimetallic PtCu catalysts, Pt (COD)Me2 and Copper (II) hexafluoroacetylacetonate 

hydrate [Cu(hfa)2.H2O] were used as metal precursors. Particle size based on TEM images 

of the PtCu/GNP catalyst was reported as 4.80 ± 0.70 nm. The ECSA value for the 

PtCu/GNP catalyst was calculated to be 145 m2/g. However, according to the ICP-MS 

results, the fact that the PtCu/GNP catalyst contains 19.6% Pt and 2.5% Cu is a problem 

due to the expensive nature of platinum. The values achieved indicated that the maximum 

catalytic activity was shown by the PtNi/GNPs catalyst with with 907.5 mA/cm2 and 0.54 

mW/cm2.  

By modifying the deposition order of the metal precursors and the metal 

composition, mesoporous carbon aerogel (CA) supported PtCu NPs as electrocatalysts 
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were designed efficiently supercritical carbon dioxide (scCO2) by Barim et. all. [133]. In 

the sythesis, Pt(cod)Me2 and Cu(tfa)2 were used as metal precursors. This study 

investigated the effect of annealing process on the nanoparticle formation at 600 0C, 800 

0C and 950 0C under N2 gas. Mean diameter size of PtCu NPs increased from ~1.8 nm to 

~4.5 nm with the increase of the annealing temperature. Pt25Cu75/CA that annealed at 800 

°C displayed the best ECSA value with 137 m2/g. However, the Pt25Cu75/CA sample 

annealed at 950 °C sample exhibited higher specific activity (0.165 mA/cm2). The mass 

activity of this catalysts (0.102 A/mgPt) was the same as the commercial Pt/C 

electrocatalyst. Although the results of the study are promising, the high temperature 

annealing process to obtain homogeneously dispersed nanoparticles is the inconvenient 

point of the study. 

In 2011, Mani et al. investigated the activities of dealloyed binary PtM3 (M= Co, 

Cu, Ni) NPs and trimetallic PtNi3M (M= Co, Cu, Fe, Cr) as electrocatalysts in PEMFCs. 

All catalysts were prepared by an impregnation/freeze-drying route followed by 

annealing. According to the ICP-MS, the bimetallic PtCu catalyst with Pt87Cu13 

composition had an ECSA value of 72 m2/g after dealloying. For Pt82Ni15Cu3 composition 

catalysts, the ECSA value was calculated as 116 m2/g. Although this study gives detailed 

information about the electrochemical performance of bimetallic and trimetallic 

structures, information on particle size is not available. However, the preferred protocol 

for the synthesis of electrocatalysts is costly as it requires high temperatures and vacuum 

(10−3 Torr) [134]. 

Alloy PtCu electrocatalysts were synthesized on carbon supports of reduced 

graphene oxide (rGO), Vulcan XC72 (VC) and hybrid (rGO-VC) with the help of 

oleylamine, octadecene and morpholine borane as reducing agent and surfactants [135]. 

The average particle size of polyhedral CuPt NPs was  3.5 ± 0.7 nm. Best NP dispersion 

and support-metal interaction took place over rGO-VC hybrid support. The ECSA values 

for Cu45Pt55/VC, Cu45Pt55/rGO and Cu45Pt55/ rGO-VC were 73 m2/g, 56 m2/g and 119 

m2/g, respectively. The maximum power density of Cu45Pt55/ rGO-VC was calculated as 

480 mW cm−2. In these studies, 400 0C annealing was performed, most likely due to the 

utilization of strong reducing agents and surfactants in the synthesis process ad further 

completion of the nanostructure formation. 
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In 2015, Alessandro H.A. et al. investigated the effect of the reaction conditions on 

the electrochemical activities of MWCN supported PtCu NPs by thermal reduction, 

chemical reduction and alloy synthesis methods. The produced catalysts showed a Pt 

loading of 19.6–19.8 wt.%, with a Pt/Cu atomic ratio of 2.60–2.80. H2PtCl6·6H2O and 

CuSO4·5H2O were used as metal precursors. The particle size of NPs were found using 

XRD technique as 6 nm, 9 nm and 2.5 nm for alloy synthesis method, thermal reduction 

and chemical reduction methods, respectively. The corresponding ECSA values were 41.3 

m2/g, 27.3 m2/g and 43.8 m2/g for alloy synthesis method, thermal reduction method and 

chemical reduction method, respectively. As conclusion, the best activity belongs to the 

MWCN supported Pt3Cu catalyst generated by chemical reduction method [136]. 

In 2015, Chen et al. succeeded in synthesizing star-shaped PtCu electrocatalysts by 

chemical reduction method using CuCl2.2H2O instead of Cu(acac)2 as the Cu precursor 

for the first time. Oleylamine and oleic acid were used as reducing agents, and 

H2PtCl6.6H2O was used as the Pt precursor. PtCu NPs were prepared on two different 

supports; rGO and commercial Vulcan XC-72. When the ECSA values were examined, it 

was seen that the monometallic Pt/rGO catalyst had a higher value. The ECSA values for 

Pt/rGO, PtCu/rGO and PtCu/XC-72 are 55,7, 45,3 and 41,8 m2/g, respectively [137].  

Alekseenko et al. showed that de-alloyed PtCu/Vulcan XC-72 catalysts were more 

stable than commercial Pt/Vulcan XC-72. In this study, carbon supported PtCu 

nanocatalyst, which has the same Pt ratio as the commercial Pt catalyst, was synthesized 

in liquid phase with sodium borohydride reducing agent. CuSO4.5H2O and H2PtCl6 were 

used as metal precursors. A significant part of the NPs found in this material was 

characterized by a gradient structure. The ECSA values were calculated as ~96 m2/g and 

~75 m2/g for grad PtCu and alloy PtCu, respectively. After the stability test, ECSA values 

reduced by 18%, 25% and 29% for grad PtCu, alloy PtCu and commercial Pt/C, 

respectively [138]. 

In another study, dealloy PtCu/CNT NPs were synthesized using NaBH4 as the 

reducing agent by assisted polyol-reduction using microwave irradiation or conventional 

heating where synthesis conditions changed the electrochemical activity for these 

electrocatalysts. Mass and surface specific activities as well as ECSA values of 
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electrocatalysts strongly depended on the synthesis conditions with 4.5 fold activity 

increase compared with commercial Pt/C [139]. 

Recently, Garcia-Cardona et al. produced PtCu NPs supported on carbon nanofibers 

(CNFs), multi-walled carbon nanotubes (MWCNTs) and Vulcan carbon XC-72 by the 

electroless deposition and galvanic exchange [140]. Characterization studies showed that 

the crystallite size of PtCu alloy core covered by a Pt-rich shell was 3 nm. Pt(Cu)/CNF 

and Pt(Cu)/MWCNT gave the highest mass activity and specific activity for the O2 

reduction and both of them were relatively more stable than Pt(Cu)/XC-72. ECSA values 

of Pt(Cu)/CNF, Pt(Cu)/MWCNT, Pt(Cu)/XC-72, PtCu/C (commercial) and Pt/C 

(commercial) were 70.10 m2/g, 44,60 m2/g, 78.40 m2/g, 86.40 m2/g and 73.30 m2/g, 

respectively. 

Liu et al. produced a range of PtCu NPs with different metal ratios by a modified 

alkaline-ethylene glycol method that successfully gave colloidal PtCu alloy nanoclusters 

(NCs) stabilized with acetate ions and ethylene glycol, with small particle size (~2 nm) 

and tunable Pt/Cu ratio. The preferred support material for PtCu NPs were a melem-

modified carbon support (MMC). Pt75Cu25/MMC showed the highest electrochemical 

mass activity (1.59 A.mg−1Pt) and specific activity (3.98 mA.cm−2Pt) at 0.9 V of supported 

NCs ever reported. The ECSA values of the electrocatalysts were calculated as 35 m2 g−1, 

40 m2 g−1, 57 m2 g−1, 26 m2 g−1, 19 m2 g−1 for Pt90Cu10/MMC, Pt75Cu25/MMC, 

Pt60Cu40/MMC, Pt40Cu60/MMC and Pt25Cu75/MMC, respectively [141]. 
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2. MATERIALS 

 

Platinum (II) acetylacetonate >= 99.98 % trace metals, copper (II) acetylacetonate 

97 %,  anhydrous tetrahydrofuran (THF), anhydrous pentane (C5H12), Dimetilformamid 

(DMF), Nafion™ perfluorinated resin solution 5 wt. % and chloroform were purchased 

from Sigma Aldrich. Graphene Nanoplatelet (GNP) was purchased from XG Sciences and 

Carbon Black (CB) were provided from Cabot Corporation. Extra pure argon gas and 

varigon gas (95% argon+5% H2) were purchased from Linde. GNP and CB were dried 

prior to use. Pentane was degassed with freze-pump method. All other chemicals were 

used without further purification. All reactions were taken place using standard Schlenk 

tube or Fischer-Porter/balloon flask bottle techniques under an inert and dry atmosphere. 
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3. STRUCTURAL CHARACTERIZATION  

 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS) measurement was 

performed by using Agilent 7800 ICP-MS for all synthesized catalysts to obtain total 

metal loading on the hybrid carbon supports. BET surface area and the total pore volume 

of the hybrid carbon supports (CB:GNP (50:50), CB:GNP (30:70) and CB:GNP (70:30)) 

were measured using Micromeritics 3Flex Version 5.00 Surface Area and Pore Size 

Analyzer. The precursors and the synthesized electrocatalysts were characterized by XRD 

with RIGAKU Smart Lab. XRD instrument was used with wavelength of irradiation of 

Cu-K was 0.154 nm at 2 angles from 10 to 80 in GTU. FT-IR analysis used for detection 

of functional group was performed with Perkin Elmer Spectrum 100. Determination of 

carbon supports and precursors’ decomposition temperatures were measured using a 

Mettler Toledo thermal analysis system TGA / SDTA 851 22.JPEG in a temperature range 

of 25-900 0C and with a heating rate of 10 0C/min under nitrogen gas. The dispersion and 

composition of the catalysts were observed by FEI (PHILIPS) XL30 SFEG scanning 

electron microscope (SEM). The homogeneity and particle size of the bimetallic and 

monometallic nanoparticles over the hybrid carbon supports were characterized by Hitachi 

HighTech HT7700 transmission electron microscope (TEM). The mean sizes of the 

nanoparticles on the support were calculated by manually counting NPs on the TEM 

images with Image J free software. The TEM spicements of catalysts were prepared by 

placing a few drops of colloidal hybrid carbon supported PtCu, Pt and Cu NPs in THF on 

holey-carbon copper grids. The WITech alpha 300R Raman Spectrometer in DAYTAM 

was used to achieve the structure characterization and the defect ratio of the carbon 

supports before and after the reaction. The XPS data were taken by using the Al K x-ray 

source (hv= 1486.6 eV), with a total resolution of approximately 1.0 eV, and the raw data 

were analyzed using CasaXPS software in order to identify the different components of 

the overall signals in the spectra of each element. 
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4. EFFECT of DIFFERENT SYNTHESIS METHODS 

on the FORMATION of BIMETALLIC PtCu 

NANOPARTICLES and a COMPRASION of THEIR 

ELECTROCHEMICAL ACTIVITIES 

 

4.1. Experimental Method 

 

In this part of the thesis, a series of studies were carried out to determine the most 

effective synthesis method for electrochemically active bimetallic PtCu NPs. 

Nanoparticles were obtained using two separate synthesis methods, primarily 

organometallic and thermal decomposition. In addition, by adjusting these synthesis 

conditions, the optimum values of parameters such as temperature, pressure and time 

which are very crucial for creating well-defined NPs were attempted to be found. For this 

purpose, five different bimetallic PtCu NPs were synthesized and CB:GNP (50:50) carbon 

supports were used as carbon support material, which have been proven to have a 

synergistic effect and contributed positively to the electrochemical activity in 

monometalic Pt electrocatalysts [20].  

 

4.1.1. Preparation of Bimetallic PtCu/CB:GNP (50:50) Nanoparticles 

 

4.1.1.1. Impegrantion Method of Metal Precursors on the Hybrid CB:GNP (50:50) 

Carbon Support 

 

Basically, two different synthesis methods have been chosen to synthesize hybrid 

carbon supported PtCu/CB:GNP (50:50) NPs. The first of these synthesis methods is the 

organometallic synthesis and the other is the thermal decomposition method.  

In both synthesis methods, incipient wetness impregnation approach was used to 

decorate metal NPs on the hybrid CB: GNP (50:50) carbon support. This approach is also 

known as dry impregnation, its basic rationale is to impregnate metal precursors dissolved 
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in the least amount of solvent possible onto a dry support material. At this point, how 

much liquid the support material can absorb should be calculated in advance. For this, the 

relevant solvent is slowly dropped onto the support material with known weighing amount 

and then the support material is mixed thoroughly. Then, the amount of solvent consumed 

at the point where the support material starts to sludge is calculated and so the amount of 

solvent that the support material is saturated with solvent is found. 

For all synthesized bimetallic PtCu/CB:GNP (50:50) NPs, Pt(acac)2 and Cu(acac)2 

(acac: acetylacetonate) were used as metal precursors. For all synthesized hybrid carbon 

supported PtCu NPs, calculations were made with a theoretical weight of 20% metal 

loading on the hybrid carbon support. 

According to a typical synthesis method; in the glove box, CB and GNP carbon 

support materials that previously dried under vacuum and 100 0C during 8 hours, 155.2 

mg are weighed and manually mixed well in the mortar. Then, 3 ml of THF 

(tetrahydrofuran) + 2 ml of chloroform are added to the mixture of 117.9 mg Pt(acac)2 and 

78.5 mg Cu(acac)2, which is weighed in a vial in the glove box, and mixed to obtain a 

homogeneous mixture. After obtaining a homogeneous mixture, this mixture was 

absorbed 3 times, 100 µL each time, onto the hybrid carbon support in the glove box and 

then mixed thoroughly to evaporate the solvent. This process was continued until the 

homogeneous metal precursor mixture was finished. After the impregnation of the metal 

precursors on the hybrid carbon support was completed, this prepared solid mixture was 

taken into the Fisher-porter reactor or balloon glass flask to be removed from the glove 

box and to proceed to the next step that is reduction of metal precursors to obtain 

bimetallic PtCu NPs. These samples taken out of the glove box in the Fisher-porter and 

balloon flask were kept under vacuum for approximately 5 hours to remove the THF and 

chloroform before reduction process. Such organic solvents remaining in the environment 

can cause undesirable reactions during the reduction process and can reduce catalytic 

activity by binding on both the support material and the NPs. 
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Figure 4.1: Homogeneous mixture of Pt (acac)2 and Cu (acac)2 prepared in glove box 

and ready to be impregnated on hybrid carbon support CB:GNP (50:50). 

 

 
 

Figure 4.2: Metal precursor mixture impregnated on hybrid carbon support, prepared in 

glove box and then put into (a) balloon flask and (b) fisher-porter reactor for reduction 

of metal precursors at the outside of glove box. 

 

4.1.1.2. Synthesis of CB:GNP (50:50) Supported Bimetallic PtCu Electrocataysts 

 

Before starting the synthesis of five different nanomaterials in this section, TGA 

analysis was performed to understand whether the carbon support materials (CB and GNP) 

and metal precursors (Pt (acac)2 and Cu (acac)2) used in the synthesis procedure 

decomposed at 300 0C as the maximum temperature to be reached during synthesis. The 

TGA analysis for both carbon supports and metal precursors was done up to 900 0C. TGA 
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result for carbon supports is presented in Figure 4.3 and for metal precursors in Figure 

4.3. According to the TGA result, it was recognized the carbon black (CB) did not lose 

any weight at 900 0C, while GNP lost 12 % by weight at the end of 900 0C. However, both 

carbon supports remain stable without degradation at 300 0C which is the maximum 

reaction temperature. As a result of the TGA presented for carbon black, the weight 

increase of approximately 3% up to 300 0C may be due to a setback of the device at that 

time. 

 

 
 

Figure 4.3: TGA result for CB and GNP carbon supports. 

 

According to the TGA analysis performed for metal precursors, it is seen that there 

is a decrease of 72 % and 94 % by weight for Pt(acac)2 and Cu (acac)2, respectively (Figure 

4.4). When the results are examined, it seems to be that the loss of weight ends at 

approximately 250 0C and after this point it draws a stable line up to 900 0C. This weight 

loss at 250 0C indicates that there is a loss for the metal Pt and Cu together with the organic 

structures in metal precursors and may create a challenge especially for the thermal 

decomposition reaction that will take place at 300 0C. Nevertheless, the synergetic effect 

of Pt and Cu elements, which are bimetallic in the electrocatalyst structure, can inhibit this 

negative situation and can show an effective electrochemical activity despite the weight 

loss. 
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Figure 4.4: TGA result for Pt (acac)2 and Cu (acac)2 metal precursors. 

 

As mentioned before, two different synthesis methods, organometallic synthesis and 

thermal decomposition, were used to produce bimetallic PtCu NPs. Images showing the 

experimental equipment of these two synthesis methods are given in Figure 4.5 and Figure 

4.6 for thermal reduction and organometallic synthesis, respectively. By using these two 

synthesis methods, five different PtCu Nps were synthesized at various reaction 

temperatures and times. The codes of these five distinct bimetallic PtCu/CB: GNP (50:50) 

NPs are respectively; PtCu (120-2h), PtCu (300-1h), PtCu (300-4h), PtCu (300-1h/70-

24h) and PtCu (70-24h) and the details are as follows: 

• PtCu (120-2h): Based on the organometallic synthesis method, it was obtained as a 

result of reduction reaction which took place under 3 bar H2 gas at 120 0C for 2 hours 

by using Fisher-porter reactor. 

• PtCu (300-1h): Based on the thermal decomposition method, it was obtained as a 

result of reduction reaction which took plece under dynamic varigon gas (mixture of 

95 % Argon gas and 5 % H2 gas) gas at 300 0C for 1 hour by using balloon flask. 

• PtCu (300-4h): Based on the thermal decomposition method, it was obtained as a 

result of reduction reaction which took place under dynamic varigon gas (mixture of 

95 % Argon gas and 5 % H2 gas) gas at 300 0C for 4 hours by using balloon flask. 

• PtCu (300-1h/70-24h): Based on the organometallic synthesis method and with using 

hybrid GB:GNP (50:50) carbon support material. This support material was calcined 
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under dynamic varigon gas at 300 0C for 1 hour in the tube furnace before the metal 

precursor mixture is impregnated onto these hybrid carbon support in the glove box. 

It was obtained as a result of reduction reaction which took place under 3 bar H2 gas 

at 70 0C for 24 hours by using Fisher-porter reactor. 

• PtCu (70-24h): Based on the organometallic synthesis method, it was obtained as a 

result of reduction reaction which took place under 3 bar H2 gas at 70 0C for 24 hours 

by using Fisher-porter reactor. 

 

Table 4.1: A table representation of synthesis methods and synthesis conditions of 

bimetallic PtCu/CB:GNP (50:50) NPs. 

 

Sample Code 
Synthesis 

Method 

Temperature 

(0C) 
Gas 

Time 

(hour) 

Support 

Calcination 

Process 

Fisher-

Porter/Balloon 

Flask 

PtCu (120-2 h) Organometallic 120 3 bar H2 2 No Fisher-porter 

PtCu (300-1 h) 
Thermal 

Decomposition 
300 

Dynamic 

varigon 

gas  

1 No Balloon flask 

PtCu (300-4 h) 
Thermal 

Decomposition 
300 

Dynamic 

varigon 

gas 

4 No Balloon flask 

PtCu (300-

1h/70-24 h) 
Organometallic 70 3 bar H2 24 

Yes (under 

dynamic 

varigon gas, 1 

hour, 300 0C) 

Fisher-porter 

PtCu (70-24 h) Organometallic 70 3 bar H2 24 No Fisher-porter 
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Figure 4.5: Visual showing the synthesis equipment of synthesized PtCu (300-1h) and 

PtCu (300-4h) catalysts using the thermal decomposition method and dynamic varigon 

gas. 

 

 
 

Figure 4.6: Visual showing the synthesis equipment of synthesized PtCu (120-2h), PtCu 

(300-1h/70-24h) and PtCu (70-24h) catalysts using the organometallic method and 3 bar 

H2 gas. 
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Both synthesis methods performed were environmentally friendly since no harmful 

chemical reducing agent was used. For organometallic synthesis, H2 gas, which is a very 

abundant and clean source in nature, was preferred as a reducing agent and the reaction 

temperature was kept as mild as possible. In thermal decomposition reduction process, 

bimetallic PtCu NPs were tried to be obtained with the help of temperature and varigon 

gas. 

After the reaction time for the reduction process was completed, all catalysts were 

washed with pentane (5 x 40 mL) under an argon atmosphere to remove organic structures 

that may form on their surfaces and then they was left to dry under vacuum overnight. The 

preferred pentane for this process is anhydrous pentane, which is deoxygenated by freeze-

thaw process. After washing with pentane, a part of the pentane waste belonging to each 

catalyst is taken into a glass vial and its visual is presented in Figure 4.7. This visual in 

Figure 4.7 reveals a striking detail. Although a yellowish color is seen in the pentane waste 

of PtCu/CB:GNP (50:50) electrocatalysts synthesized by the organometallic synthesis 

method (PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h), this is not the case for 

PtCu (300-1h) and PtCu (300-4h) samples synthesized by thermal decomposition. It may 

be a signal that the organic (acac) structure in the metal precursors is moving away during 

reduction process in the samples synthesized by thermal decomposition. In contrast to this, 

it should be noted that in the samples (PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu 

(70-24h) synthesized by the organometalic synthesis method, although they were washed 

with pentane, the organic structure may still have attached to carbon support material 

and/or NPs. This can adversely affect the electrochemical activities of these catalysts and 

cause undesirable reactions during the electrochemical process. 
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Figure 4.7: Pentane waste from each catalyst after washing with pentane; PtCu (120-2h), 

PtCu (300-1h), PtCu (300-4h), PtCu (300-1h/70-24h) and PtCu (70-24h) from left to 

right, respectively. 

 

As stated before, the metal amount in these synthesized catalysts was calculated as 

20 % theoretically and based on this calculation, metal loading was made on the hybrid 

CB:GNP (50:50) carbon support. The data obtained according to the ICP-MS analysis 

aregiven in Table 4.2. 

 

Table 4.2: ICP-MS results of synthesized electrocatalysts. 

 

Sample Code % weight of Pt % weight of Cu 

PtCu (120-2h) 8.99 3.77 

PtCu (300-1h) 8.50 2.61 

PtCu (300-4h) 12.70 4.14 

PtCu (300-1h/70-24h) 8.10 3.95 

PtCu (70-24h) 9.98 3.82 

 

4.2. Results and Discussion 

 

4.2.1. FT-IR Analysis 

 

FT-IR analysis is a very useful technique used to detect various functional groups 

in the structure of the substance, and it gives very important clues about the chemical 
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composition of the sample. As mentioned in the previous sections, the yellowish color 

formed in the pentane wastes of (PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) 

samples synthesized by organometalic method was read as a sign of the presence of some 

undesirable structures originating from the (acac) organic group in the metal precursors 

despite washing with pentane in many times. FT-IR analysis was performed for all 

synthesized catalysts; PtCu (120-2h), PtCu (300-1h), PtCu (300-4h), PtCu (300-1h/40-

24h) and PtCu (70-24h) to clarify this situation and to identify if there are undesirable 

organic structures.  

Before FT-IR analysis of the produced supported PtCu NPs, a separate FT-IR 

analysis was performed to detect the signals coming from the carbon supports in the 

catalyst structure (Figure 4.8 and Figure 4.9). 

 

 
 

 Figure 4.8: FT-IR analysis result for CB. 
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Figure 4.9: FT-IR analysis result for GNP. 

 

Although the results are given as transmitance, the reason that the position of the 

peaks for both CB and GNP is upward is due to the low IR transmitance of CB and GNP 

and the device perceives this as absorption of IR.  

When the FT-IR peaks of both supports are examined, it is seen that both of them 

give similar peaks at almost similar positions. C=C stretching band with very small 

intensity, which occurs at the 1634 cm-1 and 1629 cm-1 for CB and GNP, respectively. The 

C-O strectching vibration band at the same point at 1285 cm-1 for both carbon supports. 

This C-O functional group in the carbon support structure makes the carbon support 

surface partially negative, thus it promotes stronger interaction between the positively 

charged metal NPs and the carbon support. A broad peak at 2531 cm-1 is also observed in 

the FT-IR spectra for both carbon materials. Although this peak is similar to the O-H 

functional group in the water, the position of this symmetric and asymmetric OH 

stretching vibrations band for water is maximum 3656 and 3755 cm -1 in the literature. 

When the spectra of other samples taken with the FT-IR device were examined, it was 

understood the peaks at 2531 and 2037-1971 cm-1 were caused by the device. Thus, these 

peaks are called as overtones. The fact that no functional groups belonging to water were 
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detected in the FT-IR spectra is an indication to carbon supports were dried well under 

vacuum before synthesis process. 

In addition to carbon supports, FT-IR analysis was performed for both precursors; 

Pt(acac)2 and Cu(acac)2 and given in Figure 4.10 and 4.11, respectively. 

 

 
 

Figure 4.10: FT-IR analysis result for Pt (acac)2. 
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Figure 4.11: FT-IR analysis result for Cu (acac)2. 

 

When the FT-IR spectrum taken for the Pt(acac)2 metal complex was examined, 

specifically six different functional groups were identified. At 1521, 1387, 1356-1201, 

1019, 940 and 772-683 cm-1 peaks are belong to asymetric bending vibration of carboxyl 

group, stretching vibration of the ligand -C-O-, strectching vibration of C-(CO)-C group, 

bending vibration of C-(CO)-C group, bending vibration of C=C group and strectching 

and bending vibration of C-H group, respectively. Similar to the Pt(acac)2, peaks 

belonging to six different functional groups were detected in the Cu(acac)2. At 1572, 1517, 

1400-1350-1274-1187, 1018, 937 and 780-652 peaks refer to stretching vibration of C=O, 

bending vibration of C-H, stretching vibration of C-(CO)-C group, bending vibration of 

C-(CO)-C, bending vibration of C=C and bending vibration of C-H group, respectively 

[142]. The explanation of the similar functional groups in these two complexes are 

noticeable at relatively different points is that their metals are different from each other. 

FT-IR spectrum of (PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) catalysts 

prepared according to the organometallic synthesis method is given in Figure 4.12.  
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Figure 4.12: FT-IR spectra of (PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) 

electrocatalysts synthesized by organometallic synthesis method. 

 

Contrary to the organometallic synthesis method, no peak between at 1590 - 700 

cm-1 was observed in the FT-IR spectrum of PtCu (300-1h) and PtCu (300-4h) catalysts 

synthesized by thermal decomposition method (Figure 4.13).  
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Figure 4.13: FT-IR spectra of PtCu (300-1h) and PtCu (300-4h) electrocatalysts 

synthesized by thermal decomposition method.  

 

These FT-IR results explain the yellowish color of the pentane residue in catalysts 

(PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) after pentane washing. Based 

on these results, it is recognize that catalysts (PtCu (120-2h), PtCu (300-1h/70-24h) and 

PtCu (70-24h) catalysts may contain undesirable organic structures. The failure to 

successfully remove undesirable organic structures and metal complexes from the catalyst 

structure causes undesirable reactions, especially during electrochemical process, and the 

catalyst is unable to function effectively. 

 

4.2.2. TEM Analysis 

 

One of the most important aspects affecting the catalytic activity of a catalyst is the 

presence of active sites on its surface. In addition, it is crucial to understand how the 

synthesis conditions affect the morphology, dispersion and the surface properties of the 

produced NPs. Theoretically, as the size of the nanostructure decreases, the active surface 

area increases and the catalytic activity will be thus positively affected. The TEM image 
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and particle size histogram of PtCu (120-2h) and PtCu (300-1h/70-24h) electrocatalysts 

synthesized according to the organometallic synthesis are given in Figure 4.14. 

 

 
 

Figure 4.14: TEM image and particle size histogram of (a) PtCu (120-2h) and (b) PtCu 

(300-1h/70-24h); PtCu / CB:GNP (50:50) electrocatalysts synthesized by organometallic 

synthesis method (ruler: 100 nm). 

 

TEM images tevealed that spherical and well-defined PtCu NPs with mean size 

diameters of 5.1 ± 1.5 nm and 2.5 ± 1.0 nm for PtCu (120-2h) and PtCu (300-1h/70-24h) 

were achieved, respectively. Although both catalysts were synthesized with the 

organometallic synthesis method, the particle size of the PtCu (120-2h) synthesized at 120 

0C for 2 hours under 3 bar H2 gas was larger than  PtCu (300-1h/70-24h) which was 

produced at 70 0C for 24 hours under 3 bar H2. At high temperatures, it is well known that 

NPs tend to nucleate faster and this may cause the particles formed to grow in size [30]. 

At this point, it should be kept in mind the CB and GNP carbon supports used for the PtCu 

(300-1h/70-24h) catalyst were calcined under dynamic varigon gas for 1 hour at 300 0C 
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prior to synthesis process and this fact may have caused the particle size to be smaller for 

the PtCu (300-1h/70-24h) catalyst. 

Although PtCu (120-2h) and PtCu (300-1h/70-24) are monodisperse and well-

defined spherical MNPs, TEM images show that some NPs are held on the carbon surface 

of the copper TEM grid rather than on the hybrid CB:GNP (50:50) carbon support. This 

fact may be due to lack of a strong interaction between the NPs and the hybrid carbon 

support.  

The TEM image of PtCu (70-24h) synthesized at 70 0C under 3 bar H2 for 24 hours 

is presented in Figure 4.15. Interestingly, when the TEM images were examined, no NPs 

formed on the hybrid carbon support was observed. However, there is also no 

agglomerated image of any metal complexes that might belong to the metal precursors in 

the TEM image despite the fact that according to the ICP-MS results given earlier in Table 

4.2, the presence of 9.98 % Pt and 3.82 % Cu for PtCu (70-24h) catalyst was proven. 

There is no NPs observation in the TEM image may mean that the size of the NPs may be 

much smaller than the TEM device can analyze and too small to determine their mean size 

diameter. In order to clarify this situation, taking a new image for PtCu (70-24) with a 

device that has a higher resolution (HR-TEM) mode is one of the future work parts of this 

thesis. 
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Figure 4.15: TEM image of PtCu (70-24h) (ruler: 100 nm). 

 

PtCu (300-1h/70-24h) and PtCu (70-24h) were synthesized under similar conditions 

with the only difference as the prior calcination step of the support material for PtCu (300-

1h/70-24h) NPs. So this fact enabled the NPs to be distinguished with the TEM device. 

This may be due to the reality that the surface of calcined hybrid carbon supports are more 

active than untreated carbon supports, which may result in faster nucleation and formation 

of slightly larger particle size.  

TEM image and particle size histogram of PtCu (300-1h) and PtCu (300-4h) 

catalysts synthesized according to thermal decomposition method are shared in Figure 

4.16. 
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Figure 4.16: TEM and particle size histogram of (a)  PtCu (300-1h) and PtCu (b) (300-

4h) catalysts prepared according to thermal decomposition synthesis method (ruler: 100 

nm). 

 

When the images in Figure 4.16 are examined, it is seen there is regional 

agglomeration especially in the TEM image of the PtCu (300-1h) catalyst that synthesized 

at 300 0C for 1 hours under under dynamic varigon gas. On the other hand, in the TEM 

image of the PtCu (300-4h) catalyst that synthesized at 300 0C for 4 hours under under 

dynamic varigon gas, the presence of NPs attached on the carbon layer of the TEM grid 

is similar to the samples PtCu (120-2h) and PtCu (300-1h/70-24h) was observed.  With 

observation of the particle sizes of both catalysts are very close to each other, the average 

particle size was calculated as 4.8 ± 1.5 nm and 4.7 ± 1.5 nm for PtCu (300-1h) and PtCu 

(300-4h), respectively.  To sum up, according to TEM images, it can be said that the 

relationship between NPs and hybrid carbon support is stronger in the sample of PtCu 

(300-1h) unlike the other four synthesized catalysts. 
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Table 4.3 shows the average particle size calculated from TEM images for the 

synthesized MNPs. As that can be figure out from the results, PtCu (300-1h/70-24h) 

sample shows the smallest particle size among the synthesized catalysts, and PtCu (120-

2h) sample shows the largest particle size, and no particles were observed in the PtCu (70-

24h) sample. 

 

Table 4.3: Average particle size of synthesized catalysts calculated based on TEM 

images. 

 

Sample Code Average Particle Size (nm) 

PtCu (120-2h) 
5.1 ± 1.5 

 

PtCu (300-1h) 
4.8 ± 1.5 

 

PtCu (300-4h) 
4.7 ± 1.5 

 

PtCu (300-1h/70-24h) 
2.5 ± 1.0 

 

PtCu (70-24h) 
NPs were too small 

 

 

4.2.3. SEM-EDS Analysis 

 

The EDS technique is performed by the SEM device and provides very helpful semi-

quantitative information about the surface chemistry of the samples.  In EDS technique, 

each element is represented by a specific color and the distribution of these elements on 

the surface can be presented visually by their mapping.  

Figure 4.17 presents the mapping created using the EDS technique for synthesized 

PtCu (120-2h), PtCu (300-1h), PtCu (300-4h), PtCu (300-1h/70-24h) and PtCu (70-24h). 

In the images, green, yellow and red colors represent carbon, platinum, and copper 

elements, respectively. Although the surfaces of PtCu (300-1h/70-24h) and PtCu (70-24h) 

speciments are covered by carbon supports, a more homogeneous image is formed for the 

speciments PtCu (120-2h), PtCu (300-1h) and PtCu (300-4h). The surface of these 

synthesized bimetallic NPs is free of contamination and can interact directly with the 
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reaction medium, ensuring that the catalytic activity is also more successful. Thus, this 

EDS mapping results may be a sign of presenting a challenge in electrocatalytic activity 

tests, especially for PtCu (300-1h/70-24h) and PtCu (70-24h) as electrocatalysts. Because 

electrocatalytic activity is carried out by the electrochemically active metals surface on 

the carbon support so the catalytic activity will be influenced positively by the direct 

interaction of metal surfaces with the reaction medium. 

 

 
 

Figure 4.17: SEM-EDS mapping images of (a) PtCu (120-2h) NPs, (b) PtCu (300-1h) 

NPs, (c) PtCu (300-4h) NPs, (d) PtCu (300-1h/70-24h) NPs and (e) PtCu (70-24h) NPs; 

In the images, green, yellow and red colors represent carbon, platinum, and copper 

elements, respectively. 

 

The numerical values of SEM-EDS results are given in Table 4.4. The atomic and 

molar distribution of the Pt and Cu elements values of the five synthesized catalysts were 

calculated based on these results also are given in the same table. According to these 

results, the total metal loading by weight percentage is calculated 31.37 %, 21.33 %, 26.10 

%, 20.67 % and 24.84 % for PtCu (120-2h), PtCu (300-1h), PtCu (300-4h), PtCu (300-

1h/70-24h) and PtCu (70-24h), respectively. However, at this point it should be kept in 
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the mind that the EDS results are semi-quantitative and do not fully reveal the chemical 

compositions of the samples. On the other hand, SEM-EDS results prove that Pt and Cu 

elements are present in the structure of PtCu (70-24h) catalyst like ICP-MS results. This 

reinforces the claim that the bimetallic PtCu NPs formed in the PtCu (70-24h) catalyst are 

very small in size and therefore cannot be visualized with TEM. 

 

Table 4.4. Results of weight, atomic and molar values of synthesized catalysts calculated 

according to SEM-EDS result. 

 

Sample 

Codes 

C (K) Pt (L) Cu (K) 
Atomic 

Ratio 

Molar 

Ratio Weight 

% 

Atomi

c % 

Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 

PtCu 

(120-2h) 
64,75 95,57 28,76 2,61 2,61 1,81 Pt59Cu41 Pt3Cu2 

PtCu 

(300-1h) 
78,67 97,78 17,64 1,35 3,69 0,87 Pt61Cu39 Pt3Cu2 

PtCu 

(300-4h) 
73,90 96,86 19,91 1,61 6,19 1,53 Pt51Cu49 Pt1Cu1 

PtCu 

(300-

1/70-

24h) 

79,33 97,94 17,54 1,33 3,13 0,73 Pt65Cu35 Pt9Cu5 

PtCu 

(70-24h) 
75,15 97,24 20,10 1,60 4,74 1,16 Pt58Cu42 Pt7Cu5 

 

4.2.4. XRD Analysis Results 

 

X-Ray diffraction (XRD) is a physical method which is used to gather information 

about the crystal structure of the material. In this technique, the X-ray diffractometer 

focuses on a pure material and a detector collects the X-rays produced as a result of the 

acceleration of the electron beams. XRD is based on the diffraction of X-rays in a 

characteristic order, depending on the atomic sequences of each crystal phase. These 

diffraction profiles for each crystal phase define the crystal like a fingerprint [143]. 

It is especially beneficial to use the XRD technique in order to understand whether 

the Pt (111) surface, which is the most active surface at the electrochemical interface under 

reactive conditions in Pt-based electrocatalysts, is distinct in the catalyst structure.  

XRD spectra of PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) catalysts 

prepared using organometallic synthesis method are shown in Figure 4.18. 
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Figure 4.18: XRD spectrum of (a) PtCu (120-2h), (b), PtCu (300-1h/70-24h), and (c) 

PtCu (70-24h) NPs prepared by the organometallic synthesis method. 

 

Five XRD peaks at 2 (degree) = 11.36, 15, 54, 17.14, 24.72 and 26.10 are common 

in all three samples of PtCu (120-2h), PtCu (300-1h/70-24h), and PtCu (70-24h) NPs 

(Figure 4.18). The characteristic peak positioned at 26.10 corresponding to (002) lattice 

plane of graphite structure of carbon black. At 2=40-45, a hump (100) lattice peak 

indicate the presence of disordered amorphous carbon especially for PtCu (300-1h/70-

24h), and PtCu (70-24h) catalysts. In addition to these peaks, there is another peak at 

13.32° in the XRD spectrum of the PtCu (120-2h) catalyst. However, despite the presence 

of all these peaks, the fact that the apparent peak of the Pt (111) surface at ~40°, was not 

observed in the XRD spectrum for all three samples. Similar to the spesific Pt peaks, Cu 

(111), Cu (200) and Cu (220) peaks belonging to Cu at 45°, 40° and 75°, respectively, are 

not significant for all three catalysts.  
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The expected Pt and Cu peaks for PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu 

(70-24h) catalysts were not observed in the XRD spectrum led to the idea that Pt and Cu 

complexes could still exist in these catalysts. The XRD spectrum was also taken for the 

metal complexes Pt (acac)2 and Cu (acac)2 used to validate this idea and are given in 

Figure 4.19. The XRD spectrum in Figure 4.19 may proves that the metal complexes still 

exist in the composition of PtCu (120-2h), PtCu (300-1h/70-24h), and PtCu (70-24h) 

catalysts synthesized according to the organometallic synthesis method despite repeated 

washing with pentane. 

 

 
 

Figure 19: Comparative image of the XRD spectrum of metal complexes Pt (acac)2 and 

Cu (acac)2 with the XRD spectra of PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-

24h) catalysts synthesized by organometallic synthesis method. 

 

Contrary to the organometallic synthesis method, the peak of the face-centred cubic 

(fcc) Pt (111) surface in the XRD spectrum of the PtCu (300-1h) and PtCu (300-4h) 

catalysts prepared by thermal decomposition appeared at 2 = 40.66° and 40.80°, 

respectively (Figure 4.20) In addition to the Pt (111) surface, fcc Pt (200) and Pt (220) 

surfaces are also present in the XRD spectrum. Pt (200) peak is located at 47.06° for PtCu 

(300-1h) and at 46.68° for PtCu (300-4h). The peak of the Pt (220) surface is at 2 = 
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68.44° and 68.82° for PtCu (300-1h) and PtCu (300-4h), respectively. The C (002) peak 

of the hybrid carbon support is at 26° in these NPs. No XRD peaks for nano Cu were 

found in both catalysts. This may be due to a possible overlap between the specific XRD 

peaks of both Pt and Cu at the similar location where the Cu peak is hidden under the Pt 

peaks. 

 

 
 

Figure 4.20: XRD spectra of (a) PtCu (300-1h) and (b) PtCu (300-4h) catalysts prepared 

by thermal decomposition method. 

 

Based on all XRD results, it is concluded that the organometallic synthesis method 

to achieve PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) NPs were less 

efficient due to milder reaction conditions compared to the thermal decomposition method 

used for PtCu (300-1h) and PtCu (300-4h) NPs. However, the fcc Pt peaks in the XRD 

spectrum for PtCu (300-1h) and PtCu (300-4h) NPs revealed that bimetallic PtCu 

decoration was successfully applied on the hybrid carbon support during the thermal 

decomposition. 

This difference in the two synthesis methods may be that the mild reaction 

conditions that form the basis of the organometallic synthesis method may not be 

sufficient to successfully reduce metal precursors with the (acac) structure. In addition, 

unlike the thermal decomposition method, no gas enters and exits the reaction 

environment during the organometallic synthesis. This situation may result to reaction of 

organic structures separated from the metal precursor with the stable 3 bar H2 gas to create 
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Hacac structure in the reaction environment and the binding of unwanted chemical species 

on the carbon support and the NPs [88].  

 

4.2.5. Raman Analysis 

 

Raman spectroscopy is a type of vibration spectroscopy, based on optical excitation 

where the wavelength of the absorbed light differs from the wavelength of the emitted 

light. This difference in wavelength is called as inelastic phonon scattering [144]. In 

Raman spectroscopy, vibrational transitions in the nucleus of a molecule are examined in 

the UV-Vis (400-800 nm) region. In the identification of an unknown sample, it is very 

important to know the energies of the scattering and vibrational transitions of the different 

molecules in the sample [145].  

When working with carbon supported Pt-based electrocatalysts, the observation of 

the G and D bands characteristic for the carbon structure by Raman spectroscopy provides 

a significant knowledge for comprehension of the structure. The distinctive peaks of 

graphitic structures are the G peak near 1340 cm-1 which is created by sp2 hybridized 

carbon atoms and D peak around 1590 cm-1 which is provided due to sp3 hybridized carbon 

atoms of disordered graphene [146]. Moreover, the intensity ratio of D band to G band 

(ID/IG) provides very utility information about the structural organization of atoms on the 

carbon support. To describe the amount of disorder in carbon materials, the ratio of ID/IG 

is often used as a criterion. The D band is quite visible when the defects are present on the 

carbon lattice. Intensity of D band increases with the amount of defects. The Raman 

spectra of all the produced PtCu NPs are demonstrated in Figures 4.21 and 4.22. 
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Figure 4.21: Raman spectra of PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24h) 

catalysts prepared by organometallic method. 

 

 
 

Figure 4.22: Raman spectra of PtCu (300-1h) and PtCu (300-4h) catalysts prepared by 

thermal decomposition. 
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Table 4.5: Calculated ID/IG and I2D/IG ratios for synthesized electrocatalysts. 

 

Sample Codes 
ID/IG and I2D/IG Ratios 

ID/IG I2D/IG 

PtCu (120-2h) 1.01 0 

PtCu (300-1h) 0.95 0.74 

PtCu (300-4h) 0.95 0.88 

PtCu (300-1h/70-24h) 1.04 0.78 

PtCu (70-24h) 1.01 0 

 

ID/IG and I2D/IG ratio were calculated with respect to Raman spectra and showed in 

Table 4.5. Although hybrid CB: GNP (50:50) is used as support material in all prepared 

catalysts, the defects on hybrid carbon will be different according to the preferred 

synthesis method. The results in Table 4.5 indicate that the PtCu (120-2h), PtCu (300-

1h/70-24h) and PtCu (70-24h) samples prepared according to the organometallic synthesis 

method have higher ID/IG ratio than those of PtCu (300-1h) and PtCu (300-4h) which were 

prepared with the thermal decomposition method. Although organometallic synthesis 

method led to successful bimetallic PtCu decoration on the hybrid carbon support, still, 

both XRD and Raman spectroscopy indicated that thermal decomposition is the most 

suitable synthesis method for PtCu NPs formation. The reason why the organometallic 

synthesis method creates more defects on the carbon support is due to the interaction 

between the unreduced metal complexes and organic structures within the carbon support, 

in addition to the interaction of NPs and carbon support. The reason for the relatively 

higher ID/IG ratio of PtCu (300-1h/70-24h) compared to the other two catalysts among the 

organometallic synthesis method may be that the hybrid carbon support was pre-calcined 

at 300 0C under dynamic varigon gas for 1 hour. 

In addition to the D and G bands observed in the Raman spectra, there is a third peak 

called 2D peak at ~2700 cm-1 for PtCu (300-1h), PtCu (300-4h) and PtCu (300-1h/70-

24h) catalysts. The 2D band is the distinctive peak for the graphene structure where the 

I2D/IG ratio is dependent on the number of graphene layers [147]. Different ratio of I2D/IG 

as ∼2–3, 2> I2D/IG> 1 and I2D/IG <1 is usually an monolayer graphene, bilayer graphene 

and multilayer one, respectively [148]. According to the results in Table 4.5, the I2D/IG 
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band is less than 1 in these three samples. This represent that the hybrid carbon support 

(CB:GNP=50:50) features multilayer graphene for these three type of PtCu NPs. The 

common point of these three samples is that, the hybrid carbon support in all was treated 

with dynamic varigon gas at 300 0C. For PtCu (300-1h), PtCu (300-4h), this process is the 

preferred synthesis method for generation of bimetallic NPs is thermal decomposition 

while for the PtCu (300-1h/70-24h) catalyst prepared according to the organometallic 

synthesis method, this process is the calcination of carbon supports before synthesis. The 

specific 2D band for graphene was not observed in PtCu (120-2h) and PtCu (70-24h) NPs 

prepared with the organometallic synthesis method. Considering the superior 

electrochemical and mechanical properties of graphene, the graphene-derived formation 

of the carbon support can provide an advantage to catalysts in electrochemical tests. 

 

4.2.6. XPS Results 

 

XPS technique is a surface sensitive characterization method and provides valuable 

information about the chemical state of the relevant substance. This technique is usually 

carried out by exciting testing surfaces with mono-energetic Al ka x-rays that allow 

photoelectrons to be released from the sample surface. An electron energy analyzer is 

required to evaluate the energy of the photoelectrons emitted. The atomic identity, the 

chemical state and the quantity of the measured element can be defined from the binding 

energy and intensity of the photoelectron peak [149]. 

The XPS technique provided useful knowledge for the determination of the 

chemical state especially of Pt and Cu elements in five distinct bimetallic PtCu 

synthesized electrocatalysts. In Figures 4.23, 4.24 and 4.25, XPS results obtained for Pt 

4f, Cu 2p and C 1s and O 1s of bimetallic PtCu catalysts are shared, respectively. 

According to these results, the presence of both Pt and Cu nanoparticles in all synthesized 

PtCu catalysts has been proven, and the idea of very small particle size to be viewed with 

a TEM device, which suggested for the PtCu (70-24h) catalyst is encouraged. 

According to the XPS results, it is observed that the metallic Pt (Pt 0) is the most 

dominant form of Pt among all the synthesized bimetallic catalysts (Figure 4.23). Contrary 

to PtCu (300-1h), PtCu (300-4h) and PtCu (70-24h) catalysts, Pt +2 and Pt +4 peaks were 
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not observed in PtCu (120-2h) and PtCu (300-1h/70-24h) catalysts which may belong to 

PtO and PtO2 structure, respectively. These results contribute in particular to the presence 

of a Cu-rich formation in the samples PtCu (120-2h) and PtCu (300-1h/70-24h), which 

avoids the oxidation of Pt and serves as a shell on the external surface. Although this 

situation inhibits the oxidation of Pt, it may cause Cu nanoparticles, which are non-nobel 

metal and easily oxidized in acidic environment, to leach on the carbon support and 

adversely affect electrochemical performance during electrochemical tests. 

 

 
 

Figure 4.23: Pt 4f XPS data of (a) PtCu (120-2h), (b) PtCu (300-1h), (c) PtCu (300-4h), 

(d) PtCu (300-1h/70-24h), and (e) PtCu (70-24h). 

 

It was previously reported that the peaks corresponding to metallic Pt 4f 7/2 and Pt 

4f 5/2 were positioned at 71 eV and 74 eV, respectively [150]. The shifting of these values 

towards high energy binding energy refers to the interaction of Pt and Cu metal atoms in 

the bimetallic alloy structure and to the interaction of PtCu NPs on the carbon support. 

For all synthesized bimetallic nanostructures, the Pt 4f peak shifted to high binding energy 

(Table 4.6), an indication of the interaction between bimetallic PtCu NPs and carbon 

support [151]. However, when examined with the value in Table 4.6, it can be shown that 
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the shift to high energy is more clear in catalysts synthesized by the organometallic 

synthesis method.  

The XPS results for Cu 2p demonstrated that there is no metallic Cu in PtCu (120-

2h), PtCu (300-1h/70-24h) and PtCu (70-24h) catalysts synthesized by the organometallic 

synthesis method (Figure 4.24). Unlike these three catalysts, the presence of metalic Cu 

located at about 932 eV was observed for catalysts PtCu (300-1h) and PtCu (300-4h) 

(Table 4.6). The peaks observed at approximately 939-944.2 eV for , (120-2h), PtCu (300-

1h/70-24h) and PtCu (70-24h)  catalysts are called the satellite peaks associated with a 

shake up process of the open 3d9 shell of Cu +2 [152]. The appearance of a well-known 

shake-up satellite in the Cu 2p spectra as an indicator of the existence of the Cu(II) species 

is well known [152]. Although Cu (II) presence was detected in all synthesized catalysts, 

the satellite peak was detected only in catalysts synthesized by organometallic synthesis 

method used under milder conditions (70°C, 3 bar H2, 24 h). This experimental result is 

most likely due to the presence of unreacted Cu(acac)2 metal complex in the PtCu (120-

2h), PtCu (300-1h/70-24h) and PtCu (70-24h) catalysts structure and thus further 

optimization of the reaction conditions and the purification steps are necessary.  

 

 
 

Figure 4.24: Cu 2p XPS data of (a) PtCu (120-2h), (b) PtCu (300-1h), (c) PtCu (300-4h), 

(d) PtCu (300-1h/70-24h), and (e) PtCu (70-24h). 
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The C 1s and O 1s XPS spectra of the synthesized PtCu NPs are shared in Figure 

4.25. The C 1s spectrum for all catalysts was similar, and the C 1s region was detected at 

around 284.5 eV.  Obtaining a peak at similar binding energies for C 1s in all bimetallic 

catalysts indicates successful nanoparticle decoration on carbon support for all catalysts. 

However, considering the fact that all catalysts were synthesized air-sensitively, it should 

be noted that the shifts observed in O 1s will give critical information about the catalyst 

structure. When the binding energy values in Table 4.16 are examined, it is seen that there 

are significant shifts for O 1s depending on the synthesis method. The observation of O 

1s peak at nearly 532 and 533 eV for catalysts synthesized by the organometallic synthesis 

method and by thermal decomposition method, respectively. This result can suggest that 

the catalysts surfaces show different properties. Thus, it is seen that the XPS results 

coincide with the FTIR and XRD results. 

 

 
 

Figure 4.25: The XPS data of (a) C 1s and (b) O 1s. 
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Table 4.6: Pt 4f, Cu 2p, C 1s and O 1s binding energies of synthesized catalysts. 

 

Sample 

Codes 

Binding Energy (eV) 

Pt 0 4f Pt 2+ 4f Pt 4+ 4f Cu 0 2p Cu 2+ 2p 

C 1s O 1s 
Pt 4f 

7/2 

Pt 4f 

5/2 

Pt 4f 

7/2 

Pt 4f 

5/2 

Pt 4f 

7/2 

Pt 4f 

5/2 

Cu 2p 

3/2 

Cu 2p 

1/2 

Cu 2p 

3/2 

Cu 2p 

1/2 

PtCu 

(120-2h) 
72.93 76.23 ---   ---  ---  ---  --- ---  934.4 954.15 284.4 532.1 

PtCu 
(300-1h) 

71.2 74.53 72.5 78.83 76.58 79.91 932.21 951.96 934.87 954.62 284.5 532.9 

PtCu 

(300-4h) 
71.73 74.76 74.03 77.36 75.91 79.24 932.2 951.95 934.50 954.20 284.6 533.3 

PtCu 

(300-

1h/70-
24h) 

73.01 76.34  ---  --- ---   ---  ---  --- 933.5 953.20 284.5 531.7 

PtCu 

(70-24h) 
72.97 76.30 74.93 78.26 ---   ---  ---  --- 933.63 953.40 284.6 531.9 

 

4.3. Electrochemical Characterization by Cyclic Voltammetry 

 

Many electrochemical tests are available including potential step, potential sweep, 

rotating disc electrode, rotating ring disc electrode, impedance spectroscopy, cycling 

voltammetry (CV) in the litreture. A basic electrochemical process is completed in 4 steps. 

First, the reactants are transported to the electrode surface and then these reactants are 

absorbed at the electrode surface. In the following third step, charge transfer is provided 

by redox reactions between the electrode surface and the reactant, and as a result, the final 

products are transported from the electrode surface [153].  

 

4.3.1. Experimental Methods 

 

3 electrode system is used as an electrochemical cell for the following CV studies 

as shown in Figure 4.26. 
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Figure 4.26: A three-electrode system. 

 

The electrodes mentioned as three electrodes are respectively working electrode 

(WE), counter electrode (CE) and reference electrode (RE). The working electrode can be 

formed of carbon, gold or platinum embedded in glass or similar inactive material. The 

counter electrode is made of platinum with a large surface area in order for 

electrochemical reactions to occur rapidly on its surface. Each of the following electrodes 

will usually be used as a reference electrode; Pt/H2/H
+ (standard/dynamic/normal 

hydrogen electrode) or Ag/AgCl/Cl- (silver/silver chloride electrode) or Hg/Hg2Cl2/Cl- 

(calomel electrode) [153].  

The material to be electrochemical tested creates the working electrode where the 

passing potential or current will be measured. The WE can create a circuit with the CE 

and the current generated can pass through this circuit. In addition, beside the working 

electrode the CE can also react electrochemically. However, it is not necessary to measure 

the electrochemical reaction created by the counter electrode and it should never interact 

with WE. The main function of the reference electrode, the third electrode system, is to 

reduce the resistance on the WE potential of the electrolyte solution by making another 

circuit with RE.  
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In this part of the thesis, the preferred triple electrode; WE, CE and RE request for 

CV tests is; 3 mm diameter glassy carbon, platinum plate and silver / silver chloride 

electrode, respectively. 

 

4.3.2. Cyclic Voltammetry Results 

 

Cyclic voltammetry (CV) is an effective and widespread electrochemical technique 

widely used to explore the mechanisms of reduced or oxidized molecular species. In the 

research of electron transfer-initiated chemical processes, which involve catalysis, CV is 

also valuable [153]. 

One of the most important points in achieving correct results in CV studies is the 

proper preparation of the working electrode. At this point, the prepared ink should be 

properly applied to the conductive part of the working electrode. While preparing the ink, 

alcohol, water and any other solvent that can dissolve the catalyst powder should be used. 

Nafion polymer is also added to this mixture to increase adhesion. The working electrode, 

on which the prepared catalyst ink is dropped, is then left to dry for a certain period of 

time. The drying process of the ink is critical for the catalyst layer to adhere 

homogeneously on the glassy carbon. Therefore, the drying process should be done at the 

lowest possible temperature and slowly.  

It is necessary to find the required electrolyte solution during the analysis of cyclic 

voltametry in order to receive a reliable cyclic voltagram. Dilute acid solution (ranging 

from 0.1 to 1 M) is commonly utilized as an electrolyte solution as it supplies the proton 

during electrochemical reactions. The most common electrolytes in the literature are that 

H2SO4 and HClO4. However, considering the possibility of poisoning the Pt catalyst with 

the sulfur in the H2SO4, it is more appropriate to use HClO4 as an electrolyte [154]. This 

prepared electrolyte solution is purged with inert gas for at least 15 minutes. The purge 

process with an inert gas must continue while CV experiments continue to obtain the best 

CV voltagram. 

The CV voltagram of the commercial PEM fuel cell catalyst; commercial 20 % wt. 

Pt on Carbon Vulcan XC-72 with 5 different bimetallic PtCu catalysts prepared by using 

organometallic synthesis and thermal decomposition method is given in Figure 4.27.  
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While preparing the working electrode for CV tests, the required amount of Pt was 

calculated according to the WE electrode area such that 25 micrograms Pt per 1 cm2. 0.1 

M HClO4 was used as the electrolyte. The potentiostat brand used for CV studies was 

Metrohm Autolab Nova 2.1. Before the voltagram was taken, the device was conditioned 

to 50 cycles at scan rate of 0.1 V/s.  

 

 
 

Figure 4.27: Cyclic voltagram in 0.1 M HClO4 of PtCu (120-2h), PtCu (300-1h), PtCu 

(300-4h), PtCu (300-1h/70-24h), PtCu (70-24h) and commercial %20 Pt on carbon 

Vulcan XC-72. 

 

4.3.3. Determination of Electrochemical Surface Area 

 

One of the most important information provided by the voltagram obtained at the 

end of CV studies is the calculation of the ECSA value on this voltagram. The 

electrochemical surface area (ECSA) of the electrode can be measured by the CV 

technique using the hydrogen desorption mechanism. For this, the catalyst ink, whose 
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details are mentioned above, is dropped to the glassy carbon electrode and dried, and then 

it included in the 3 electrode system as a working electrode and the CV voltagram is taken. 

Hydrogen desorption and absorption peaks are detected after the measurement. And the 

area of these peaks gives an ECSA value estimate [155]. The ECSA value can be 

calculated using the formulation given in Equation 4.1 [155]. 

 

𝐸𝐶𝑆𝐴 [ 𝑐𝑚2  
𝑃𝑡

𝑔
 of Pt ] =

Charge [𝑄𝐻, µ 
𝐶

𝑐𝑚2 ]

210 [ µ 
𝐶

𝑐𝑚2] 𝑋 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 [ 𝑔 𝑜𝑓 
𝑃𝑡

𝑐𝑚2  ]
 

                                                                                                                      

(4.1) 

 

The ECSA value provides an idea of the active surface of the catalyst for charge 

transfer and the conductive direction for electron transfer in the electrode surface [155]. 

A total of 5 cycles were made at scan rate of 0.05 V/s for each sample and the third cycle 

of all catalysts was used for ECSA calculation. The values found for each catalyst 

according to the ECSA calculation and the particle size according to TEM results made 

are presented in Table 4.7. 

 

Table 4.7: Particle size and ECSA values of and commercial PtCu (120-2h), PtCu (300-

1h), PtCu (300-4h), PtCu (300-1h/70-24h), PtCu (70-24h) and %20 Pt on Vulcan XC-

72. 

 

Catalys Types Particle Size ECSA (m2/gPt) 

PtCu (300-1h) 4.8 ± 1.5 99 

PtCu (300-4h) 4.7 ± 1.5 52 

PtCu (120-2h) 5.1 ± 1.5 34 

PtCu (70-24h) ____ 33 

PtCu (300-1h/70-24h) 2.5 ± 1.0 16 

Commercial %20 wt Pt on 

Carbon Vulcan XC-72 
____ 42 
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The trend for increasing ECSA values were as follows: 

PtCu (300-1h) NPs > PtCu (300-4h) NPs > Commercial 20 % wt Pt > PtCu (120-2h) NPs 

> PtCu (70-24h) NPs > PtCu (300-1h/70-24h) NPs. 

The best result was achieved with PtCu (300-1h) NPs with 99 m2/gPt. Higher ECSA 

values were observed for Pt (300-1h) NPs and Pt 300-4h) NPs compared to that of the 

commercial Pt. Contrary to this situation, ECSA values of PtCu (120-2h), PtCu (300-

1h/70-24h) and PtCu (70-24h) catalysts prepared by organometallic synthesis method 

were lower than that of the commercial Pt catalyst. No direct correlation between the 

ECSA values and the particle size was observed. The ECSA value of PtCu (300-1h/70-

24h) catalyst, which has the smallest bimetallic PtCu NPs among the five synthesized 

catalysts, was found to be the lowest. In addition, the ECSA value of the PtCu (70-24h) 

catalyst is larger than PtCu (300-1h/70-24h) and almost the same as PtCu 8120-2h).  

The CV voltagram in Figure 4.27 also proves that the PtCu (120-2h) and PtCu (300-

1h/70-24h) samples prepared by the organametallic synthesis method, still have 

unreduced metal complexes in the structure despite washing with pentane. The peaks 

between 0.2 V and 0.4 V in both direction are related to the breakdown and re-deposition 

of bulk Cu [133]. To make this situation more apparent, the CV voltagram of the metal 

precursors; Pt(acac)2 and Cu(acac)2 were taken using the CH brand potentiostat and the 

CV results of the metal complexes are presented in Figure 4.28. 
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Figure 4.28: Cyclic voltagram in 0.1 M HClO4 results of Pt(acac)2 and Cu(acac)2 metal 

complexes. 

 

When the CV voltagrams in Figure 4.27 and Figure 4.28 are examined, it is seen 

that the oxidation peaks at 0.28 V and 0.98 V for PtCu (120-2h) and PtCu (300-1h/70-

24h) originate from Cu (acac)2 and Pt (acac)2 complexes, respectively. Thus, it is exhibited 

that these metal complexes still exist in the catalyst structure. Unlike PtCu (120-2h) and 

PtCu (300-1h/70-24h) catalysts, these peaks were not observed in CV voltagram for PtCu 

(70-24h) catalyst prepared by organometallic synthesis method. It is interesting that PtCu 

(70-24h) has drawn a different voltagram in CV experiments, although it has almost the 

same crystal structure as PtCu (120-2h) and PtCu (300-1h/70-24h) catalysts according to 

XRD results.  

After a series of structural characterization and CV studies, it was recognized that 

the especially PtCu (300-1h) sample synthesized under dynamic varigone gas at 300 0C 

for 1 hour via thermal decomposition method, was superior to the other four PtCu NPs as 

an electrocatalyst. Therefore, in the next chapter, the preferred synthesis method for PtCu 

(300-1h) will be used as the synthesis method (300 0C, 1 hour, under dynamic varigon 

gas) in studies to understand how the changing CB:GNP ratios will affect the bimetallic 

PtCu NPs formation and the behavior of these NPs as electrocatalysts. 
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5. EFFECT of DIFFERENT CB:GNP RATIOS on the 

FORMATION of BIMETALLIC PtCu NANOPARTICLES 

and a COMPRASION of THEIR ELECTROCHEMICAL 

ACTIVITIES 

 

5.1. Experimental Method 

 

This chapter focuses on the optimization of the hybrid support ratio used for 

bimetallic PtCu NPs as an attempt to achieve favorable electrochemical properties for the 

nanomaterial. The preparation method was chosen according to our previous studies on 

the optimization of reaction conditions. For all the PtCu NPs prepared in this section, the 

reaction conditions for their preparation were the same. 

 

5.1.1. Preparation of Bimetallic PtCu (300-1h), PtCu (300-1h/30:70), 

PtCu (300-1h/70:30) and Monometallic Pt (300-1h/50:50) and Cu (300-

1h/ 50:50) Electrocalysts 

 

For all the catalysts prepared in this section, the conditions for the preparation of the 

catalyst PtCu (300-1h) were used. First, all powders were prepared in a glove box with 

total 20% metal loading on the hybrid carbon support. For all bimetallic PtCu catalysts; 

Pt (acac)2 (117,9) mg and Cu (acac)2 (78,5 mg) were impregnated hybrid CB: GNP 

support ( CB:GNP (155,2 mg : 155,2 mg), CB:GNP (93,12 mg : 217,28 mg) and CB:GNP 

(217,28 mg : 93,12 mg)). These powders were then taken out of glove box within a balloon 

flask and finally, it was exposed to dynamic varigon gas at 300 0C for 1 hour to form 

nanoparticles. Than, all spicements were washed with pentane (5 x 40 mL) under an argon 

atmosphere. The same procedure was repeated with Pt (acac)2 (157.32 mg) and CB:GNP 

(155.2 mg : 155.2 mg), and Cu (acac)2 (261.7 mg) and CB:GNP (155.2 mg : 155. 2 mg) 

to achieve pure, monometallic Pt NPs and Cu NPs, respectively. 
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In the previous section it was shown that these synthesis conditions allow the 

formation of well-defined bimetallic PtCu NPs on the hybrid carbon support. In order to 

further understand the interaction of the two metals, their monometallic form, Pt (300-

1h/50:50) NPs and Cu (300-1h/50:50) NPs were also synthesized and characterized. 

Details of the catalysts synthesized in this section are given in Table 5.1. The PtCu 

(300-1h) catalyst was re-synthesized and the hybrid carbon support ratios for the 

monometallic Pt (300-1h/50:50) and Cu (300-1h/50:50) catalysts were set to CB: GNP 

50:50 (w:w). All structural and electrochemical tests of the re-synthesized PtCu (300-1h) 

catalyst, were re-performed, except TEM in this section. The hybrid carbon support ratios; 

CB:GNP of the bimetallic samples PtCu (300-1h/30:70) and PtCu (300-1h/70:30) were 

determined as 30:70 (w:w) and 70:30 (w:w), respectively. 

 

Table 5.1: Composition and synthesis conditions of the relevant catalysts. 

 

Sample 

Codes 

Monometallic/ 

Bimetallic 
Composition 

Carbon 

Support Ratio 

(w:w) 

Synthesis 

Condition 

Pt (300-

1h/50:50) 
Monometallic Pt/CB:GNP CB:GNP(50:50) 

300 0C, 1 

hour, under 

dynamic 

varigon gas 

Cu (300-

1h/50:50) 
Monometallic Cu/CB:GNP CB:GNP(50:50) 

300 0C, 1 

hour, under 

dynamic 

varigon gas 

PtCu (300-

1h) 
Bimetallic PtCu/CB:GNP CB:GNP(50:50) 

300 0C, 1 

hour, under 

dynamic 

varigon gas 

PtCu (300-

1h/30:70) 
Bimetallic PtCu/CB:GNP CB:GNP(30:70) 

300 0C, 1 

hour, under 

dynamic 

varigon gas 

PtCu (300-

1h/70:30) 
Bimetallic PtCu/CB:GNP CB:GNP(70:30) 

300 0C, 1 

hour, under 

dynamic 

varigon gas 
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Although, theoretically, catalysts were prepared with 20% metal loading, the ICP-

MS analysis was carried out to determine whether there is a metal loss in the catalyst 

structure during the reduction process and after the pentane washing step. ICP-MS results 

are reported in Table 5.2. According to the ICP-MS results, it is claimed that there is no 

significant metal loss in the catalysts except Cu (300-1h/50:50). 

 

Table 5.2: ICP-MS results of synthesized catalysts. 

 

Sample Code % weight of Pt % weight of Cu 

Pt (300-1h/50:50) 18.73 0 

Cu (300-1h/50:50) 0 14.79 

PtCu (300-1h) 15.24 5.05 

PtCu (300-1h/30:70) 14.48 4.74 

PtCu (300-1h/70:30) 15.87 4.88 

 

5.2. Results and Discussion 

 

5.2.1. BET Analysis 

 

The physical adsorption of gas molecules on a solid surface is clarified by Brunauer, 

Emmett, and Teller (BET) theory and provides a foundation for an important technique of 

analysis for the calculation of the specific surface area and porosity of substances. A high 

specific surface area of the carbon supports preferred for use in PEM fuel cells is an 

important parameter for being a good support material. High surface area carbon supports 

allow the nanoparticles forrmation without agglomeration and high pore volume results 

in more triple phase boundaries of nanoparticles [156].  

In a recent study of our research group, the total surface area of CB, GNP and 

CB:GNP (50:50) was found as 207 m2/g, 759 m2/g and 397 m2/g from the BET analysis, 

respectively [20].  

In this study, BET analysis was performed for various CB:GNP ratios as 50:50, 

30:70 and 70:30 to understand how hybrid carbon support ratios have an effect on specific 

surface area and porosity. The BET analysis result of the relevant carbon supports is given 

in Table 5.3. As expected, as the CB ratio increases in the hybrid carbon structure, the 
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both total surface area and total pore volume decrease. Among these three carbon 

supports, CB:GNP (30:70) exhibits the highest total surface area and total pore volume.  

 

Table 5.3 BET analysis of carbon support materials. 

 

Carbon Support 

Material 

Total Surface Area 

(m2/g) 

Total Pore Volume 

(cm3/g) 

CB:GNP (50:50) 480.4 0.60 

CB:GNP (30:70) 538.6 0.67 

CB:GNP (70:30) 361.9 0.45 

 

5.2.2. TEM Analysis 

 

TEM images were taken for the relevant catalysts in order to analyze the 

morphology and size of these NPs. The size distributions of the particles are also 

calculated based on the TEM images. Thus, detailed information was obrained about the 

distribution, agglomeration and average particle size of monometallic and bimetallic NPs 

on the hybrid carbon support.  

It is understood from the images in Figure 5.1 that the thermal decomposition 

method performed under dynamic varigone gas at 300 0C for 1 hour is suitable for the 

formation of monometallic nano-sized Pt and Cu structures on the hybrid carbon support 

CB:GNP (50:50). According to the size histograms, mean particle diameter of the NPs 

were 8.1±2.2 nm for monometallic Pt (300-1h/50:50) and 5.6±2.0 nm for monometallic 

Cu (300-1h/50:50). As reported in the previous chapter, the particle size of the bimetallic 

CB:GNP (50:50) carbon supported PtCu (300-1h) sample synthesized under the same 

synthesis conditions was 4.8 ±1.5 nm (Figure 4.16). These results indicate that the 

monometallic Pt and Cu NPs have a larger particle size than the bimetallic PtCu NPs under 

the same synthesis conditions. The results also show the particle size of the monometallic 

Pt (300-1/50:50) NPs is larger than the monometallic Cu (300-1h/50:50) NPs. It can also 

be interpreted as Pt (acac)2 complex is reduced faster than Cu (acac)2 complex under the 

same synthesis conditions and particle size grows faster accordingly. On the other hand, 

when these two complexes came together, interestingly, they were able to form the 

bimetallic PtCu NPS, whose particle size was smaller than either both monometallic 
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catalysts. This can be explained by the fact that in bimetallic structures, metals affect each 

other synergitically and catalytically, and thus, nano-sized catalysts that superior to 

monometallic structures can be created. From the TEM images, it is also recognized the 

NPs formed in both monometallic structures are not fully spherical. 

        

 
 

Figure 5.1: TEM images and particle size histogram of (a) Pt (300-1h/50:50) and 

(b) Cu (300-1h/50:50); ruler: 50 nm. 

 

In Figure 5.2, TEM images are shared for PtCu (300-1h/30:70) and PtCu (300-

1h/70:30) prepared by changing the hybrid carbon support ratios with the TEM image of 

PtCu (300-1h) catalyst that previously shared. The relevant TEM images prove bimetallic 

NPs formation was achieved successfully even if the carbon support ratios are changed. 

Based on the TEM images, it can be said that the distribution of bimetallic PtCu on the 

hybrid carbon support is homogeneous as intended. According to the size histograms, 

mean particle diameter of the NPs were 6.3±1.9 nm and 5.4±1.6 nm for PtCu (300-

1h/30:70) and PtCu (300-1h/70:30), respectively. The particle size of both NPs is greater 

than the particle size of the PtCu (300-1h) catalyst. Considering that the synthesis 
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conditions for these three catalysts are the same and the only difference between them is 

the carbon support ratio, it is concluded that the hybrid carbon support ratio should be is 

CB:GNP (50:50) for the formation of smaller NPs. Although the particle size is smaller 

than the other two catalysts, the PtCu (300-1h) catalyst has some local agglomeration that 

is a matter of consideration. 

 

 
 

Figure 5.2: TEM images and particle size histogram of (a) PtCu (300-1h), (b) PtCu (300-

1h/30:70) and (c) PtCu (300-1h/70:30); ruler: 100 nm for PtCu (300-1h), 50 nm for PtCu 

(300-1h/70:30) and 20 nm PtCu (300-1h/30:70). 

 

5.2.3. SEM-EDS Results 

 

The data obtained from the SEM-EDS results for monometallic Pt (300-1h/50:50), 

Cu (300-1h/50:50) and bimetallic PtCu (300-1h), PtCu (300-1h/30:70) and PtCu (300-

1h/70:30) are summarized in Table 5.4. 
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Table 5.4: Results of weight and atomic values of synthesized catalysts calculated 

according to SEM-EDS result. 

 

Sample 

Codes 

C (K) Pt (L) Cu (K) 

Atomic Ratio 
Weight 

 % 

Atomic 

% 

Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 
Pt (300-

1h/50:50) 
67.70 97.15 32.30 2.85 - - 

Pt/CB:GNP 

(50:50) 

Cu (300-

1h/50:50) 
74.01 93.78 - - 25.99 6.22 

Cu/CB:GNP 

(50:50) 

PtCu (300-1h) 83.66 98.28 12.74 0.98 3.60 0.80 
Pt55Cu45/CB:GNP 

(50:50) 

PtCu (300-

1h/30:70) 
79.19 97.20 12.95 0.98 7.86 1.82 

Pt35Cu65/CB:GNP 

(30:70) 

PtCu (300-

1h/70:30) 
83.38 98.26 13.06 0.95 3.55 0.79 

Pt55Cu45/CB:GNP 

(70:30) 

 

According to SEM-EDS results, atomic ratios for bimetallic PtCu (300-1h), PtCu 

(300-1h/30:70) and PtCu (300-1h/70:30) were calculated Pt55Cu45/CB:GNP (50:50), 

Pt35Cu65/CB:GNP (30:70) and Pt55Cu45/CB:GNP (70:30) respectively. Based on these 

results, the PtCu (300-1h/30:70) sample has the lowest atomically amount of platinum 

among these three catalysts. In addition, PtCu (300-1h) and PtCu (300-1h/70:30) catalysts 

were found to have the same atomic composition according to these results. 

With respect to the EDS results, the mapping images for the PtCu (300-1h), PtCu 

(300-1h/30:70) and PtCu (300-1h/70:30) speciments are served in Figure 5.3. In the 

images, the blue, yellow and red colors represent carbon, platinum, and copper elements, 

respectively. When the images are examined, it is seen that the carbon element is dominant 

for all three catalysts.  

 

 
 

Figure 5.3: SEM-EDS mapping images of (a) PtCu (300-1h), (b) PtCu (300-1h/30:70) 

and (c) PtCu (300-1h/70:30) speciments as catalysts. 
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5.2.4. XRD Analysis 

 

The XRD analysis technique was used to identify the crystal structure phases of the 

NPs. The XRD patterns of the monometallic Pt (300-1h/50:50) and Cu (300-1h/50:50) 

catalysts is shown in Figure 5.4 with the bimetallic PtCu (300-1h). Among the three 

catalysts, the C (002) peak appeared at near 2 = 26 degree. For monometallic Pt(300-

1h/50:50), diffraction peaks at 39.760, 46.340, 67.560 and 81.420 angles which belong to 

(111), (200), (220) and (311) layers of fcc Pt structure. For monometallic Cu (300-

1h/50:50), diffraction peaks at 43.240, 50.360 and 74.080 angles which represent to (111), 

(200) and (220) layers of fcc Cu structure. The Pt (111) layer known as the most 

electrocatalytically active surface of platinum, is positioned at 2=41.420 for PtCu (300-

1h) catalyst, which is 1.66 degrees greater than the Pt (111) peak of monometallic Pt (300-

1h/50:50) NPs. The appearance of the Pt (111) surface peak in the larger 2 degree in the 

bimetallic NPs is a proof for the formation of alloy bimetallic PtCu at nano-scale. 

Moreover, the XRD peaks for the bimetallic PtCu (300-1h) are broader than the peaks of 

the monometallic Pt (300-1h/50:50) and Cu (300-1h/50:50) catalysts. This fact confirms 

the particle size of PtCu (300-1h) is smaller than monometallic Pt and Cu particle size as 

previously appearing in the TEM images (Figure 5.1 and Figure 5.2).  
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Figure 5.4: XRD patterns of monometallic Pt (300-1h/50:50), Cu (300-1h/50:50) and 

bimetallic PtCu (300-1h). 

 

XRD spectra for PtCu (300-1h), PtCu (300-1h/30:70) and PtCu (300-1h/70:30) 

catalysts are given in Figure 5.5. The broad XRD peak observed at about 260 in all three 

catalysts, belongs to the C (002) layer due to the hybrid support having graphitic structure. 

The Pt peaks at near 410, 470, 700 and 840 which indicated to the (111), (200), (220) and 

(311) plane of fcc structure of Pt. These peaks demonstrated that crystallised Pt 

nanoclusters were produced on the supports with various surface orientations. On the other 

hand, when the position of these peaks in the bimetallic structure is compared with the 

monometallic Pt, it is understood that all of them without exception are formed at greater 

2 than the monometallic Pt (300-1h/50:50) structure. The reason for this situation is that 

the formation of the alloy bimetallic nano scale PtCu structure with the synergistic effect 

of Pt and Cu elements. 
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Figure 5.5: XRD patterns of bimetallic PtCu (300-1h), PtCu (300-1h/30:70) and PtCu 

(300-1h/70:30). 

 

5.2.5. Raman Analysis 

 

The Raman spectra of hybrid carbon support; CB:GNP (50:50), CB:GNP (30:70) 

and GB:GNP (70:30) are presented in Figure 5.6. 

The D band about 1346 cm-1 indicates the structure's disorder and demonstrating the 

sp3 hybridization. Otherwise, the G band at near 1600 cm-1 signaling the existing of the 

sp2 hybridized carbon atoms in the hexagonal framework. The intensity ratios of these two 

bands (ID/IG) give strong information about the disorderness and defects of the material 

[157-158]. In addition to these two bands, another important peak that occurs at about 

2700 cm-1 is called the 2D band. In addition to these two bands, another important peak 

that occurs at ~2700 cm-1 is the 2D band. In addition, as mentioned before, the ratio of 

I2D/IG ∼2–3, 2> I2D/IG> 1 and I2D/IG <1 indicate to monolayer graphene, bilayer graphene 

and multilayer one, respectively.  

 

10 20 30 40 50 60 70 80 90

PtCu (300-1h/70:30)

PtCu (300-1h/30:70)

In
te

n
s
it

y
 (

a
.u

.)

2 (degrees)

PtCu (300-1h)



86 
 

Interestingly, although there is GNP in all three hybrid carbon structures, the 2D 

band is only apparent for the CB:GNP (50:50) hybrid carbon support. Among these hybrid 

carbon supports, CB:GNP (70:30) support exhibits the highest disorderness according to 

their ID/IG ratio (Table 5.5). This result can be interpreted as CB:GNP (70:30) carbon 

support contains more defects and therefore creates a suitable environment for the 

nanoparticles to be more easily attached to the support.  When the numerical values in 

Table 5.5 are examined, it is understood that the I2D/IG ratio for CB:GNP (50:50) hybrid 

carbon support is 0.82, so it contains multilayer graphene. Considering the superior 

physical and chemical properties of graphene, this may provide an electrochemically 

advantage for the CB:GNP (50:50) support material. 

 

 
 

Figure 5.6: Raman spectra of CB:GNP (50:50), CB:GNP (70:30) and CB:GNP (30:70). 
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Table 5.5: Calculated ID/IG and I2D/IG ratios for hybrid carbon supports. 

 

Sample Codes 
ID/IG and I2D/IG Ratios 

ID/IG I2D/IG 

CB:GNP (50:50) 0.87 0.82 

CB:GNP (30:70) 1.01 0.00 

CB:GNP (70:30) 1.02 0.00 

 

The raman results for monometallic Pt (300-1h/50:50) and Cu (300-1h/50:50) are 

shared in Figure 5.7. D, G and 2D bands are available in both catalyst structures. The D, 

G and 2D bands are shown at 1339, 1579 and 2681 cm-1 and at 1343, 1575 and 2677 cm-

1 for Pt (300-1h/50:50) and Cu (300-1h/50:50) speciment, respectively. The ID/ IG and 

I2D/IG ratios for Pt (300-1h/50:50) and Cu (300-1h/50:50) catalysts are demonstrated in 

Table 5.6. Based on the ID/IG ratio, it is seen that the defects in monometallic Pt (300-

1h/50:50) catalyst are higher than in monometalic Cu (300-1h/50:50). In addition, hybrid 

CB:GNP (50:50) supports were used in both samples, its disorderness increased with the 

respect of ID/IG ratio of both catalysts after catalysts sythesized process. 

 

 
 

Figure 5.7: Raman spectra of Pt (300-1h/50:50) and Cu (300-1h/50:50). 
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Table 5.6: Calculated ID/IG and I2D/IG ratios for monometallic Pt (300-1h/50:50) and Cu 

(300-1h/50:50) catalysts. 

 

Sample Codes 
ID/IG and I2D/IG Ratios 

ID/IG I2D/IG 

Pt (300-1h/50:50) 1.00 0.94 

Cu (300-1h/50:50) 0.98 0.84 

 

The Raman spectra of PtCu (300-1h), PtCu (300-1h/30:70) and PtCu (300-1h/70:30) 

catalysts are given in Figure 5.8. Interestingly, in the PtCu (300-1h/30:70) catalyst 

prepared with the CB:GNP (30:70) carbon support, the 2D band appeared in the catalyst 

structure, although it was not visible in the raman spectra of CB:GNP (30:70) carbon 

support. At this point, it is thought that the synthesis conditions of the bimetallic PtCu 

(300-1h/30:70) NPs contribute to the visibility of the 2D band in the structure. Although 

it has the same synthesis conditions as PtCu (300-1h) and PtCu (300-1h/30:70), the 2D 

band does not appear for PtCu (300-1h/70:30) due to most likely the low GNP ratio in the 

carbon support. The ID/IG and I2D/IG ratios for PtCu (300-1h), PtCu (300-1h/30:70) and 

PtCu (300-1h/70:30) catalysts are given in Table 5.7. According to these results, it is 

understood that PtCu (300-1h/70:30) catalyst has the highest value in both ID/IG and I2D/IG 

ratio. At this point, it appears that as the CB ratio increases in the hybrid carbon support 

composition, it promete the disorderliness in the catalyst structure. Although this allows 

the successful interaction between NPs and carbon support surface, still, lower electronic 

properties of CB compared to GNP can be an obstable in the electrocatalytic activity 

which needs to be checked by electrochemical methods. 
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Figure 5.8: Raman spectra of PtCu (300-1h), PtCu (300-1h/30:70) and PtCu (300-

1h/70:30). 

 

Table 5.7: Calculated ID/IG and I2D / IG ratios for bimetallic PtCu (300-1h), PtCu (300-

1h/30:70) and PtCu (300-1h/70:30) catalysts. 

 

Sample Codes 
ID/IG and I2D/IG Ratios 

ID/IG I2D/IG 

PtCu (300-1h) 0.95 0.74 

PtCu (300-1h/30:70) 0.93 0.84 

PtCu (300-1h/70:30) 1.01 0 

 

5.2.6. Cyclic Voltammetry (CV) Results 

 

In this section, for Pt (300-1h/50:50), Cu (300-1h/50:50), PtCu (300-1h), PtCu (300-

1h/30:70), PtCu (300-1h/70:30) and commercial 20% Pt on Vulca XC-72 catalysts, CV 

measurements were taken with Metrohm DropSens potentiostat. Glassy carbon electrode, 

platinum wire and Ag/AgCl were used as WE, CE and RE, respectively. 0.1 M HClO4 

was preferred as the electrolyte solution and was purged with argon both before and during 

500 1000 1500 2000 2500 3000 3500

In
te

n
s
it

y
 (

a
.u

.)

Raman Shift (cm-1)

 PtCu (300-1h/70:30)

 PtCu (300-1h/30:70)

 PtCu (300-1h)



90 
 

the CV test. The catalyst ink for CV was prepared in the same way as the catalyst ink 

prepared previously for bimetallic structures and these inks were applied on the working 

electrode under the same conditions. All samples had 25 µg Pt loading on the electrode 

surface. For each catalyst, the device is first conditioned by 50 cycles at scan rate of 0,1 

V/s. Subsequently, 5 cycles were taken at 0.05 V/s for all catalysts and the 3rd cycle from 

these cycles was used for ECSA calculations. In all CV cycles, the initial potential and the 

highest potential was set up at -0.2 V and 1.2 V, respectively. 

 

 
 

Figure 5.9: CV experimental set up. 

 

Figure 5.10 shows the CV voltagram of monometallic Pt (300-1h/50:50) and Cu 

(300-1h/50:50) catalysts compared to commercial 20% Pt on Vulcan XC-72 catalyst. The 

ECSA values were calculated as 16.5, 3.0 and 42 m2/gPt for ZA-14: Pt (300-1h/50:50), 

ZA-15: Cu (300-1h/50:50) and commercial 20% Pt on Vulcan XC-72, respectively. The 

CV results of both monometallic catalysts were considerably lower than the commercial 

Pt catalyst. These results also indicate that in particular the monometallic Cu (300-

1h/50:50) catalyst shows almost no electrochemical activity. As a result, although 

preferred synthesis method is effective for forming monometallic Pt and Cu NPs on the 

hybrid CB:GNP (50:50) support, it is not suitable for synthesizing electrochemically 

active monometallic catalysts. 



91 
 

 
 

Figure 5.10: Cyclic voltammetry results of Pt (300-1h/50:50), Cu (300-1h/50:50) and 

commercial 20% Pt on Vulcan XC-72. 

 

Figure 5.11 shows the CV voltagram of bimetallic PtCu (300-1h), PtCu (300-

1h/30:70) and PtCu (300-1h/70:30) catalysts compared to commercial 20% Pt on Vulcan 

XC-72. The ECSA values were calculated as 85, 70, 63 and 42 m2/gPt for PtCu (300-1h), 

PtCu (300-1h/30:70) and PtCu (300-1h/70:30) and commercial 20% Pt on Vulcan XC-72, 

respectively. The ECSA value of all three bimetallic catalysts was higher than commercial 

20% Pt on Vulcan XC-72 catalysts. PtCu (300-1h) hybrid material had the highest ECSA 

value. However, interestingly, the ECSA value of the re-synthesized PtCu (300-1h) 

catalyst in this section was lower than the ECSA value found in the previous section. This 

may be because the potentiostat brands used when conducting CV experiments are 

different. But in any case, according to ECSA values, PtCu (300-1h) catalyst is two times 

electrochemically active compared to commercial Pt catalyst.  

One of the most important goals of this thesis was to reduce the cost of catalysts, 

which is one of the biggest obstacles to the commercialization of PEM fuel cells. For this, 

unlike monometallic Pt catalysts, which are frequently used as commercial catalysts in the 
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market, Cu is included in the catalyst structure as a secondary element, which is more 

cost-effective than Pt. According to the ICP-MS result, the re-synthesized PtCu (300-1h) 

catalyst contains 15% wt Pt. In this regard, the catalyst PtCu (300-1h) is superior to the 

commercial %20 wt Pt on Carbon Vulcan XC-72 not only electrochemically but also in 

terms of cost.  

 

 
 

Figure 5.11: Cyclic voltammetry results of PtCu (300-1h), PtCu (300-1h/30:70), PtCu 

(300-1h/70:30) and commercial 20 % Pt on Vulcan XC-72. 

 

Table 5.8: Particle size and ECSA values of of PtCu (300-1h), PtCu (300-1h/30:70), 

PtCu (300-1h/70:30) and commercial 20 % Pt on Vulcan XC-72. 

 

Catalyst Types Particle Size ECSA (m2/gPt) 

PtCu (300-1h) 4.8 ± 1.5 85 

PtCu (300-1h/30:70) 6.3 ± 1.9 70 
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When the data in Table 5.8 are examined, it is understood, there is no direct 

relationship between particle size and ECSA value. Although PtCu (300-1h) with the 

highest ECSA value has a smaller particle size than the other two catalysts, the same is 

not true for PtCu (300-1h/70:30).  

One of the most important conclusions to be drawn from these results is that 

although the carbon support ratios are the same, the bimetallic PtCu (300-1h) catalyst has 

the highest ECSA value, but the ECSA values of monometallic catalysts are lower than 

the commercial Pt catalysts. This situation can be explained by the fact that Pt and Cu 

elements come together as alloys to form the nano PtCu structure and display a synergistic 

effect in catalytic terms. 

After a series of structural characterization processes, it is recognized that CB: GNP 

(50:50), CB: GNP (70:30) and CB: GNP (30:70) hybrid carbon ratios each have 

advantages and disadvantages. However, as a final product, these hybrid carbon supports 

are designed to be used in electrocatalysts, and it has been proved with this thesis for 

bimetallic PtCu nanocatalysts the optimal carbon support ratio should be CB: GNP (50:50) 

to achieve electrochemically more active NPs.  

There is no study in the literature on the electrochemical properties of CB:GNP 

hybrid carbon supported bimetallic PtCu NPs. However, two studies in the literature on 

monometallic Pt/CB:GNP electrocatalysts are noteworthy. The first of these belongs to 

Ece Arıcı and her co-workers. In this study, by using the Pt (dba) (dba: 

dibenzylideneacetone) complex as the Pt precursor, the researchers synthesized three 

forms of catalysts supported by CB, GNP and CB: GNP (50:50), using the method of 

organometallic synthesis. In the elemental analysis by ICP-MS, the amount of Pt for all 

three catalysts is reported as 21% (wt.). The ECSA values were calculated as 10, 19 and 

55 m2 /gPt for Pt/CB, Pt/GNP, and Pt/CB-GNP NPs, respectively. The ORR and PEM fuel 

cell results are in parallel with the ECSA values, proving that the CB:GNP (50:50) 

supported monometallic Pt catalyst gives the best result electrochemically [20].  

Another study on CB:GNP hybrid support belongs to Elif Daş and her co-workers. 

In this study, monometallic Pt NPs was synthesized for PEM fuel cells by using CB and 

GNP supports at different ratios. Supercritical carbon dioxide deposition was used to 

design Pt NPs on a carbon support. Seven different Pt NPs were prepared as Pt/GNP:CB 
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(0:100), Pt/GNP:CB (90:10), Pt/GNP:CB (80:20), Pt/GNP:CB (70:30), Pt/GNP:CB 

(60:40), Pt/GNP:CB (50:50), Pt/GNP:CB (0:100). According to results, Pt/GNP:CB 

(80:20) catalysts exhibited higher ECSA compared to the other catalysts and its ECSA 

values calculated as 52.24 m2 /gPt. According to TGA results Pt / GNP:CB (80:20) catalyst 

contains 21 % Pt (wt). Although Pt/GNP:CB (80:20) has the highest ECSA value, Pt 

/GNP:CB (60:40) was the most durable catalyst according to the corrosion test. Not only 

did the Pt /GNP:CB (60:40) catalyst show the highest corrosion resistance among other 

hybrid catalysts with the lowest ECSA losses (%), and yet it also exhibited the highest 

performance of PEM fuel cell [18]. 

Many research efforts have been dedicated to exploring new catalyst support 

materials in the literature in order to improve the efficiency of fuel cells. In this thesis 

study, electrochemically optimum hybrid CB:GNP ratio was studied for bimetallic PtCu 

NPs for the first time in the literature. According to our strategy, not only will 

hybridization of GNPs with CB avoid the accumulation of these carbon materials, but the 

synergistic effects between them can also be completely exploited. With this study, the 

synthesis of CB:GNP supported bimetallic PtCu NPs have been successfully achieved. 

For all three catalysts; PtCu/CB:GNP (50:50), PtCu/CB:GNP (30:70) and PtCu/CB:GNP 

(70:30), the ECSA value is higher than the monometallic Pt NPs synthesized in the studies 

mentioned above with much lower Pt amount.  
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6. CONCLUSION and the FUTURE WORK 

 

The objective of this study is to determine the impact of synthesis conditions on the 

formation of bimetallic PtCu NPs and then, by using the most suitable synthetic route, 

identify the optimum hybrid (CB: GNP) carbon support ratio for the most electrochemially 

active bimetallic PtCu NPs as a potential electrocatalyst towards PEM fuel cells. For this 

purpose, in the first experimental section, five different CB:GNP (50:50) supported 

bimetallic PtCu NPs were synthesized from the metal precursors, Pt(acac)2 and Cu(acac)2,  

at different reaction temperature, time and process by using mainly organometallic and 

thermal decomposition synthesis methods. The structural characterization of these five 

samples, namely, PtCu (120-2h), PtCu (300-1h), PtCu (300-4h), PtCu (300-1h/70-24h) 

and PtCu (70-24h) were fully characterized with TGA, FT-IR, XRD, XPS, TEM, SEM-

EDS and Raman. In addition, ICP-MS analysis was performed to determine the metal ratio 

Pt:Cu in these NPs.  

According to the TEM results, it was observed that these five different synthesis 

conditions applied achievd the bimetallic nature of PtCu NPs on the hybrid carbon 

CB:GNP (50:50) support. No agglomeration of NPs were observed in any of these 

produced nanostructues. Although a variety of characterization methods revealed the 

presence of both Pt and Cu metal on the PtCu (70-24h) NP structure, one could not observe 

the particles according to the TEM analysis. This was attributed to the weak resolution of 

TEM as the nanoparticles formed were most likely <2 nm. Investigation of the PtCu (70-

24h) NPs with HRTEM will be a future work.  

On the other hand, although all synthesis conditions are suitable for NP formation, 

especially according to XRD and FT-IR results, metal precursors Pt (acac)2 and Cu (acac)2 

are not convenient for organometallic synthesis method. Unlike the thermal 

decomposition method, in the organometallic synthesis, which is applied at mild 

temperatures and presence of H2 gas, the organic pieces of the metal precursors are not 

completely extracted from the catalyst structure after synthesis and generate undesirable 

attachments on the carbon support and/or nanoparticles.  

According to the electrochemical characterizations, The ECSA values of PtCu (300-

1h) bimetallic catalysts synthesized under dynamic varigon gas at 300 0C for 1 hour by 
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thermal decomposition were higher than the other four synthesized catalysts and 

commercial 20% wt. Pt on carbon Vulcan XC-72. ECSA values of both catalysts; PtCu 

(300-1h) and PtCu (300-4h) synthesized by thermal decomposition method were found 

better than commercial Pt catalysts. On the contrary, according to ECSA values, the 

electrochemical efficiency of PtCu (120-2h), PtCu (300-1h/70-24h) and PtCu (70-24) 

catalysts synthesized using the organometallic synthesis remained below the commercial 

Pt catalyst performance.  

With respect to all these structural and electrochemical results, it was determined 

that the PtCu (300-1h) catalyst obtained at the end of the thermal decomposition reaction 

that for 1 hour at 300 0C under dynamic varigon gas as a synthesis method had the most 

electrochemically active performance. Therefore, in the second part of the thesis, NPs 

were synthesized under dynamic varigone gas at 300 0C for 1 hour to examine the effect 

of carbon support ratios on the formation of bimetallic PtCu NPs and their electrochemical 

performance. 

In the second part of the thesis, although the main purpose is to investigate the effect 

of changing carbon support ratios on the performance of bimetallic PtCu electrocatalysts, 

the monometallic Pt (300-1h/50:50) and Cu (300-1h/50:50) catalysts were also prepared 

by thermal decomposition to recognize the synergic effect of bimetallic nanostructures 

and their excellent electrochemical behaviours comparison with monometallic 

nanostructures. Besides the mentioned monometalic structures; including PtCu (300-1h), 

PtCu (300-1h/30:70) and PtCu (300-1h/70:30) three different catalysts were also 

synthesized with varying carbon support ratios. Structural characterizations of all 

synthesized monometallic and bimetallic nanocatalysts were made by XRD, BET, TEM, 

SEM-EDS, and Raman. Moreover, ICP-MS analysis was carried to evaluate the metal 

ratio in the synthesized catalysts.  

According to TEM images, in monometallic structures, the particle size is larger 

than the bimetallic PtCu (300-1h) structure, even if the monometallic catalysts have the 

same synthesis conditions and the same carbon support ratio as the bimetallic catalyst. 

When the ECSA values of the relevant catalysts were examined, it was understood the 

bimetallic PtCu (300-1h) catalyst was electrochemically superior to the monometallic 

structures. This results confirm that the idea of nanoscale bimetallic structures have been 



97 
 

displayed to be special in terms of improved features relative to their metallic counterparts. 

In addition, XRD results show that monometallic structures are formed as sharp peaks. 

Contrary to this situation, the XRD peaks in the bimetallic structure are broad and the peak 

positions shift to a higher 2 values. These XRD results indicate the alloyed bimetallic 

PtCu particles are formed at the nanoscale. 

With respect to TEM images, the smallest bimetallic PtCu nano structures as particle 

size were observed in CB:GNP (50:50) supported  PtCu (300-1h)  bimetallic catalysts 

when the ratio of carbon support changes. According to the results of the BET analysis, 

although CB:GNP (30:70) carbon support has the highest values of the total surface area 

and total pore volume, CB:GNP (30:70) supported bimetallic PtCu (300-1h/30:70) 

catalysts has the larger particle size than both PtCu (300-1h) and PtCu (300-1h/70:30) 

catalysts based on TEM images. The XRD results show that the Pt (111) surface, known 

as the most catalytically active surface of platinum, was formed in all these three 

bimetallic NPs.  

The ECSA values of PtCu (300-1h), PtCu (300-1h/30:70) and PtCu (300-1h/70:30) 

catalysts, were higher than the commercial 20% wt. Pt on carbon Vulcan XC-72. When 

the ECSA values of these four catalysts are compared, the result is that: PtCu (300-1h) 

(85 m2/gPt) > PtCu (300-1h/30:70) (70 m2/gPt)  > PtCu (300-1h/70:30) (63 m2/gPt)  > 

commercial Pt (42 m2/gPt)  catalyts. In summary, it has been proven after series of studies 

that electrochemically the most active hybrid carbon ratio is CB:GNP (50:50) for 

bimetallic PtCu electrocatalysts.  

To sum up, with this thesis study, among the nine different catalysts synthesized, 

four of them, PtCu (300-1h) (99 m2/gPt and 85 m2/gPt), PtCu (300-4h) (52 m2/gPt), PtCu 

(300-1h/30:70) (70 m2/gPt) and PtCu (300-1h/70:30) (63 m2/gPt), showed higher ECSA 

values than that of commercial Pt. According to our results PtCu (300-1h) NPs was the 

most promising one to be used as a cathode electrocatalyst towards PEM fuel cells. We 

believe that hybrid carbon supported bimetallic structures will prevent corrosion and 

increase the durability of the electrocatalyst. Our future efforts will be towards the study 

of ORR mechanism and PEM fuel cell performances of this type of PtCu nanostructures. 
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