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Abstract 

The following doctoral thesis work presents a series of studies to address the synthesis, physical 

characterization and electrochemical evaluation of polyhedral PtNi catalysts supported on different 

carbon materials for the oxygen reduction reaction (ORR). 

The main objective of this study is to evaluate the effect on the catalytic activity of pristine carbon 

supports used in polyhedral PtNi catalysts obtained from a versatile chemical synthesis. In addition, 

the physicochemical characterization and the electrochemical evaluation of the obtained catalysts 

were carried out, which is presented through the development of the different stages of this study in 

the chapters of this investigation. 

The PtNi nanoparticles were synthesized by a thermochemical reduction route using the hot injection 

technique of metal precursors using Oleylamine (Oam as reaction agent and shape controller). The 

synthesis methodology was optimized based on the results obtained where the effect of some of the 

variables such as temperature, reaction time, and other important factors in the synthesis to obtain our 

catalysts was observed. 

As previously mentioned, the carbon supports used in this study were made in their pristine form, that 

is, they were not subjected to any type of functionalization or surface modification, since generally 

this type of material on which the catalytic materials are dispersed, are modified by some type of 

functionalization to improve the dispersion of metallic nanoparticles and favor catalytic activity 

towards ORR 

The electrochemical evaluation of the obtained catalysts was carried out to determine their catalytic 

activity parameters towards the ORR and to determine the effect of the support material on the 

catalytic activity of our synthesized catalysts. 

This work is based on the results of different characterization techniques such as X-ray diffraction 

(XRD), scanning electron microscopy (SEM), X-ray energy discrimination spectroscopy (EDS) and 

scanning transmission electron microscopy (STEM). ) and electrochemical evaluations by cyclic 

voltammetry, CO-stripping and rotating disk electrode. In addition, the experimental observations 

that can serve as a contribution in the development of future works were made. 

 

 

 



 

Resumen 

El siguiente trabajo de tesis doctoral presenta una serie de estudios  para abordar la síntesis, 

caracterización física y evaluación electroquímica de los catalizadores poliédricos PtNi soportados 

en diferentes materiales de carbono para la reacción de reducción de oxígeno (ORR).  

El objetivo principal de este estudio es evaluar el efecto en la actividad catalítica de los soportes de 

carbono prístinos utilizados en los catalizadores PtNi poliédricos obtenidos a partir de una síntesis 

química versátil. Además se realizó la caracterización fisicoquímica y la evaluación electroquímica 

de los catalizadores obtenidos, lo cual es presentado a través del desarrollo de las diferentes etapas de 

este estudio en los capítulos de esta investigación.  

Las nanopartículas PtNi fueron sintetizadas por una ruta de reducción termoquímica mediante la 

técnica de inyección en caliente de los precursores metálicos usando Oleilamina (Oam como agente 

de reacción y controlador de forma). La metodología de síntesis fue optimizada con base en los 

resultados obtenidos donde se observó el efecto que tienen algunas de las variables como la 

temperatura, el tiempo de reacción, y otros factores importantes en la síntesis para la obtención de 

nuestros catalizadores   

Como se mencionó previamente los soporte de carbono utilizados en este  estudio se hizo en su forma 

prístina, es decir, no fueron sometidos a ningún tipo de funcionalización o modificación superficial, 

ya que generalmente este tipo de material sobre el que se dispersan los materiales catalíticos, son 

modificados por algún tipo de funcionalización para mejorar  la dispersión de las nanopartículas 

metálicas y  favorecer la actividad catalítica hacia la ORR  

Se realizó la evaluación electroquímica de los catalizadores obtenidos para determinar sus parámetros 

de actividad catalítica hacia la ORR y determinar el efecto del material de soporte en la actividad 

catalítica de nuestros catalizadores sintetizados. 

El presente trabajo se sustenta con los resultados de diferentes técnicas de caracterización como 

difracción de rayos X (XRD), microscopía electrónica de barrido (SEM), espectroscopia por 

discriminación de energía de rayos X (EDS) y microscopio electrónico de transmisión de barrido 

(STEM) y evaluaciones electroquímicas mediante voltamperometría cíclica, electro-oxidación de CO 

y electrodo disco rotatorio. Además, se realizaron las observaciones experimentales que puedan servir 

de contribución en el desarrollo de futuros trabajos.        
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CHAPTER 1: CONTEXTUAL 

FRAMEWORK 

1.1 Introduction 
Currently, we live in an era in which human activities depend largely on the use of different types of 

energy to be able to carry them out and the use of this type of energy has negative effects in different 

limits, both in economic, political, health and environment, for which if we do not do something 

seriously to reduce the current energy challenge, there is a great risk of facing energy, economic and 

health crises in the near future and of continuing to deteriorate and modify the environmental 

conditions on our planet . Which is largely generated by the current great dependence that we have 

as a society on the use of fossil fuels to produce global energy [1, 2]. The energy supply to be cheap, 

sustainable and friendly to the environment in order to make a transition towards this type of energy 

and reduce the use of fossil fuels, which would help a gradual way to solve the energy problems of 

the planet [1, 3]. 

In this regard, the United Nations Organization (UN) presented in 2015 the 17 Sustainable 

Development Goals (SDGs) [4], whose goal number 7 (Figure 1) establishes: Guarantee access to 

affordable, safe and sustainable energy for all. With which it is intended to promote the growth and 

consolidation of the use of renewable energies (RE), to reduce greenhouse gas (GHG) emissions and 

favor the supply of energy in places of difficult access. This is of great importance since it is known 

that energy production represents approximately 70% of global GHG emissions [4]. Some data 

indicates the following: 

 13% of the world population does not have access to electricity 

 3 billion people cook or heat use polluting natural resources such as wood, coal, charcoal, or 

animal waste 

 energy emits about 60% of global GHG emissions, thus being the highest contributor to the 

effect of climate change 

 iuels for domestic energy produce indoor air pollution which caused 4.3 million deaths in 

2012 of which about 60% were girls and women 

 In 2016, the use of renewable energy increased a further 0.24 percentage points, reaching 

almost 17.5% due to a growth in hydroelectric, wind, and solar energy, which represents the 

fastest increase since 2012 [5] 
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Figure 1. SDGs. Goal 7 affordable and clean energy [4]. 

Therefore, to the extent that the goals of objective 7th for SDGs proposed by the UN are met, this 

will allow mitigating different problems that are directly or indirectly generated due to the production 

and consumption of energy in the world [4]. 

The effects generated on the environment indicate that it is inevitable to initiate and accelerate the 

energy transition to modify the current energy systems to clean, innovative and sustainable 

alternatives [6, 7]. Therefore, the use and transition to RE as an alternative to energy supply is very 

interesting since they are safer, generate less pollution and help mitigate the effects of climate change 

[8]. However, some of this type of energy face unresolved challenges, such as the fact that the energy 

produced must be consumed immediately since it is not possible to store it, in addition to being 

intermittent and seasonal [9]. 

Hydrogen considered the energy of the 21st century, can play a fundamental role in helping to supply 

energy in industry, transport, and energy storage for cleaner energy. This has generated growing 

public interest and political support for hydrogen technologies across the planet [10, 11]. Hydrogen, 

due to its magnificent properties, is considered a type of energy carrier for the ideal sustainable energy 

production for the future [2, 12]. Hydrogen can currently be obtained by different methods from both 

renewable and non-renewable energy sources. For instance, hydrogen used in the transport sector can 

be stored as fuel and used in fuel cell power generation systems [2, 3, 13, 14]. 

The so-called Hydrogen economy seeks a system in which hydrogen is the principal energy vector. 

Furthermore, that hydrogen would be produced primarily from clean and available energy sources to 

reduce and replace fossil fuels currently used in different sectors [1]. 

Hydrogen is a promising candidate for use in new energy sources, as it is a low-consumption, clean 

and flexible secondary energy vector in terms of fuel. Fuel cells (FC) can facilitate the integration of 

hydrogen between renewable energy sources with those of conventional energy. Principally used in 
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transportation, proton exchange membrane fuel cells (PEMFC) have received great attention due to 

their high energy conversion efficiency, high power density, low operating temperature, and eco-

friendly [15]. Hydrogen-fueled PEMFC generate water as a by-product and a low release of residual 

heat. Compared to the enormous environmental problems today's power systems the advantages of 

PEMFCs emerge as a great option [16]. PEMFC are used as clean energy conversion devices, mainly 

in vehicles, portable devices, and stationary power plants [17]. A typical PEMFC consists of a 

membrane, sandwiched by two electrodes (catalyst layers (CL) and gas diffusion layers (GDL)), and 

two flow field plates [18]. The most important component in PEMFCs is the catalyst, since it 

represents approximately 55% of the total cost of the device [16].  

The most used catalyst is platinum (Pt), since it is the most active element for the oxygen reduction 

reaction (ORR) and the hydrogen oxidation reaction (HOR) that occur at the cathode and anode, 

respectively. Pt is a metal with a very high price compared to other metals [18]. 

The high cost of Pt-based catalysts used at both ends of the membrane electrode assembly (MEA) is 

one of the disadvantages of PEMFC. Mainly on the cathodic side, the exchange current density for 

the ORR is around 5 to 6 orders of magnitude slower than on the anode side where the HOR occurs 

[15]. Therefore, the cathode contains between 80 and 90% of the total Pt of a PEMFC [19]. One of 

the main challenges to the mass production of PEMFC is to make more active, durable and cheaper 

cathode catalysts for ORR [15, 20, 21].  

One of the approaches to reduce the cost of PEMFC is to reduce the Pt loading on the cathode should 

be reduced, however, a decrease in the Pt loading on the cathodic side needs a higher amount of 

catalyst to produce the density desired power, which can generate a collapse of the pore structure and 

affect the mass transport properties and cause low performance and instability of the electrode [22]. 

Moreover, the use of high surface area materials as support material is one of the approaches used to 

reduce Pt loading and increase its stability and utilization efficiency in Pt-based catalysts for ORR 

[23].Therefore, several important factors must be taken into account, such as the Pt load charge, the 

shape of the nanoparticles, the particle size distribution,  the distance between particles, the 

electrochemically active surface area (ECSA), the support effect and the anchoring mechanism of the 

catalyst NP the development of efficient and durable ORR nanocatalysts [24, 25]. 

The accelerated development of science in the science of materials and nanotechnology has allowed 

great advances in Pt catalysts to improve their catalytic activity. Some research on catalysts has 

focused mainly on strategies to try to lower the cost, and improve the activity and stability of catalysts. 

Among the different approaches are [18, 25-30]:  the adjustment of the controlled particle size, the 

crystal morphology, the exposure of high index facets [27-29], the alloying of Pt with other metals 
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Pt-M (M= non-noble metal), and choose a suitable support (Figure 2a) with high resistance to 

oxidation and with strong interactions between the NP and the support which could optimize the ORR 

activity of Pt catalysts [22, 31]. 

The results of different studies have made it possible to determine that platinum nanocrystals alloyed 

with some transition metals can present a higher ORR performance compared to platinum. Pt-based 

alloys have generated great interest not only because it is possible to reduce the amount of Pt, but also 

because of the properties produced by the alloys between Pt and transition metals [32]. This type of 

Pt-M alloys (M= Ni, Co, Fe, Sn, Cu, Al) have been widely investigated due to their modified 

electronic structure and surface chemistry [30]. Among the different stoichiometries in alloys, the 

Pt3M structures are of great interest because their electronic structure [33] improves catalytic activity 

and stability [34]. Furthermore, alloy design also allows the development of special morphologies of 

Pt catalysts thanks to their diversity of structural evolution is possible to obtain structures: core/shell, 

nanotubes, nanocages, hollow nanostructures, nanowires, nanoplates, nanocages, etc. (Figure 2 b), 

[22, 35-37]. One of the most studied structures is the formation of a platinum-rich shell during catalyst 

evaluation, which protects non-noble metals from acid corrosion of the cell [38]. 

 

Figure 2. Strategies to favor the activity towards the ORR of Pt catalysts through modifications of size, crystal 

structure, electronic structure, and metal-support interaction [31]. (b) Graphical representation of different 

morphologies alloys of Pt with transition metals to improve the ORR. [22, 35-37]. 
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Prof. Stamenkovic's group has carried out theoretical studies that evaluate the behavior of the d-band 

center in some Pt alloys with transition metals (Ti, V, Fe, Co and Ni) in relation to their catalytic 

activity [39]. They found that “the optimized catalytic activity is due to the balance between the 

adsorption energy of the reactive intermediates and the surface coverage of the bystander species 

(blocking). This electrocatalytic tendency explains the active pattern of Pt3M and lays the 

fundamental basis for the catalytic enhancement activity. Therefore, it is possible to further enhance 

the activity of Pt-M alloy catalysts by tuning the electronic properties of nanoparticles based on these 

trends with designed nanoscale surfaces” [39]. Furthermore, different types of metals such as 

transition and rare earth metals have been widely explored. [40]. The catalysts with this type of metals 

presented a better activity and durability against ORR due to the effect of the ligand and compression 

stress. Among the metals used, Fe, Co, and Ni were shown to form the best alloy systems with Pt in 

addition to a lower cost also due to the improvement in catalytic activity (Pt3Co~Pt3Fe>Pt3Ni) [32]. 

For these reasons, these catalysts have been widely studied and reported in the literature. 

The morphology and size of the NP are very important factors to optimize a catalyst. In addition, by 

reducing the particle size, the relationship between surface area and volume increases. This effect 

generates more sites where the catalysis phenomenon can occur. In this way, nanoparticles are 

optimized for any heterogeneous catalysis process, including ORR. However, another aspect to 

consider is the shape of the nanoparticles. In this sense, a morphology that presents a large number 

of corner or edge sites can produce an improvement in the catalytic activity [41]. In this regard, the 

Pt3Ni system is undoubtedly the most extensively studied [26, 42]. For said system, most of the 

literature indicates the use of oleylamine (Oam) as a reducing agent and surfactant (size controller) 

[43-45]. 

Another factor that influences the activity and durability of catalysts towards ORR is the support 

material. The strong interaction between the support materials and the metallic nanoparticles present 

in the catalysts can influence the catalytic activity, this has been widely studied in heterogeneous 

catalysis [46, 47]. In this sense, carbon materials, such as carbon black, carbon nanofibers (CNF), 

carbon nanotubes (CNT), and graphene, have been studied as support materials for catalysts toward 

ORR in fuel cells due to its characteristics such as high electronic conductivity and large surface area 

[48]. 

Therefore, in the present study it was decided to explore two factors capable of modifying the activity 

and stability of the catalyst. Therefore, in this study the use of Oam was chosen in the synthesis of 

NP because it performs two functions, that of a reducing agent and that of allowing non-spherical 

structures t obtained morphologies with a structure well defined. In this sense, there are reports that 
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it is possible to obtain Pt3Ni nanoparticles with controlled morphology [49]. In addition, the use of 

different carbon material supports, such as CNT, and CNF is proposed to support the nanoparticles 

and evaluate the catalysts obtained [50]. 

1.2 Research question 
Is it possible to synthesize bimetallic PtNi nanoparticles obtained by a simple hot injection synthesis 

of metal precursors with Oam with a morphology and nanometric size that favor the oxygen reduction 

reaction? 
Is it possible to support previously obtained PtNi nanoparticles in different carbon-based materials in 

their pristine form by a simple impregnation method? 

How the catalytic activity of PtNi catalysts supported on pristine carbon-based materials will be 

modified and compared with a Pt/C catalyst to determine if the effect of the support material produces 

a lower, similar or higher catalytic activity in the catalysts towards the reaction of oxygen reduction? 

1.3 Objectives 

  1.3.1 General objective 

 Evaluate the effect of different pristine carbon materials as support in bimetallic PtNi 

catalysts towards the ORR in half cell. 

   1.3.2 Specific objectives 

 Synthesize polyhedral PtNi nanoparticles through the hot injection method of metal 

precursors with Oam. 

 Prepare catalysts with the synthesized PtNi nanoparticles supported on each of the carbon-

based materials proposed in this study. 

 Analyze the physicochemical characteristics of the materials obtained by different techniques 

such as x-ray diffraction (XRD), scanning electron microscopy SEM, energy dispersive x-

ray spectrometry, (SEM-EDS), and transmission electron microscopy (TEM). 

 Evaluate the catalytic activity towards the ORR of all the catalysts by electrochemical 

evaluation techniques. 

 Based on the results, determine which catalyst with pristine carbon support is the best 

candidate to be used as a catalyst towards the ORR. 
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1.4 Status of the problem and context 
The slow kinetics of the ORR and the degradation of the support material commonly used in catalysts 

decrease the performance of the proton exchange membrane (PEM) fuel cell, these are some of the 

great challenges of this type of devices. Research in this sense focuses on designing more active, 

selective, durable and economical catalysts for ORR. There are different approaches to solve the 

challenges presented by catalysts for ORR. Of all the elements in the periodic table, Pt is the best, 

however it has some drawbacks such as its high price and scarcity. This is why it is sought to reduce 

its use without sacrificing the performance of the catalysts. Some of the approaches to improve 

catalysts today are using 3d non-noble metals to form alloys with Pt as well as using carbon support 

materials with improved structure to extend the useful life of the catalysts. Some very interesting 

options in this sense are some carbon-based materials such as graphene, CNT or CNF, among others. 

1.5 Description of the solution 
Design platinum-based catalysts to optimize the ORR reaction. 

Synthesize bimetallic catalysts based on Pt supported on CNT and CNF. 

1.6 Justification 
This project aimed to determine the adequate synthesis conditions to obtain polyhedral PtNi 

nanoparticles with a ratio (75 wt. % Pt and 25 wt. % Ni), using the synthesis technique known as hot 

injection which allows thermochemical reduction in which Oam was used as surfactant and reduction 

agent. After performing several syntheses, it was possible to establish some very important 

parameters such as temperature and reduction time in the synthesis of nanoparticles, which is 

described in more detail in the part of the experimental development of the synthesis to obtain 

polyhedral nanoparticles. PtNi. On the other hand, the central objective of this study is that once the 

polyhedral PtNi nanoparticles have been obtained, deposit them in the pristine carbon-based materials 

to determine the effect of the support material regarding the catalytic activity of the bimetallic PtNi 

catalysts compared with the Pt/C catalyst used as reference. 
Another important aspect to mention regarding the synthesis of the PtNi nanoparticles is that the 

reagents were used as they were received without any type of modification, in order to carry out a 

versatile synthesis that did not involve additional steps in the purification or treatment of the reagents 

metal precursors (which would make a longer and more expensive synthesis in terms of time, energy 
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and money). As well as carbon-based support materials were used in their pristine form to continue 

in the line of obtaining PtNi bimetallic catalysts with a versatile process, as simple and economical 

as possible. 

Once the synthesis parameters were established, polyhedral nanoparticles with a defined morphology 

and particle size were obtained. Subsequently, the nanoparticles were deposited on the proposed 

support materials (CNT and CNF) by typical methodology used for the deposition of Pt nanoparticles 

on Carbon Vulcan XC-72R (Pt/C). Vulcan carbon is widely used as a support material for Pt/C 

catalysts as a reference in the study of ORR catalysts. It is important to highlight that the Vulcan 

carbon used underwent a thermal treatment to eliminate impurities. The nanoparticles were deposited 

on each of the carbon-based support materials used in this study evaluate the activity of the catalysts 

towards the ORR. 

The physical characterization study of all the PtNi synthesized materials was also carried out using 

techniques such as TEM, SEM, EDS, XRD and the electrochemical evaluation of all the catalysts to 

determine the specific activity (SA) and mass activity (MA) catalytic activity parameters. The catalyst 

supported on the different proposed carbon materials that presented the best results was the PtNi/CNT 

catalyst, since it presented a catalytic activity very similar to that of the Pt/C catalyst used as a 

reference in this study. 

1.7 Organization of the thesis 
This doctoral thesis project is made up of four chapters that together address the synthesis, 

characterization and performance evaluation of polyhedral PtNi catalysts supported on pristine 

carbon-based materials. 

In chapter 1, the introductory section, an overview is presented about the energy carrier that is 

hydrogen, fuel cell technology in a very general way as an introduction. Very important issues of this 

thesis are also addressed, such as the research question, the objectives, the status and context of the 

problem, description of the solution, justification and the organization of this thesis. 

In chapter 2, the general global energy panorama and that of Mexico are addressed, the concept of 

the hydrogen economy and a possible use in energy systems to introduce hydrogen to the supply chain 

of current energy systems are also analyzed. In addition, fuel cell technology and its components are 

addressed in general. Focused on the promising type of PEMFC and its components, the reactions 

involved in the PEMFC. An overview of catalysts that are used for the ORR is described and some 

of the most important factors that can influence catalytic activity are addressed. It also addresses the 
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important aspect of the use of support materials for carbon-based oxygen reduction catalysts, some 

factors that influence catalysts related to the support material, CNT and CNF as support material. 

Chapter 3 deals with the general experimental methodology for the synthesis of polyhedral PtNi 

nanoparticles. Some considerations for the synthesis, the procedures for the preparation of the 

material, reagents and the observations found during the experiments are described. The synthesis of 

the catalysts was carried out using Oam as reaction agent. The reagents and materials used in the 

synthesis are mentioned. Considerations in the preparation of the solution of metal precursors with 

Oam for hot injection. The experimental procedure, washing and drying to obtain the polyhedral PtNi 

nanoparticles obtained and some of the factors involved in the synthesis are described. The deposition 

of PtNi nanoparticles on pristine carbon-based materials (CNT and CNF) is described. Finally, the 

techniques used for the physical characterization and electrochemical evaluation of the materials 

obtained are described in a general way. 

Chapter 4 presents the results and analysis of the physical characterization of the nanomaterials 

obtained to observe the properties of the nanoparticles obtained; specifically in its morphology and 

particle size. The results and analysis of the electrochemical evaluation of all synthesized catalysts 

that were dispersed on the pristine carbon-based support material are also presented. This evaluation 

allowed to determine the catalytic activity of the materials obtained towards the ORR and to choose 

the most active catalyst that is a possible candidate to be used as a cathode in fuel cells. 
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CHAPTER 2. Background 

 2.1 Global and Mexico energy perspective  
Currently, the use of energy is essential in our lives and is necessary to carry out our daily activities. 

However, largely due to this, the energy crisis is intensifying, since there is a constant increase in 

energy consumption and demand worldwide [1, 51]. More than 80% of the supply of all the energy 

that is consumed worldwide is obtained mainly from fossil fuels such as oil, natural gas and coal [1, 

52]. The world's expanding population and the relentless desire of human beings to improve their 

standard of living continue to result in a high demand for energy since 1950. Global energy 

consumption is projected to peak in 2035, while it is projected that the world economy enters a long 

depression after 2040 [1]. Currently, the world's major economies are highly dependent on fossil 

fuels. However, this over-reliance on fossil fuels has created a critical global challenge in today's 

economy as oil reserves dwindle rapidly [1, 12]. It is speculated that current fossil fuel reserves will 

support around of four decades for oil, six decades for natural gas, and around a century and a half 

for coal. [53]. The world was in for a big surprise in 2008 when oil prices skyrocketed [1]. 

Due to the current consumption of fuels, the perspective is that the cost of fuels will continue to 

increase and the current reserves will continue to decrease until a possible depletion in a certain period 

[1]. This situation is a global problem for energy and economic security. In addition to presenting 

adverse effects on the environment, during its use, GHG and other pollutants are released, which 

contribute greatly to global warming [1, 16]. 

Currently, there are different sources of energy worldwide and they are classified into energy stored 

in fuels and energy associated with renewables sources. Since the industrial revolution, the chemical 

energy stored in fuels has been used as the main source of energy [54]. Figure 3 shows the panorama 

of the energy supply over the last three decades, which is dominated by non-renewable energy 

sources. Currently, fossil fuels generate around 81% of the energy generation in the world comes 

from different sources such as coal, natural gas, hydropower, nuclear power, RE, and biofuels 

(International Agency of Energy (IEA), 2020). 
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Figure 3. The primary energy supply by energy source in million tons of oil equivalent (Mtoe) over the last 

three decades (IEA, 2020). 

The current climate and economic crisis generate the need for a rapid transition to cleaner energy 

production systems. The Intergovernment Panel on Climate Change (IPCC) [55], established for the 

year 2050, RE must supply between 70% and 85% of the world's electricity. Therefore, annual 

investments in RE, and energy efficiency, must be multiplied by a factor of 4 to 10 compared to 2015 

to mitigate global warming to 1.5 °C. Unfortunately, today's transition is happening at a slower pace 

than necessary. A special IPCC report [55] estimates that current actions for decarbonization and 

mitigation of harmful effects on the environment will result in global warming of approximately 3°C 

by the year 2100, leading to increased warming from that moment. Because of this, there is an urgent 

need to spread the large-scale deployment of RE technologies. However, this is limited by different 

restrictions, such as economic, socio-cultural, and institutional, among others. In this sense, the recent 

global pandemic (COVID-19) generated a global impact that has affected all sectors. This crisis has 

shown us the fundamental role of energy systems in development and that current energy markets are 

vulnerable. The governing’s in the world face the need to generate economic recovery plans that help 

the economic and energy infrastructure for a sustainable future. This is an unprecedented opportunity 

that, if taken advantage of, can favor the fulfillment of the economic and climatic objectives set in the 

short, medium, and long term [55]. 
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Power generation plants produce a large impact of damage to the environment, since they generate 

GHG emissions, such as carbon dioxide (CO2), volatile organic compounds, sulfur oxides (SOx), 

nitrogen oxides (NOx) and carbon monoxide (CO), [54]. Gas emissions produced by this type of plant 

are classified as: GHG and aerosols. GHGs are compounds generated by natural and anthropogenic 

activities, which contribute to the GHG effect [16]. Global GHG emissions are presented in Figure 4, 

showing a similar trend to Figure 3 for primary energy supply (IEA, 2020). Most of the global CO2 

emissions worldwide are generated by the consumption of heat and energy around 40%, transport 

25%, and industry 20% [54]. 

 

Figure 4. Global CO emissions per sector for electricity generation [Source: International Energy Agency IEA, 

2020]. 

In 2015, 17.5% of final energy consumption came from renewable energy. Levels of carbon (CO2) 

and other GHG in the atmosphere rose to record levels in 2019. Global CO2 emissions have increased 

by almost 50% since 1990. Between 2000 and 2010, there was a larger increase in emissions than in 

the previous three decades. GHG emissions are estimated to decrease by around 6% in 2020 due to 

traffic restrictions and the economic downturn caused by the COVID-19 pandemic. However, this 

decrease is only temporary. Climate change is not going to stop. Since it is estimated that once the 

world economy begins to recover from the pandemic, emissions will return, even to higher levels 

[55]. 

The historical world energy consumption of the last 20 years has presented a growing trend, which is 

probably related to the increase in population. In addition, the three main world energy sources are 

oil, coal and natural gas and despite the fact that renewable energies are in last place, it is possible to 



13 
 

observe how these are beginning to gain ground (Figure 5), because some European countries that 

have set themselves the goal of eliminating energy dependence on non-renewable sources [56]. 

 

Figure 5. Renewable energy consumption and share in total energy consumption 1990–2018 [IEA]. 

The countries with the world's leading economies are expected to assume a crucial role in the energy 

transition since their scientific and technological capacity in several of them provides them with the 

capacity to develop renewable technologies. Since it is expected to double the electricity demand in 

the coming years in these countries. In other words, the energy systems of these nations have the 

opportunity to transition to sustainable, clean, and innovative energy more quickly [54]. 

In this sense, some developing countries have begun to include RE technologies as part of their 

development strategies for decarbonization and sustainable development agendas. Recently, these 

nations have increased their investments in this type of technology. The problems economic at the 

global level generated due to the COVID-19 pandemic could compromise future investments in RE 

projects. Therefore, it is important to properly select the investments that favor and guarantee a 

successful transition towards sustainable RE systems [55]. 

To reach a sustainable global energy system it is necessary to integrate RE. Therefore, it is necessary 

to integrate three key changes to ensure sustainable energy development: 

 GHG emission reduction. 

 Substitution of energy based on fossil fuels with RE. 

 Improving energy efficiency [57]. 
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In 2020, RE accounted for around 30% of the combined global electricity generation, compared to 

around 20% in 2009. Nevertheless, around 70% in the energy sector is based on fossil fuels. The 

positive in the energy industry is that RE capacity grew by more than 256 GW, at the end of 2020, 

the largest increase in history [17]. 

The total global RE capacity was 2,799 GW at the end of 2020. Of which, total hydropower was 43%, 

while wind power and total solar power contributed equal amounts of 26% each, respectively. The 

remaining 5% was from other RE sources including bioenergy, geothermal energy, and marine energy 

which are shown in Figure 6 [17]. 

 

Figure 6. Overall capacity of renewable sources worldwide (International Renewable Energy Agency (IREA), 

2021), [17]. 

 New power generation capacity from RE in 2020 is shown in Figure 7. This is due to: Solar power 

leads the way with around +130 GW, followed by wind power with +111 GW, hydroelectric power 

(around +20 GW) , bioenergy (+3 GW); geothermal (+0.151 GW); and marine energy (+0.002 GW) 

(IREA, 2021), [17]. 
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Figure 7. Global increment of generated power from renewable sources in 2020 (IREA, 2021), [17]. 

Figure 8 shows the top 10 nations with the largest installed capacity for RE-based power generation 

in 2020. Of which China leads the most RE capacity, followed by the US, Brazil, India and Germany. 

(Global Status Report, 2021; Statista, 2021a). 

 

Figure 8. Renewable energy capacity in 2020: the top ten countries (Global Status Report, 2021; Statista, 

2021a), [17]. 
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For a sustainable post-COVID-19 global recovery, changes in economies and energy systems are 

expected to face the effects of global warming in the medium and long term [55]. Currently the global 

production and supply of energy depends on the majority use of fossil fuels since they constitute 

about 65% of all the energy generated. In general, the global energy system brings various effects 

that contribute to climate change and generate a large number of negative impacts on the environment. 

On the other hand, the current energy supply generates a series of serious socio-economic problems. 

Figure 9 shows GHG emissions from the electricity sector in the US that come from energy supply 

for different sectors [17]. 

 

Figure 9. Emissions of GHG by the power sector in the USA (U.S.E.P. Agency, 2021), [17].   

However, the lack of knowledge and awareness about the advantages of RE, the uncertainty about 

the financial viability, and the environmental benefits of projects involving the installation of RE in 

some regions and sectors of the world generate rejection of the people to switch from traditional to 

renewable energy sources. People's perception that RE technology is very expensive is another 

problem they face. Because most of this type of technology requires a large initial investment and 

long-term viability is not evaluated [17]. 

The use of RE presents different benefits that would reduce the impact generated by fossil fuels, such 

as reducing GHG emissions and mitigating the adverse effects on the environment and thus generating 

sustainable energy systems that are friendlier to the ecosystem [17]. Different studies mention that. 

The consumption of renewable energies can reduce CO2 emissions in the electricity industry by 

approximately up to seventy in the middle of the twenty-first century compared to the current ones. 

In this sense, a large number of countries plan a renewable transition by 2050. Figure 10 shows the 

expected reduction in GHG emissions in the world during the transition 2015-2050 [17]. 
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Figure 10. Prediction of GHG emissions in the world during the transition 2015-2050 [17]. 

Mexico is one of the members of the oil-producing countries of the Organization for OECD [58]. It 

faces some challenges regarding its ability to transition to the use of RE and has maintained a growing 

tendency to use mainly oil and natural gas. Oil in our country is basically used for the transportation 

industry, in contrast to natural gas, which is used to generate electricity. In a similar way to what 

happens worldwide, in Mexico most of the energy resources are destined to the transport, industrial 

and residential sectors [58]. 

It is very important to decrease the almost exclusive use of fossil fuels to favor the use of technologies 

that allow taking advantage of renewable energies and with these produce the majority of the energy 

demand of the population in Mexico, and with this mitigate the unwanted negative effects that it 

generates the use of fossil fuels [59]. 

By the 2013 Energy Reform and the 2015 Energy Transition Law, a strategy was established for 

Mexico to generate decarbonization of the electricity sector and the following objectives were 

established for the clean energy transition: 35% of total electricity production must come from clean 

energy by 2024; 37.7% by 2030; and 50% by 2050 [58]. 

Mexico's objectives towards the transition to clean energy production are part of the international 

commitments of the SGD and the Paris Agreement. In this way, Mexico's commitment is to achieve 

an increase in the participation of renewable energy sources in its power generation matrix to reduce 

GHG emissions by 22% from current levels by 2030. This would mean a reduction in 31% of 

emissions from the electricity sector [59]. 

The Secretary of Energy (SENER) established that an increase in the use of variable renewable 

energies will be promoted to achieve the energy transition. SENER forecasts the installation of 26.2 

GW of wind and photovoltaic solar energy from 2018 to 2032, with which it is expected by 2030 that 

17% of total electricity generation will be generated by these sources [59]. 
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The total capacity in Mexico in 2017 was 70.5% for conventional energy and the remaining 29.5% 

for clean energy. Although fossil fuels are still the most widely used, there has been an increase in 

clean energy sources. In this sense, the government estimates that the electricity sector promote the 

use of clean energy for the next decade. SENER has stipulated the installation of 66.91 GW between 

2018 and 2032, of which 55% will be technologies based on clean energy [59]. 

An increase in the installed capacity of RE sources is estimated, with an average annual growth rate 

of 6.1% until 2032. Regarding wind and photovoltaic solar energy (PV), a higher increase is expected, 

with growth rates of 10.2% and 13.5%, respectively [59]. Figure 11 shows changes in clean energy 

capacity in Mexico between 2007 and 2017 and predictions from 2018 to 2032. Therefore, a large 

advance in RE in the country for the next decade [59]. 

 

Figure 11. Evolution and forecast of clean energy capacity in Mexico 2007–2032. The dotted line separates 

real data from the future energy forecast (SENER). 

Figure 12 (a and b) shows the 2019 data corresponding to the final consumption of renewable energy 

by sector and the final consumption of renewable energy corresponding to each of the technology 

with which said energy was produced in Mexico. The highest consumption of renewable energies 

was in the residential sector with more than half of the RE consumed, followed by the industrial sector 

with a quarter and in a proportion of less than 10% the commercial sector, in this regard it would be 

important to increase the consumption and the development of all sectors, both industrial, 

commercial, transport and others that allow a faster transition and thus favor the development of RE. 
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While the highest consumption of RE in the country was that produced from solid biofuels with more 

than half, followed by hydropower with less than 20% and 10% wind power, in this sense we consider 

it important to support the development of all the RE that can be exploited in the country depending 

on each of the regions where they are developed, but above all those that are cleaner, such as solar 

and wind power mainly (IRENA). 

 

Figure 12. (a) Final RE Consumption by Sector and (b) Final RE Consumption by Technology in Mexico in 

2019 (IRENA). 

The reduction in the costs of clean energy technologies, such as wind and solar, in addition to the 

momentum generated by the Paris Climate Agreement [5] and SGDs [4] has driven a shift towards a 

renewable energy future. Solar and wind energy are fundamental to achieving the energy transition. 

Developing countries are expected to promote increased investments in ER and increase their 

installed capacity since it is necessary to further exploit the potential of ER in this kind of nations.  

There are several advantages that hydrogen offers to provide economically viable, business, social, 

and energy-efficient alternatives to mitigate issues related to the increase in energy demand 

worldwide, including global warming [60]. In this sense, hydrogen and FC can facilitate the transition 

towards obtaining clean and sustainable energy since FC can be used in transport and energy storage 

services [10]. 

2.2 Hydrogen Economy 

Hydrogen is considered of the fuel of the future. Currently, the world is seeking to obtain clean 

energy. ER have some advantages over conventional energies as they are safer, generate less pollution 

and help mitigate the effects of climate change. However, the global energy system is based on fossil 

fuels. For this reason, other sources of cleaner generation are sought, in this sense, and the way of 

adaptation to favor the obtaining of clean and renewable energy [8]. 
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Interest in hydrogen has increased worldwide as an option to generate new global energy markets. In 

this sense, different countries have established strategies to develop and promote the hydrogen value 

chain. To achieve the decarbonization of current energy systems, hydrogen has a fundamental role to 

mitigate global warming and meeting the global goals of international agreements for 2050. But it is 

still necessary to face some challenges in the production, transport, and storage of hydrogen [1]. 

The processes of the energy system are currently adapted to work with fossil fuels, so adapting to 

other types of RE technologies is not an easy task. That is, a gradual conversion must be carried out. 

In order to exploit the potential of hydrogen as a fuel, it presents a technological challenge, since most 

of them represent problems of performance, capacity or even dimensions. There are also 

sociopolitical challenges since to carry out this transition, not only the conditions of each country 

must be considered, but also strategic areas for the generation, storage, and transportation of hydrogen 

[8]. 

The idea of a system in which hydrogen is the main energy carrier is known as the "Hydrogen 

Economy". John Bockris was the first person to use this term during his 1970 presentation at the 

General Motors Technical Center. The primary goal of the hydrogen economy is for hydrogen to be 

produced primarily from available energy sources to reduce and eliminate the use of fossil fuels that 

are currently used in the transport, industrial, residential and commercial sectors. The hydrogen 

economy is intended to be an alternative to problems related to today's global energy crisis, including 

[1]: 

 Global environmental issues. 

 Depletion of natural resources. 

 Food shortage and malnourishment in the third world nations. 

 The expanding growth of the world population. 

 

There are economic problems related to dependence on fossil fuels, and the transition to a hydrogen 

economy would bring various benefits to the environment, energy security, economics, and 

consumers. However, the transition to a hydrogen economy faces different scientific, technological, 

and socioeconomic obstacles. On the other hand, the low density of hydrogen, presents a challenge 

since this makes its storage one of the main challenges of this technology. Refineries and chemical 

industries generally use hydrogen, although its production, storage, and delivery costs are too high. 

The advantages of the hydrogen economy are so attractive that various countries in the world are 

investing to improve the prospects of the energy system. For instance, in 2003, the High-Level Group 

for Hydrogen and FC Technologies of the European Commission mentioned that by 2050 the 
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European Union should achieve a hydrogen-based economy and estimated that 35% of new vehicles 

will be fueled with hydrogen carbon-free by 2040 [61]. 

Currently, the distribution of hydrogen represents high costs. The main modes of hydrogen delivery 

depend heavily on storage methods, whether gaseous, liquid, or material-based. Also, the delivery 

method can be chosen depending on other factors such as the geographical area or commercial, the 

population density, and the size of the service stations, among others [61]. 

The FC are devices that allow to generate energy from hydrogen. FC can be classified according to 

the type of electrolyte and its operating temperature: alkaline fuel cell (AFC), phosphoric acid fuel 

cell (PAFC), proton exchange membrane fuel cells (PEMFC), solid oxide fuel cell (SOFC) and 

molten carbonate fuel cell (MCFC). FC whose operating temperature (<200 °C) are considered low 

temperatures require catalysts, mainly using Pt in both electrodes. Depending on the type and power 

of the FC, the electrical efficiency can be between 50% and more than 90% if the heat is recovered 

since the reactions in the core of the cell are exothermic. PEMFC are a promising option that can be 

applied in transportation, and energy cogeneration, among others [62]. 

Currently, some research aspects of FC are [61]: 

 Increase the operating temperature of the electrolyte to improve its performance and reduce 

its cost. 

 Develop new catalysts that are more active, durable, and economical. 

 Furthermore, to integrate the FC in the vehicles, it is necessary to optimize different 

conditions of operation and functioning of these. 

2.2.1Introduction of Hydrogen to production and use energy 

systems 

Due to the different mentioned advantages of hydrogen to mitigate problems related to the growing 

global energy demand [60]. It is necessary to favor a transition towards a renewable energy system, 

with innovation and sustainability from the current energy systems [7]. 

The role of hydrogen in the energy transition is essential since it can adapt or replace technologies 

used in traditional energy systems. Figure 13 presents an overview of hydrogen systems with their 

potential within the energy transition [6]: 
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Figure 13. Importance of hydrogen in the transition to face climate change [6]. 

The use of hydrogen has a wide field of application and can be introduced in the sector of renewable 

energy sources. On the other hand, hydrogen can be used in electricity generation to store intermittent 

ER, which is one of the main disadvantages of ER [7, 60].   

To fully develop the hydrogen economy, well-established systems are needed, including obtaining, 

production, consumers (3S approach), storage and routes to distribute hydrogen. Among the 

advantages of hydrogen are the almost total reduction in GHG emissions and other types of gases that 

contribute to global warming. Among these are NOx, SOx, and the particles that cause smog. Energy 

security can be enhanced by the hydrogen economy, as local, safe, reliable, and available energy 

sources can be harnessed for the production, distribution, storage, and end-use of hydrogen [63]. 

2.2.2 (3S) approach to hydrogen 

The 3S (source-system-service) approach can be applied to hydrogen power systems which will allow 

a sustainable system to mitigate global warming, since hydrogen energy systems must consider all 

available energy sources and materials, to a system that includes obtaining, storing and distributing 

hydrogen, to the consumer, for example fuel cells, electrolyzers, among others. This approach is 

depicted in Figure 14 [6]: 
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Figure 14. 3S approach to hydrogen energy systems [6]. 

Hydrogen is a flexible option that has various advantages that make it a great alternative for an energy 

transition that allows achieving energy security capable of supplying the growing demand of different 

sectors such as transport, industry, and residential, among others. For these reasons, hydrogen is 

considered the energy of the future. 

It is necessary to guarantee an energy transition that allows reducing and subsequently eliminating 

the negative impacts of the current energy system that has contributed, among other problems, to 

global warming, in order to generate a sustainable global energy future [6]. The RE together with the 

hydrogen economy must integrate a well-developed energy production, supply and storage system 

that allows clean, economic and sustainable energy at a global level. 

Some of the RE still present a challenges to be developed on a large scale due to different aspects, 

mainly technological and economic, which to a certain extent can limit the development towards an 

energy transition in its entirety, in this situation at the beginning they can continue to be used 

traditional systems for obtaining energy but seeking to optimize them to reduce their negative impacts 

on the environment and, as far as possible, should complement other RE technologies towards a 

favorable transition to the hydrogen economy. It will be possible to advance in the energy transition, 

as technological and scientific advances allow the development of more efficient and lower-cost 

processes to obtain sustainable energy on a global scale in which the hydrogen economy together 

with RE can supply and guarantee the energy supply in an affordable, clean and sustainable way 

without compromising the environment and the natural resources of the planet [6, 63] 
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2.3 Fuel cells  
FC are devices that convert chemical energy available in a fuel directly into energy through an 

electrochemical reaction between the fuel and oxygen (O2), generating electrical energy, CO2, H2O 

and a certain amount of heat [54]. 

In 1839, William Grove carried out the reverse electrolytic reaction of water to generate electrical 

current and manufactured the first fuel cell. Later, around 1890, L. Mond and C. Langer assembled a 

fuel cell and introduced the term fuel cell. Around 1930, F. T. Bacon developed an AFC. In the 

1960’s, NASA first used fuel cells for aviation missions. In 1972, Dupont made a breakthrough by 

developing the Nafion membrane, which is a polymer electrolytic membrane for fuel cells, which 

enabled a major advance in fuel cells [64, 65]. In 1993, Canada's Ballard Power System introduced 

PEMFC first electric vehicle. In 2015, Toyota's Mirai car was sold in Japan. Figure 15 shows the 

timeline of progress in FC development [66]. 

 

Figure 15. Timeline of FC research progress [66]. 

2.3.1 Fuel cell components 

Two electrodes make up a single cell (anode cathode). The fuel travels through the anode (bipolar 

plates (BP)) and at the same time as the oxygen passes to the cathode [54, 64]. Figure 16 shows an 

illustration of a FC [54, 67]. 
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Figure 16. Representation illustration of a PEMFC [67]. 

The process between the cathode and the anode in a fuel cell occurs as follows the electrons travel 

from the anode side through an external circuit to the cathode side. While, the protons pass through 

the electrolyte and reach the cathode. Electrons, protons, and oxygen reach the cathode where a 

reduction reaction eventually occurs. FC have different operating advantages that make them very 

attractive for use [54]. 

Hydrogen has superior electrochemical reactivity compared to other fuels. [64]. The fuel goes to the 

anode side, at the same time that the O2 goes to the cathode side. The anode, membrane, and cathode 

must be connected to allow the flow of electrons. Due to the movement of electrons on the electrodes, 

it only generates the production of thermal energy. The flow of electrons will only occur when the 

external circuit is connected, that is, the circuit is closed. On the other hand, ions move across a 

membrane which allows charge flow and has a different relationship with membrane conductivity 

[61, 62]. 
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It is needed that the electrode components in fuel cells have good electrical conductivity and 

considerable chemical stability under operating conditions. In addition, the electrolyte is expected to 

mediate the electrochemical reactions that occur at the electrodes through the conduction of a specific 

ion, and allow the anode and cathode gases to be effectively separated [54]. 

The FC can be classified according to the type of electrolyte used, and mainly the operating 

temperature. There are different types of electrolytes for FC, both in a solid and liquid state. These 

electrolytes can function at high or low temperatures. FC operating under low-temperature conditions 

require a catalyst to speed up the chemical reaction [61, 62]. Table 1 shows a classification by fuel 

type, operating temperature and electrolyte type of the different fuel cells [2]: 

Table 1. Classification by operating temperatures and type of electrolyte of different types of FC [2]. 

FC type Operating 

temperature 

(°C) 

Electrolyte Charge 

carrier 

Catalyst 

anode 

Fuel for the 

cell 

Electrical 

efficiency 

(%) 

Qualified 

power 

(KW) 

AFC 70-100 KOH (aqueous 

solution) 

H+ Ni H2 60-70 10-100 

PEMFC 50-100 Perfluor-

sulfonated 

polymer (solid) 

H+ Pt H2 30-50 0.1-500 

Direct  

methanol 

(DMFC) 

90-120 Perfluor-

sulfonated 

polymer (solid) 

H+ Pt Methanol 20-30 100-1000 

Direct  

ethanol 

(DEFC) 

90-120 Perfluor-

sulfonated 

polymer (solid) 

H+ Pt Ethanol 20-30 100-1000 

PAFC 150-220 Phosporic acid 

(immobilized 

liquid) 

H+ Pt H2 40-55 5-10,000 

 MCFC 650-700 Alkaline carbonate 

(immobilized 

liquid) 

CO2- Ni Reformate or 

CO/H2 

50-60 100-300 

 SOFC 800-1000 Yttria-stbilized 

zircon (solid) 

O2- Ni Reformate or 

CO/H2 or direct 

CH4 

50-60 0.5-100 
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An important characteristic of the electrolyte is its design that allows only the flow of ions but not 

electrons, in addition to serving as a barrier to prevent the reagent from mixing and it also functions 

as a mechanical support for the electrodes. The operating conditions of the FC are determined by the 

type of membrane used. The reaction rate in a high temperature FC is high; therefore, the need for a 

catalyst is less [2, 54, 68]. Some of the benefits of using FC for power generation are summarized in 

Table 2 [32]: 

Table 2. Summary of operational aspects, advantages, and disadvantages of FC [32]. 

Characteristics of FC Benefits 

Energy security FC use locally available fuels therefore reducing the import and consumption of oil. 

Reliability As FC is characterized by high availability and operability, along with minimal 

degradation of <0.1%/1000 h, due to the lower operating temperature, and 

absence of moving parts 

Low operating cost Although of the relatively high capital cost of FC, this is compensated by the 

lower operating cost 

Steady power supply Unlike diesel engines, backup generators, or uninterruptable power supply, FC 

is characterized by the steady current generation 

The broad range of fuels FC can be operated by many types of fuels depending on its availability and 

local cost, in contrast to fossil fuels, which are usually imported 

Eco-friendly FC is ecofriendly technology, the use of FC reduces or eliminates the emission 

of GHG, especially in case of using H2  as fuel or other bio-based fuels 

Quiet operation FC operation is noiseless, enough to be installed indoors; with no need for 

sound-proofing or hearing-protection 

High-efficiency The energy conversion efficiency can reach up to 90% (with 30–40% heat 

recovery), which is much higher than that of diesel engines and gas turbines 

Scalability and 

applicability 

FC are available in a wide range of power ratings from few watts, up to 2 MW. 

Also, it fits well for service in both stationary and portable applications 
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Pt is the most used catalyst in FC, however, this is an expensive and scarce metal [69]. FC face some 

challenges since, to be competitive against other similar devices, their final manufacture must be 

simple and low cost. [54]. PEMFC face some challenges but undoubtedly the most important is the 

slow kinetics of oxygen reduction [70]. However, PEMFC is a promising candidate that can be used 

in vehicle applications, principally [71]. Table 3 summarizes some advantages and disadvantages of 

PEMFC [54]. 

Table 3. Summary of operational aspects, advantages and disadvantages of PEMFC [54]. 

Aspects PEMFC 

Catalyst layer Pt 

Membrane/electrolyte Nafion 

Fuel Optimum operating temperature ~80 °C 

Advantages •Vast power range 

• Easy scale-up 

• Short start-up time 

• High power density 

Disadvantages • Slow oxygen kinetics 

• Heat and water management 

• CO poisoning 

• Requires high purity H2 

Electrical Efficiency a C   50–70% 

S   30–50% 

Power Range 1 W-500 kW 

Applications • Backup power 

• Portable power 

• Small distributed generation 

• Transportation 
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Cost ($/W) 50-100 

a C = Cell, S = system/stack. 

                       

2.4 Proton exchange membrane fuel cell 

The flow of protons from the cathodic to the anodic side is one of the functions of the PEMFC 

membrane. This solid membrane is made of a polymer, some of its operating conditions are 70-90 °C 

of temperature, 1 to 2 bar of pressure, and a voltage of 1.1 V, this voltage increases depending on the 

number of cells used [72]. Equations (1), (2), and (3) summarize the electrochemical reactions in an 

FC of the PEMFC type [54]. 

Anode:      𝐻2𝑔
 → 2𝐻+ + 2 𝑒−                                             (1) 

 Cathode:  1
2

 𝑂2𝑔
+ 2𝐻+ + 2 𝑒−  →  𝐻2𝑂                             (2) 

 Overall: 1
2

 𝑂2𝑔
+ 𝐻2𝑔

→  𝐻2𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + ℎ𝑒𝑎𝑡        (3) 

These devices are a type of technology that turns out to be very promising as energy sources due to 

their portability, low operating temperature and for applications in transportation, stationary 

equipment and portable devices. A PEMFC is an electrochemical device that transforms the chemical 

energy stored in hydrogen as an energy vector and oxygen, directly into electrical energy, using a 

membrane as a separator of the electrodes that allows transport of the protons. After their creation in 

1839 and the use of fuel cells in the space industry, these devices began to have a setback in their 

development, however, in 1970 with the manufacture and use of fully fluorinated Nafion© membranes 

a new interest woke up in the community by such devices developed at the Los Alamos National 

Laboratory, it was able to substantially reduce the amount of platinum used (about 20 times) and 

improve the performance of PEMFC [73]. Transportation, stationary and portable power generation 

are the main applications of PEMFC. In this sense, several fuel cell vehicles (FCVs) and some fuel 

cell buses (FCBs) have been developed in Figure 17 some of these examples are presented [74-76]. 
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Figure 17. Fuel cell vehicles (FCVs) and fuel cell buses (FCBs), [74-76]. 

2.4.1 Components of a PEMFC 

A PEMFC typically comprises a MEA and BP, where the MEA is formed by a gas diffusion layer 

GDL with a microporous layer (MPL), CL, and PEM, (Figure 16), [67]. Also to the expected electrical 

output, electrochemical reactions produce water and heat, which affect the operation of PEMFC. 

Maintaining proper water content and proper operating temperature, through water and thermal 

management, is vital to achieving a desirable balance between sufficient PEM hydration, 

unobstructed reagent delivery, high catalyst activity, and proper component life [77]. 

The HOR and ORR reactions occur at the triple-phase boundaries at the anode and cathode CL, 

respectively. The membrane of a PEMFC is generally of Nafion©, which performs multiple 

functions, such as proton conduction, electronic insulation, and reactive gas separation [26]. The 

function of the CL is to allow and facilitate electrochemical reactions and to provide pathways for 

both reactant transport and electron/proton conduction [77]. 
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2.4.1.1 Gas diffusion layers 

The electrocatalyst layer is essential since it has a great influence on the price of the FC. A PEMFC 

generally uses Pt as a catalyst to primarily promote ORR. In CL the catalyst is bound by a small 

amount of Nafion® [54, 67]. 

The GDL are located between the BP and the electrodes (Figure 16). They are generally constructed 

from porous carbon paper or carbon cloth, (Figure 18 illustrates the role of carbon fiber (Figure 18 a) 

and carbon cloth (Figure 18 b), the porosity of these is clearly observed materials, which allows them 

to provide the access and exit of reactive gases), [78] protected by a thin MPL formed by a 

hydrophobic agent and carbon black powder. Figure 18 c [67] shows the CL between the membrane 

and GDL. The CL contains the Pt nanoparticles distributed on the carbon black surface. The GDL 

fulfills the function of collecting electrons for reactive gases and liquid water. In the catalyst, the 

carbon support provides the electrical conductivity required to deliver the electron to the active 

site of the PEMFC [67]. 

 

Figure 18. SEM micrographs; a) carbon fiber paper and b) carbon cloth [78] and c) schematic diagram of Pt/C 

catalyst structure [67]. 
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GDL perform several functions in PEMFC. In Table 4, the effects of the most important functions of 

the GDL are described [79]. 

Table 4. Main functions of the GDL on PEMFC [79]. 

Functions of GDL Effect on PEMFC 

Reagent permeability Provides access to reagent gas from the flow channels to the CL 

Product permeability Facilitates the exit of water from the CL towards the flow channels 

Electrical Conductivity Provides electrical conductivity from the bipolar plates to the CL or 

from the CL to the BP 

Thermal conductivity Provides efficient heat removal from the MEA to the BP 

Mechanical Strength Provides mechanical support to the MEA in case of reactant pressure 

difference between the anode and cathode gas channels. 

2.4.1.2 Membrane electrode assembly 

MEA acts as a barrier, thus preventing the transport or mixing of substances from one side to the 

other. There are different types of membranes, including cation exchange, anion exchange, and 

porous membranes [29]. PEM is the most important component in this type of technology, hence the 

origin of its name [79]. MEA is formed by the GDL that is an electrical conductor, which allows 

gases to penetrate through it; the CL in which the reduction and oxidation reactions are carried out; 

and PEM that acts as an electrolyte. As far as the membrane is concerned, a polymeric ion exchange 

membrane is typically made up of a cross-linked polymer with fixed ionic groups, of the acid or 

alkaline type, which are covalently anchored to the polymer chains. In the case of cation exchange 

membranes these are negative since when subjected to hydration the membranes dissociate into an 

anionic group bound to the membrane and a cationic group that can move freely [77]. 

For optimal functioning of the MEA in the PEMFC, it must be kept moist at all times. The positive 

ions contained in the membrane are mobile and free to carry positive charge from the anode to the 

cathode. In PEM these positive ions are hydrogen ions or protons (H+). This movement of positive 

charges in a single direction inside the fuel cell is essential for its correct operation since, without the 

ionic circuit formed by the cell, the connection between electrodes and the load, it would remain open 

and no current would flow. The main function of the PEM is to conduct protons from the anode to 
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the cathode. The solid state of the electrolyte gives these cells very important characteristics, such as: 

operation at low temperatures, high current densities and great stability [80]. 

However, the list of requirements that the PEM must meet for its correct operation are several. For 

example, the membrane must efficiently conduct protons. It must be as thin as possible, so that it does 

not affect the flow of protons and minimizes the ohmic drop through it. In addition, the PEM must 

resist acid environments and operating times of at least 10 thousand hours [79]. 

 The most widely used membrane for PEMFC is Nafion©, designed by Dupont incorporated into a 

proton exchange membrane [29, 81]. The chemical structure of Nafion© is presented in Figure 19. At 

the molecular level, Nafion® is polytetrafluoroethylene (widely known as PTFE or teflon©) with a 

chain terminated by a sulfonic acid (𝑆𝑂3
−H+) [79]. Therefore, it can be summarized that Nafion© is a 

material with high mechanical and chemical resistance, which can absorb large amounts of water, 

allowing protons to move within it with a certain degree of freedom; furthermore, its ionic 

conductivity increases as relative humidity increases. Due to these properties, Nafion© is used in the 

construction of electrolytes for polymeric membrane or proton exchange fuel cells. This type of 

membrane is a good ionic conductor, but not an electron conductor, since its organic nature makes it 

a good electrical insulator. Due to this insulating property, the external circuit allows the generated 

electrons to go from the anode to the cathode and thus feed the electrical charge with which it is 

interesting to work. Despite the numerous advantages of the Nafion© material used as the electrolyte 

in the PEMFC; various research groups around the world are working on the development of new 

membranes and membrane composites as lower cost material alternatives, with tolerance to operate 

at high temperatures and lower permeability, to liquid fuels (alcohols), which could expand 

applications for polymeric or PEMFC [82]. 
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Figure 19. Chemical structure of Nafion© [83]. 

2.4.1.3 Bipolar plates 

BP are typically graphite with GFC slotted gas flow channels. Although graphite has high corrosion 

resistance and electrical conductivity, it is also gas permeable and brittle. For these reasons, various 

BP materials have been explored for PEMFCs, such as carbon, aluminum, stainless steel, and titanium 

composites [26, 73, 83]. Due to their characteristics, the metals have been extensively investigated as 

BP's candidate materials for PEMFC. However, an important challenge is corrosion in the acid 

environment, due to the formation of oxidants, passive layers, and metal ions [72, 84]. 

BP represent approximately 80% of the total weight, so an important challenge is to reduce their 

weight and volume (in addition to their cost). The main functions of the BP are to distribute the fuel 

and oxidant evenly over the GDL, provide structural support for the mechanically fragile MEA, 

remove heat, carry current from one cell to another, and carry it out of the cell, avoid the escape of 

gases, as well as facilitate the management of water inside the cell [84, 85]. The name BP is given 

because the flow channels are on both sides of the same plate, that is, one side acts as the anode plate 

and the other side as the cathode plate for the adjacent cell (Figure 20), [85]. 
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Figure 20. Stack components of PEMFC [86]. 

In a stack arrangement of PEMFC, the BP are located between the MEA [86]. Composite materials 

are metal-based and carbon-based composites, depending on the types of filler particles [87]. SEM 

and fabricated BP images (Figure 21), [88]. The essential requirements that bipolar plates must meet 

with respect to the physicochemical characteristics are: 

 A uniform distribution of the reactive gases on the active surface of the electrode. 

  High electrical conductivity values for current collection; high mechanical strength for stack 

integrity. 

 Impermeability to reactive gases for safe operation. 

 Corrosion resistance for long service life. 

 Cheap and easy to manufacture materials [79]. 

 

Figure 21. SEM image and bipolar plate of metal based composite [88]. 
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The technical objectives defined by the United States Department of Energy (DOE) are presented in 

Table 5 [79]: 

Several types of materials are currently used in bipolar plates. The materials mainly studied can be 

classified in [79]: 

 Non-metallic: non-porous graphite/electrography. 

 Metallic: coated and uncoated. 

 Composites: polymer-carbon and polymer-metal. 

Table 5. Technical data for bipolar plates and current collectors defined by the United States DOE [79]. 

Property Value 

Weight <0.4 kg kW-1 

Flexural strength >25 MPa 

Flexibility 3-5% de deflection 

Electric conductivity >100 Scm-1 

Thermal conductivity >10 W(mK)-1 

Gas permeability <2x10-6 cm3 cm-2 s-1  at 

80 ̊C and 3 atm 

Corrosion resistance <1μAcm-2 

Respect to geometric designs of gas flow fields, the most common designs can be categorized into: 

straight parallel, single coil, multiple coil, interdigitated, and bolt type. The most used are the 

serpentine designs, because they allow a good distribution of the gases and it is unlikely that the 

channels will be blocked by water produced in the cathodic reaction [79]. 

2.4.1.4 Electrodes  

The anode and cathode are made of BP that allow the flow of reagents through their channels to the 

FC. Therefore, the design of the bipolar plate geometry is important as it influences the overall 

performance. It is also important in the management of heat and water in the cell [54]. 
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2.4.1.5 Anode and cathode 

The electrode is made up of the components CL, MPL, and GDL. To ensure a sufficient HOR or ORR 

rate, the electrochemical reaction interface, forms the TPB between the ionomer, the catalyst particles, 

and the gas phase. CL is based on catalyst nanoparticles deposited on microscale carbon supports, 

impregnated with thin ionomer films [89]. The ionomer binder allow the transport of protons and 

dissolves the oxygen so that it reacts on the surface of the catalyst. Excess ionomer reduces the gas 

diffusion paths and obstructs the access of dissolved oxygen to the catalyst. Some reports indicate 

that the optimal loading of Nafion© is around 30 wt. % [90]. 

The electrodes are connected through an external circuit, by which the electrons travel from the anode 

side to the cathode side, the generated half-reactions produce a potential difference, and in general 

this process provides the electrical work. [86, 91]. In the cells, both the fuel and the oxidant are 

supplied in the gas channels that the cell casing has BP, and which are located behind the electrodes; 

these gases must be transported to the catalyst through a GDL with pores typically in the micrometer 

range (Figure 22), [66, 87]. 

 

Figure 22. General schematic of PEMFC 1) Fuel inlet 2) Oxidation reaction interface 3) Reduction reaction 

interface 4) Electric current 5) Unreacted fuel recirculation 6) Air inlet 7) Unreacted air outlet [66]. 

Pt is a scarce material in nature which makes it expensive, and it is the biggest drawback in large-

scale commercial development of these devices. The ORR is the limiting factor of the global process 

and the operation of the PEMFC, for which currently the greatest effort is focused on the search for 
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new, stable, economic and selective catalysts in the reactions for PEM, with catalytic activity equal 

to or greater than that of pure Pt [77]. 

Unfortunately, the catalysts used in PEMFC are made up of expensive noble metal materials, so it is 

desirable to use as few of these materials as possible. Therefore, the electrode structures are made 

using a double-layer approach, in which a thin but active catalyst layer between 10 and 30 μm thick, 

consisting of a porous Pt/C catalyst mixture and a polymer (Nafion©), are deposited directly on both 

sides of the surface of an electrolytic membrane [92]. 

2.5 Oxidation-Reduction Reactions in PEMFC 
As previously mentioned in a PEMFC two electrochemical reactions occur; in the anodic part the 

oxidation of hydrogen and in the cathodic side the reduction of oxygen [77]. 

2.5.1 Hydrogen Oxidation Reaction  

The HOR occurs in the anodic side of the FC, with electron transfer electron (e-) and proton transport 

(H+), the H+ produced migrate to the cathode through the polymeric membrane, while the  e- are 

transported through an external circuit. The reaction that takes place at the anode and the standard 

potential at which this reaction occurs vs. the reference hydrogen electrode (RHE) is (Equation 4): 

2𝐻2 → 4𝐻+ + 4𝑒−, 𝐸0 = 0.00 𝑉/𝑅𝐻𝐸              (4) 

From the kinetic point of view, this is a fast reaction, which is carried out on Pt or Pt-based bimetallics 

[26, 41]. 

2.5.2 Oxygen Reduction Reaction 

The ORR occurs at the cathode, with electrons and protons coming from the anode, having as by-

products only heat and water. Of the two reactions that occur in the cell electrodes, the ORR is the 

reaction that determines the efficiency of the system, because it is very slow, at least five orders of 

magnitude compared to HOR, which leads to a very high over-potential for this reaction [41, 93]. 

Different studies have clarified the ORR process, which has two possible main paths with different 

standard potentials. One is the one-step four-electron (4e-) process the oxygen molecule gains 4e- to 

produce water. Some studies have clarified the ORR process, which has two possible main paths with 

different standard potentials. One is the one-step four-electron (4e-) process the oxygen molecule 

gains 4e- to produce water (alkaline solution: 2H2O + O2 + 4e- → 4HO –  and acidic solution: 4H+ + 

O2 + 4e- → 2H2O), and another is the sluggish two electron (2e-) two steps process, oxygen molecule 
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gains 2e- produce H2O2 (alkaline solution: O2 + H2O + 2e- → HO2 + OH- , HO2 + H2O + 2e- → 3OH- 

; acidic solution: O2 + 2H+ + 2e- → H2O2; H2O2 + 2H+ + 2e- → 2H2O). Compared to undesirable 2e- 

process, the direct 4e- process is expected with the higher activity, and it is essential for highly 

efficient electrocatalysts [66, 94]. 

The ORR mechanism can be performed by a four-electron or two-electron pathway, depending on 

the nature of the catalyst. The four-electron ORR pathway (O2 + 4 (H+ + e-) → 2 H2O) involves four 

FC proton-electron transfers [41]. However, the two-electron path is also possible, which is 

undesirable for FC [41]. The four-electron forward reaction can occur through a dissociative or 

associative mechanism [66]. The indirect four-electron reaction mechanism consists of a two-electron 

pathway to hydrogen peroxide and a two-electron pathway to water. The two possible ORR pathways 

are illustrated in Figure 23 [77]. 

 

Figure 23. Schematic illustration of the possible ORR pathways: a) initial reduction and decomposition of O2 

and b) removal of Oad, HOad, and H2Oad [113]. 

The forward four-electron reaction can proceed through either a dissociative or an associative 

mechanism (Figure 24), [95]: 
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Figure 24. Dissociative and associative mechanism of the ORR [95]. 

Norskov et al. carried out the first investigations on pure Pt catalysts which showed that the adsorption 

of intermediate species such as O or OH could be the determining step of the ORR rate [95, 96]. By 

Gibbss free energy, the simple mechanism of dissociation of O2 adsorbed on the catalyst surface, 

followed by step-by-step electron transfer and protonation to form H2O, and the binding energy of 

each intermediate can be calculated [95]. Figure 25 shows the "volcano" type graph that represents 

the ORR activity as a function of the binding energy of O or OH [95]. Materials with a slightly lower 

binding energy than for Pt (0.2 eV lower), which are located at the maximum point of the graph, could 

lead us to obtain much more active catalysts for ORR [97]. For metallic materials such as Pt, the 

binding energy with oxygen is the optimum of all the elements analyzed, this explains why these 

mono-metallic materials have the best catalytic activity for ORR in the entire periodic table [66]. 
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Figure 25. Trends in oxygen reduction activity plotted as a function of both the O and the OH binding energy 

[95]. 

At the far left of the graph are W, Mo and Fe, in which the binding energy is very large, which means 

that: (1) for these materials the step determines the reduction reaction rate, rds it is associated with 

the difficulty in desorbing the OHads from the catalyst surface, so (2) the catalytic activity for the 

cathodic reaction will be very low. On the contrary, for metals such as Au and Ag (right side of the 

graph) the M-O bond energy is very small, so the rds is related to the difficulty of dissociating O2, 

with very low catalytic activities [97]. In addition, Prof. Norskov's group also studied the behavior of 

the adsorption energy with the potential for the Pt (111) surface, finding that at high potentials (low 

overpotentials) the adsorbed oxygen tends to be very stable, which makes it practically impossible 

allow the transfer of protons and electrons, and give way to the ORR. While reducing the potential 

(high overpotentials), the stability of the adsorbed oxygen decreases and the reaction can continue, 

concluding that this is the origin of the low overpotential for the ORR on Pt [95]. 
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2.6 Catalysts for oxygen reduction reaction 

The use of a catalyst can increase the rate of a particular catalytic reaction [98]. For ORR catalysts, 

Pt is the most used because it is the most active. Some of the Pt-based catalyst research approaches 

have focused on reducing the Pt loading and finding some type of alternative catalyst material [97]. 

In this sense, it has been found that some of the Pt alloys (Pt-Co, Pt-Ni, Pt-Fe, Pt-V, Pt-Mn, and Pt-

Cr) have good catalyst kinetics [99-101]. 

As has been mentioned, the reduction of oxygen is very slow, so very efficient materials are required 

to increase the speed of this reaction. The amounts of catalyst supported in a conductive medium, 

used in the cathode and in the anode in a fuel cell are not comparable, a greater amount of catalyst is 

used in the cathode compared to that used in the anode. “This is explained by the fact that ORR 

(cathode) is a reaction with very slow kinetics and requires a higher catalytic load. In order to 

understand how much slower the ORR is compared to the HOR, are the exchange current density 

values (which is related to the speed of a reaction [62], which in the case of the HOR (evaluated on a 

platinum electrode) is of the order of 10-3 A cm-2, while for the ORR it is 10-8 A cm-2 “[79]. The slow 

kinetics of the ORR is reflected in a significant overpotential, which causes reduction in the overall 

efficiency of the fuel cell. In order to increase the catalytic activity and reduce the cost of cathode 

materials, several approaches have been developed that seek to improve both the catalytic activity 

and the stability of different Pt-based catalysts, bimetallic compounds, alloys, and with different 

geometric structures and electronic configurations, and so on decrease the load of the cathodic 

catalyst. Some of these strategies are: developing electrodes with a lower Pt content, which is making 

its use more efficient, increasing the active sites, thinning the thickness of the active layer, and 

introducing smaller nanoparticles on the carbon support; or by partial or total substitution of Pt by 

other non-precious metals [62, 79]. In the next section, some of the most common approaches will be 

analyzed, mentioning examples of the catalysts obtained, their catalytic activities and stability, as 

well as the origin of said improvements (See section 2.7). 

2.7 Factors Influencing Catalytic Activity 
Intensive research of catalysts towards ORR of fuel cells has been carried out during the last years, 

since it is intended to obtain more active, more stable and cheaper catalysts. In this sense, various 

types of catalysts have been explored, including Pt/C, Pt alloy, core-shell, controlled-form 

nanocrystal, nanostructure, nanocage, and non-precious metal catalysts, among others [103]. Pt alloy 

catalysts are widely studied due to their simple synthesis, good activity and stability [39]. 
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2.7.1 Size effect 

Some factors that influence chemical activity are determining factors such as particle size and 

chemical composition. Nano-sized particles have a high ECSA and therefore a high MA. The size of 

a given nanostructure is largely related to nucleation and growth rates, which can be modified by 

parameters such as precursor concentration, temperature, and surface-regulating agents [104, 105]. 

Some factors such as structural sensitivity, and the effect of platinum particle size on ORR activity is 

a subject that can generate long-standing controversy. In this sense, some studies reported that the 

maximum specific activity of platinum was reached with the average particle size of 3–5 nm, while 

other studies mention that the specific activity of platinum increased linearly with decreasing particle 

size [106, 107]. 

Octahedral Pt nanoparticles with (111) facets were found to be more active for the ORR than cubic 

nanoparticles with (100) orientations [79]. The effect of Pt particle size on ORR has been a problem 

that has been studied for many years and has not yet been resolved. In principle, it was assumed that 

the most active nanoparticles were those with a size of around 2 nm. However, recent studies have 

shown that 2nm nanoparticles are not optimal for this reaction [79]. 

2.7.2 Polyhedron-facets 

Some studies have shown that ORR activity is highly dependent on the facets of the Pt single crystal 

surface and follows a structure-dependent order towards ORR activity: (110) > (111)> (100), [108, 

109].  

On the other hand, the most relevant study on how the crystallographic planes in alloys modify the 

catalytic activity is the one carried out by Marković's group [27], where it was shown that Pt3Ni (111) 

had a higher catalytic activity than Pt3Ni (100) and (110), in addition to being 90 times more active 

than Pt/C (Figure 26), [27, 109]. The differences in ORR activity were attributed to the low adsorption 

of OHads on Pt (111), since OHads usually have an inhibitory effect (site blocking) on O2 adsorption. 
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Figure 26. Specific activity of Pt3Ni and Pt for different surfaces (crystallographic planes). The specific activity 

was determined at 0.9 V vs. RHE. The dashed gray line indicates the specific activity of polycrystalline Pt [27]. 

Morphology is a very important factor in optimizing a catalyst. As the size of the particles decreases, 

the ratio between the surface area and the volume increases, which favors more sites where the 

phenomenon of catalysis can take place. However, another important factor that also influences 

catalytic activity is the shape of the nanoparticles. It has been reported that morphologies that present 

a large number of corner or edge sites can present an improvement in catalytic activity [110]. 

The morphology of alloying materials is often regulated by the use of stabilizing agents (also called 

surfactants) during the reduction process [110, 111]. However, in structures with defined shapes, the 

complete elimination of the surfactants used in the synthesis, which block the active sites of the ORR, 

represents an important challenge for its management [111]. 

2.7.3 Core-shell structures 

Regarding the alloys of Pt-based catalysts, the alloying element is transition metals such as Fe, Co, 

Ni, or some other. However, these alloys face a problem of dissolution in the electrolyte due to the 

severe acid conditions of PEMFC operation, which causes a decrease in both the activity and stability 

of the catalysts [112]. Nanometric structures have been extensively studied in search of catalysts that 

present greater activity and stability toward ORR. 
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Some well-studied structures are the core-shell structures due to their good electrocatalytic 

performance for ORR. This type of structure presents a surface enriched with Pt. Figure 27 shows 

three different forms of this type of core-shell structure [113]. The three types of core-shell structures 

are obtained by synthetic methods such as desalination/leaching, thermal and adsorption segregation, 

and deposition on seeds. The additional coating appears to suppress NP agglomeration and mitigate 

ECSA breakdown [114-116]. 

 

Figure 27. (A) Core-shell structures: Pt skin, Pt mono layer and Pt dealloyed of Pt-bimetallic nanoparticles. (B) 

Synthesis of Pt-skin, Pt-monolayer and dealloyed Pt-bimetallic nanoparticles with a core–shell structure [113]. 

2.7.4 Non-conventional structures 

Another currently proven strategy is the development of hollow nanoparticles known in the scientific 

literature as nanoframes, nanoboxes or nanocages [25, 46, 117] in which solid nanoforms are first 

obtained to subsequently add a second metal precursor to the solution that favors a galvanic 

displacement by difference in redox potential in such a way that the original structure begins to 

degrade in a controlled manner to form internal holes and a rearrangement of atoms until reaching a 

stable conformation [118, 119]. 
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2.7.4.1 Nanocage 

Another option for nanostructures that have improved catalytic performance and optimize the use of 

platinum is the design of hollow structures. Which can be obtained from different methods such as: 

heteroepitaxial growth, non-epitaxial/random growth, galvanic replacement and the Kirkendall effect 

[120]. 

2.7.4.2 Nanoframe 

Nanoframes are another type of nanostructures that favor catalytic performance and optimize the use 

of Pt through an initial process of crystalline PtNi3 polyhedrons to subsequently obtain the edges of 

the rich PtNi3 polyhedra. The evolution of the PtNi3 nanoframes until their final configuration of Pt3Ni 

is shown in Figure 28 [117] this catalysts achieved improvement factors of 36 and 22 in the mass and 

specific activity, respectively [113]. 

 

Figure 28. (A) Initial solid PtNi3 polyhedra. (B) PtNi intermediates. (C) Final hollow Pt3Ni nanoframes. (D) 

Annealed Pt3Ni nanoframes with Pt (111)-skin–like surfaces dispersed on high–surface area carbon [117]. 

2.7.5 Composition effects 

Another approach by which the use of Pt can be optimized is by modifying the composition in the 

catalysts towards the ORR. The combination of Pt with other non-precious metals produces structures 

in the form of alloys, core-shell or heterojunction nanostructures. These bimetallic systems obtained 

in this type of structure combine the properties of Pt and the metal used, which gives it different 

properties from those of each metal individually through a synergistic effect. It is possible to improve 

the final activity, the durability, and reduce the cost of the catalysts from the design of this type of 
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structure that allow, through their synthesis, control of the size, composition, and nanostructures 

obtained [118]. 

Bimetallic catalysts based on Pt with the addition of some transition metal produce electronic 

changes, which modify the chemical properties of the catalyst surface [113] that generate 

modification of the electronic properties of the metal on the bimetallic surface. The so-called 

deformation effect or geometric effect, generated by the surface arrangement of the atom [18]. 

Compressed or expanded arrangements of surface atoms are presented. In addition, the ligand effect 

or electronic effect occurs due to the atomic proximity of two different metal atoms on the surface 

[121]. Generating the transfer of electrons between the metallic atoms and the effect of the tensions 

and the effect of the ligand influences the structure of the electronic band in the Pt-based catalysts 

[18, 121]. 

It is possible to gradually modify the alloy systems between Pt and transition metals since the binding 

energy of oxygen depends on the coupling between the adsorbate (Oad) and the d-band of the 

transition metal alloy and Pt In this sense, Prof Markovic's group carried out studies based on the 

transition metal elements of the fourth period and observed the "volcano-shaped" relationship 

between the ORR activity and the center of the d-band for skin surfaces of Pt and Pt backbone surfaces 

of Pt3M (M = Ni, Co, Fe, Ti, V), which is shown in (Figure 29 a, and b), [39]. It can be seen that for 

Pt3V and Pt3Ti when the center of the d band is too far from the Fermi level, there is less coverage of 

OHad and anions at the surface, but the binding energy of O2 and the intermediates are too weak to 

guarantee a high turnover. ORR rate. In contrast, if the center of the d-band is close to the Fermi level, 

as for Pt, the metal surfaces bind strongly with oxygen/oxides/anions, but the ORR rate is limited by 

the availability of binding sites. Pt is free of the adsorbate. In the case of Pt3Co, there is a balance 

between the adsorption of oxygen together with the reaction intermediates and low coverage of 

oxygenated species, as well as specifically adsorbed anions, for which it shows an excellent ORR 

activity [39]. 
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Figure 29. a,b) Relationships between experimentally measure specific activity for the ORR on Pt3M surfaces 

in 0.1 m HClO4 at 333 K versus the d-band center position for the Pt-skin surface (a) and the Pt-skeleton surface 

(b), [39]. 

2.8 Support material 
To improve the activity and durability of the catalysts, the support materials used are of great 

importance since they directly influence the performance of the catalysts. Table 6 presents some of 

the functions and requirements of a catalyst support material [122-124]. The interaction generated 

between the carbon support and the Pt is fundamental in the properties of the catalysts that they form. 

It is possible to favor the interaction between the support and the Pt particles by modifying the carbon 

support surface, forming functional groups and better chemical bonds at the Pt/C interface. Ideal 
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support material must meet certain properties such as high surface area, good crystallinity, and high 

conductivity, these properties favor Pt/C catalysts as they influence supported catalysts and fuel cell 

performance [50]. 
Carbon supports have an important effect on the electrochemical activities of fuel cells since they are 

the support material for the catalysts used. Carbon supports must provide a large surface area that is 

accessible to both the catalyst and the Nafion ionomer monomeric units to favor the diffusion of 

chemical species [50]. A support material that presents good crystallinity and high specific surface 

area favors the maximum dispersion of Pt nanoparticles and also improves electron transfer, which 

may allow better fuel cell performance [105]. 

Table 6. Some functions and requirements of a catalyst support material [123, 124]. 

Function Requirements 

Uniform metal nanoparticle dispersion  Large surface area to ensure highly dispersible metal nanoparticles 

Large surface area to ensure highly dispersible 
metal nanoparticles 

High electronic conductivity for minimal ohmic 

Effective active sites with three phase contact Durability in harsh operating environments with a wide range of 
humidity, elevated temperatures, and start-up and shut-down 
processes 

Effective active sites with three phase contact Reliable meta-support interfacial adhesion 

 Optimal porosity for the reactant/byproduct transfer 

Carbon black has certain advantages such as its low cost, high availability and high mesoporous 

distribution, for which it is widely used. Pt nanoparticles deposited in the carbon black make up the 

catalyst that is used together with an ionomer in the CL used for the reactions produced in the fuel 

cells. Carbon black is generally activated before being used as catalyst support to favor the dispersion 

of the metal and its catalytic activity. Carbon-based support materials can activated by chemical 

activation or heat treatment [125]: 

The dispersion of the nanoparticles is improved as the presence of oxygen groups in the carbon-based 

support materials is greater. When heat treatment is applied, impurities are removed from the carbon 

surface. These impurities are generally metallic impurities, amorphous carbon, multilayer carbon 

nanocapsules, and oxygenated functional groups. This allows helping increase the ECSA of the 

electrocatalyst. Thermal treatment is applied to carbon support in an inert atmosphere (800-1100 °C) 

or in air/steam (400-500 °C) [126]. 
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2.8.1 Carbon 

Carbon allotropes are structures where carbon atoms can have different arrangements with each other. 

Carbon can come in various forms and textures. Due to its different morphologies, becomes a material 

suitable for use in a large number of electrochemical applications [127]. 

2.8.2 Carbon supports 

Carbon supports present advantages as support material for Pt-based catalysts as they allow them to 

have a higher surface area with more active sites for ORR. However, one of the drawbacks is that this 

type of carbon supports can oxidize and corrode due to the severe operating conditions of the FC, 

which causes a degradation of the support material and a decrease in the performance of the fuel cell 

[122]. 
The support material of the catalysts is mainly used to obtain a high dispersion and a better 

distribution of the catalyst. For these reasons, the catalyst support material greatly influences the cost, 

performance, and durability of PEMFCs. Some of the parameters of the support materials are: (i) high 

specific surface area (greater than 100 m2 g-1); (ii) low combustion reactivity in dry and humid air 

conditions at low temperatures (<150 °C); (iii) high electrochemical stability; (iv) high protonic and 

electronic conductivity; (v) easily recoverable metal (Pt) in the used catalyst; and (vi) a strong 

interaction between the catalyst and the support material [128]. 

There are other important criteria to consider for a potential support material such as adequate 

porosity and pore structure, high stability in alkaline or acid media, compatibility with electrodes, and 

the ability to handle water to prevent flooding of the catalyst bed [129]. Some studies mention that a 

support material can be made more corrosion resistant by increasing the catalyst loading relative to 

the support loading. At potentials above 0.8 V vs. RHE el carbon black used as support material is 

easily oxidized and the corrosion of the support is increased in the presence of Pt nanoparticles [130]. 
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2.9 Factors influencing catalysts related to support 

material 

2.9.1 Catalyst particle distribution 

The catalyst loading used is generally 20 wt. % of Pt/C which influences the dispersion of the 

nanoparticles, as well as the durability and activity of the catalysts, especially when the load 

percentage is increased up to 60 wt. % of Pt/C [131]. 

2.9.2 Pt-support interaction 

Different characteristics of the catalysts such as the mechanical stability of the NP, the morphology, 

inducing tension in the NP due to lattice mismatch or changing the electronic structure by charge 

transfer processes can be modified especially when the nanoparticles are synthesized together with 

the support material [50, 132]. Support materials also influence the stability of catalysts, because 

support material that binds strongly to NP can prevent detachment. However, this interaction between 

the supports and the NP of the catalyst and the influence of the supports on the electrochemical 

activity are not yet studied [132]. 

Interaction of Pt and the support material from an electrochemical perspective, an interface is 

generated between the catalyst, NP, and the support, which in turn form an electrical double layer. 

Also, a potential difference is produced between that of the Pt (5.4 eV) and the carbon support (4.7 

eV), which generates an increase in the electron density in the Pt [113]. 

As mentioned above, the durability and stability of the catalysts are two very important parameters 

to consider in the attempt to develop better catalysts than those that currently exist. Carbon-supported 

Pt-based catalysts will undergo a degradation process through Pt dissolution, particle shedding, 

agglomeration, Ostwald ripening, and carbon corrosion [133]. These effects produced in the catalysts 

are illustrated in figure 30, [134]. The detachment of the Pt NP is due to the fact that they do not 

adhere strongly to the carbon surface. On the other hand, the agglomeration of the NP occurs by 

surface diffusion, and this depends largely on the distance between two NP and the interaction of the 

Pt NP and the carbon surface. On the other hand, in Ostwald ripening, the atoms originally deposited 

on the carbon surface diffuse through 2D pathways and form larger NP. These three cases generate 

the degradation of the catalysts affecting the interactions of the Pt-support that are very important for 

the optimal functioning of the fuel cell. On the other hand, another important aspect is the corrosion 

of the carbon produced by the Pt NP. As the carbon support corrodes, the Pt NP are released. Through 
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the Pt-support interaction, the charge transfer process and the potential change in the electrochemical 

interface/interface are produced. As there is a better understanding of these phenomena that provide 

more information that can be applied to the design of catalysts of Pt catalysts supported on carbon 

materials, it will allow improving their stability and durability [25]. 

 

 

Figure 30. Possible degradation pathways [134]. 

It is due to the previously described favorable characteristics of carbon materials that they are widely 

used as catalyst support material for ORR for fuel cells [135]. 

It is necessary to find support materials that are more stable and resistant than the current ones, as 

well as to design catalysts based on Pt that are more stable, durable, and cheaper than the current 

ones, to favor the commercialization of PEMFC. The Pt alloy catalysts with alloy metals (Pt-Cu, Pt-

Ni, Pt-Co, and Pt-Fe) present good catalytic performance for the ORR compared to pure Pt [25], they 

must improve different aspects that they face in the severe operating conditions in a PEMFC [46]. 

2.9.3 Sintering of Nanoparticles 

Three different situations can occur in the Ostwald electrochemical ripening process (Figure 31). 

Figure 31a shows two isolated Pt NP immersed in an aqueous solution of Pt ions. Figure 31b shows 

two isolated Pt particles supported on a conductive matrix. This process also occurs for two 

nanoparticles in direct contact with each other (Figure 31c), [133]. 
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Figure 31. Schematic of electrochemical Ostwald mechanism: a) two isolated Pt particles immersed in solution, 

b) two isolated particles immobilized on carbon substrate, and c) two closely contacted Pt particles [133]. 

2.9.4 Agglomeration 

Another degradation process that occurs in support materials is the agglomeration produced when the 

nanoparticles are not firmly adhered to the support and under the operating conditions of the PEMFC, 

a redistribution of Pt species is generated that leads to the loss of active sites causing its deterioration 

and the consequent decrease in performance. To counteract the effect of agglomeration, catalysts with 

a particle size greater than 5 nm are used, however, this can reduce the efficiency in the use of Pt 

atoms [129]. 

2.9.5 Nucleation 

When the metallic nanoparticles are deposited on the support material, a synergistic effect is produced 

between both, generating the Pt-support interaction. On the other hand, there is the distribution of the 

nanoparticles on the surface of the support, and in this sense, it depends on whether the nanoparticles 

are deposited only, after they were synthesized or if the NP are synthesized together with the support 

material since in this case, this affects the particle size distribution of the catalyst [129].   
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2.10 Carbon-based support material 

Carbon black is the most widely used support material for ORR catalysts [50]. Due to the operating 

conditions of a PEMFC such as acid medium and high electrochemical potential in the cathode-

electrode, this leads to the degradation and corrosion of the support, which generates the separation 

and agglomeration of Pt nanoparticles and causes a lower yield and reduces the lifetime of Pt-based 

catalysts [98, 129].  

The search for better carbon-based support materials remains essential to develop catalysts with 

greater stability and durability than fuel cells, in order to maintain optimal performance for longer. 

Different types of carbon-based materials have been explored as support materials for catalysts, 

mainly in high-area materials to increase the value of ECSA. Among them, are carbon blacks, 

mesoporous carbon, CNT, CNF, and graphene, among others due to their properties [98, 136]. In this 

sense, CNT and CNF have certain characteristics such as a large surface area and good conductivity 

for which they have been widely used in different electrochemical applications such as PEMFC 

[98,137]. 

2.10.1 Carbon nanotubes (CNT) 

CNT consist of a rolled graphene sheet closed at both ends. Based on the number of graphene sheets, 

they can be classified into single wall carbon nanotube (SWCNT), or multi wall carbon nanotube 

(MWCNT), [138].  

The study of novel carbon structures for use as support material is geared toward improving the 

stability and catalytic activity of the catalysts [139]. CNT have proven to be a good support material 

for nanoparticles due to its interesting properties, such as their unique structure, high crystallinity, 

good electrical conductivity, high specific surface area, and good mechanical properties, see Table 7 

[140]. 

There are some characteristics why CNT are considered a good choice over Vulcan carbon as support 

material, for example CNT can present up to almost 4 times higher specific surface area than Vulcan 

carbon [138], as well  a higher electrical conductivity compared to Vulcan carbon [138], also CNT 

have a higher resistance to electrochemical corrosion [140].  
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Table 7.  Properties of CNT. SWCNT and MWCNT [140]. 

 

 

 

 

 

 

 

 

 

 

 

 

The unique structure, high surface area and stability of CNT make them an excellent candidate to be 

used as support material for Pt-based nanoparticles [140].  

2.10.2 Carbon Nanofibers (CNF) 

Two of the carbon-based materials that have caused a great deal of attention to be used are CNT and 

CNF. In this sense, CNF have electrical and structural properties that allow their catalytic properties 

to be modified [128, 139]. There are tubular CNF and platelet CNF that have structural differences 

between them. Intermediate edge exposed structures also exist, in which the graphitic planes are at 

an acute angle with respect to the major fiber axis (herringbone CNF) [128]. In this sense, CNF have 

more edge atoms compared to CNTs. In addition, the ratio of edge atoms to basal atoms of CNF is 

controllable, so it is possible to adjust the deposition and the interaction with the metal [138]. Another 

important aspect of CNF is that they are cheaper compared to CNT [128].  

Different characteristics make CNF a good option to be used as catalyst support material for PEMFC, 

among them (i) its unique fibrous structure, (ii) its highly graphitic nature, (iii) its interaction with the 

deposited metallic nanoparticles (iv) the crystallographic orientation of the supported metallic 

nanoparticles, (v) its electronic conducting properties, and (vi) a low susceptibility of nanoparticles 

to CO poisoning, compared to traditional catalytic systems. 

Properties Values 

Specific surface area [m2g-1] 400-900b; 50-500c 

Oxidation temperature (in oxidizing atmosphere) 

 [°C] 

400b; 600c 

Maximum heat conductivity [Wm-1 K-1] 3000a 

Electric conductivity [Scm-1] 104 a 

Young´s modulus [GPa] 1054b;1200c 

Resistance to traction [GPa] 250a 

Tensile strength [GPa] ~ 150b and c 

Density [g cm-3] 1.3b;2.6c 

aNo specific type of CNT, bValue mentioned for SWCNT and cValue 

mentioned for MWCNT. 
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Table 8. Vulcan carbon, CNT and CNF used as support material and their properties [128]. 

Support 

material 

Support 
properties 

 

Porosity 

 

Supported catalyst 

properties 

Comments 

Vulcan XC-72R 

 

-sp2/sp3 carbons 

-higher O-surface 

functionalities 

-lower graphitization 

microporous 

 

-good metal dispersión 

-low gas flow 

 

-highly sensitive toward carbon corrosion 

 

CNT (SWCNT 
and MWCNT) 

 

-sp2 carbons 

-highly hydrophobic 

-higher electronic 

conductivity 

-high graphitization 

micropores 
(SWCNT) 
mesoporous 
(MWCNT) 

 

-good dispersion of 

metal nanoparticles 

-high gas flow 
(SWCNTs) 

-low metal accessibility 

-high metal stability 

(MWCNTs) 

-larger metal nanoparticles without surface 
treatment 

 

CNF 

 

-sp2 carbon 

-high conductivity 

-high durability 

-high graphitization 

mesoporous 

 

-high metal dispersión 

-high gas flow 

-high metal stability 

 

-long-term stability and durability 

-increased graphitization enhances ORR 
and durability 

-high resistance to carbon corrosion 

-easier mass transportation with desired 

pore morphology 
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Chapter 3. Obtaining PtNi catalysts on 

different support materials based on 

pristine carbon 

3.1 Considerations for the synthesis of polyhedral 

PtNi nanoparticles 
As mentioned above, there are numerous scientific investigations that address the synthesis of 

nanomaterials with controlled morphologies. Currently, the trend in the development of nanocatalysts 

with high performance is towards ORR; they are those of those morphologies that present a high rate 

of faceting; that is, those nanoparticles that preferentially maintain crystallographic planes (111), 

(100) and (110), which are the ones that present the greatest catalytic activity. Icosahedral, 

dodecahedral and octahedral morphologies are among the most studied in the literature [118, 140].  

Chemical synthesis is fundamental in the area of chemistry and materials science since this is the 

starting point to investigate, develop or create a material with a specific purpose. As previously 

mentioned, the background of previous works on the synthesis of PtNi nanoparticles [46, 118, 119, 

141, 142] was taken as a basis to develop and adapt the synthesis methodology according to our 

laboratory conditions to obtain nanoparticles with similar characteristics. 

A large number of studies focused on obtaining nanoparticles with high symmetry have the constant 

of using two very particular reaction agents, these are Oam and Oleic Acid (Oac). These compounds 

are a primary amine and a carboxylic acid, respectively, with an 18-carbon structure having a double 

bond at carbons C9-C10. Both Oam and Oac fulfill three characteristics necessary for synthesis by 

chemical pathways [143, 144]: 

 They are liquid at room temperature, act as solvents for many organic and inorganic 

compounds and have high boiling points (348-350°C for Oam and 360°C for Oac), which 

allows them to be used over a wide temperature range. 

 They act as reducing agents at high temperatures thanks to their functional groups acting as 

electro-donors. 
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 They can act as stabilizing agents because they can adhere to the surface of the nanoparticles 

through their functional terminals, leaving the alkyl chain at the other end that acts as an anti-

caking agent due to steric hindrance. 

In this study, the synthesis route used consists of a method known as hot injection in which the metal 

precursors are injected with Oam in a flask with preheated Oam and subsequently the temperature is 

increased until the reduction is observed (when the solution reaches a deep black coloration). 

Different studies [44, 45, 118, 119] have reported that when using Oam or Oac as reaction agents or 

together, a reduction of the metal precursors is initially promoted, with which small nuclei are formed; 

Subsequently, the reaction agents Oam and/or Oac that are in excess stabilize the primitive particles 

by selectively adsorbing through their functional groups, acting on a certain arrangement of atoms 

and generating a blockage; however, there is a growth of the particles by the sites where there are 

exposed atoms and which thus allows the obtaining of facets or preferential atomic arrangements until 

giving the particle a stable size and with a characteristic morphology. In this study, only the use of 

Oam was decided, since there are studies that mention that the use of Oam alone produces high 

symmetry nanoparticles for PtNi [44, 45, 118, 119]. 

For the synthesis of nanoparticles, our experimentation was carried out where the methodology was 

improved as the results were analyzed and improvements were implemented. After numerous 

syntheses, the material configuration and the methodology that provided the best parameter control 

and the best results for obtaining polyhedral PtNi nanoparticles were established, which will be 

described below in the following section 3.2: 

3.2 Synthesis of polyhedral PtNi nanoparticles 
As previously mentioned, the chemical reagents used during the synthesis and preparation of the 

catalysts were used as they were purchased without any additional purification or pretreatment. To 

achieve an economical and simple synthesis, which allows a possible scaling up to obtain this type of 

catalysts. 
3.2.1 Chemical reagents used 

The following metal precursors were used: Nickel (II) nitrate hexahydrate (Ni (NO3)2 • 6H2O, 98%); 

and Hexachloroplatinic Acid (IV) hexahydrate (H2PtCl6 • 6H2O, ≥37.50% Pt base); as reduction agent 

used: Oleilamina (Oam, technical grade 70%); Carbon nanofibers, and Carbon nanoubes multiwalled 

> 98% carbon base all purchased from Sigma-Aldrich. Solvents Hexane (. 99.5%), Acetone (99%) 

and Ethanol (98.5%) used for the washing of the nanoparticles and the glass material. All reagents 
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and solvents were used without further purification. Deionized water (A-DI, 18 MΩ∙cm) was obtained 

from a Simplicity® MilliQ water purification system. High purity gaseous nitrogen (99.99%) was 

purchased from Infra. 

3.2.2 Materials used 

Figure 32 shows the final configuration of the material assembly used during the synthesis of 

polyhedral PtNi bimetallic nanoparticles. A magnetic stirring heating rack was placed in the fume 

hood (only magnetic stirring is used). A heating blanket was placed on the grill to add temperature, 

which is regulated by a rheostat. A round bottom flask (250 mL capacity) modified to have a center 

ground spout (24/40 connection) and two (or three) ground spouts (14/23) around it was placed on 

the blanket. A cooling column was attached to collect condensed vapors. In both outlets (connection 

24/40 and 14/23, respectively) of the cooling column, a pair of rubber stoppers were attached to which 

syringes were inserted, which allows the pressure generated inside the flask to be released a little. 

The reduced pressure conditions are regulated by means of the set of keys; one of them allows the 

entry of air to restore the atmospheric pressure of the system and also allows connection to a water 

trap to monitor the exit of vapors. A rubber stopper was placed in one of the nozzles 14/23 to inject 

through it the reaction agents into the flask. Magnetic stirring of the reaction mixture is used by means 

of a small (1.5 cm) Teflon rod with a magnetic core placed inside the flask. A glass bubbler placed in 

another nozzle 14/23 allows the supply of a continuous and moderate flow of N2 (in direct contact 

with the solution) to maintain an inert atmosphere inside the system. For temperature monitoring, a 

thermometer coupled to one of the 14/23 stoppers was used, which is in direct contact with the 

solution inside the flask, and a stainless steel thermocouple probe (to record the temperature of the 

rheostat) placed between the flask and the warming blanket.  

All joints between connections were sealed with Teflon tape. The reaction temperature was controlled 

by reading the thermometer in contact with the solution and a stopwatch was also used to monitor the 

times of each stage of the synthesis and thus record the changes in the coloration of the mixture in 

the flask and changes in temperature as a function of time. 
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Figure 32. Final configuration of the assembly for the synthesis of polyhedral PtNi nanoparticles. 

NOTE: It is important to mention that the glass material used must undergo strict cleaning to prevent 

remaining impurities from serving as nucleation centers when reducing metal precursors. 

3.2.3 Preparation of the solution of metal precursors with Oam 

for hot injection 

Metal precursors can be weighed just before starting the synthesis, however, taking into account their 

hygroscopic character, especially that of hexachloroplatinic acid. 

Due to the number of experiments that were scheduled to evaluate different synthesis parameters and 

thus avoid excessive humidification of the precursors each time the flasks were opened, batches of 

stock solutions of both metals were prepared and in this way take controlled volumes that ensured 

using the same mass of precursors in each synthesis. 3 ml of each metal solution were prepared both 

solutions were stored in appropriate vials, sealed with Teflon tape and isolated from light (Figure 33).  

The aliquots taken from each metallic solution allow mixing the mass of precursors necessary to have 

an estimated theoretical content of 75% Pt and 25% Ni (percent weight). The volumes taken were 

14.1 µL of Ni solution; and 224 µL of Pt to dilute to 1 mL of Oam. 



61 
 

NOTE: handling of H2PtCl6 should be done with a plastic spoon since Pt is reduced and deposited on 

metal spatulas. 

 

Figure 33. Stock solutions of metal precursors: Pt in orange and Ni in green. 

Due to the fact that during the synthesis the metal precursors must be injected at once and with the 

minimum amount of water possible, it is important to highlight that one of the variants of our synthesis 

is that in the mixture of the solutions of the metal precursors, the first step Ni solution was added 

follow by Pt solution in a glass vial (with a magnetic stirrer) that was adapted for this purpose (Figure 

34) and then 1 mL of Oam was added to dissolve the precursors by increasing temperature and stirring 

the solution, as the solution increased in temperature, it presented various changes in its appearance 

(initially when adding the metal precursors and the Oam).  

When the metallic precursors are mixed with the Oam, a dense solution is formed (Figure 34 a), 

which, as it is stirred and its temperature increases, becomes completely liquid (Figure 34 b-d) and 

changes its color (Figure 34 a-d) over time. Starting from pale yellow color (Figure 34 a) and to light 

green color temperature when the solution reaches 97 ±2°C (Figure 34 d). Once the solution reached 

the 97 ±2 °C, it was kept at this temperature for 10 minutes to remove as much water as possible (and 

avoid implosions in the flask) that might have been contained in the solution. The entire heating and 

cooling process of said solution was carried out inside the extraction hood, the temperature 

monitoring was carried out with a thermometer immersed in a glass vial with Oam which was closest 

to the vial containing the solution of the metal precursors to have the reference temperature. 
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Figure 34 (a-d). Evolution of the stages of the solution formed by the metal precursors and Oam. 

The solution was allowed to cool to an approximate temperature of 50°C, to subsequently take the 

solution of the metal precursors diluted in Oam with a syringe (Figure 35a), and inject into the flask 

with preheated Oam (Fig 35b). It is important to mention that the preparation of the solution of the 

metal precursors with the Oam are prepared in parallel to the beginning of the synthesis where the 

Oam is added to the flask to preheat it before the hot injection of the precursors in the Oam. 

 

Figure 35. a) Solution of metal precursors dissolved in Oam contained in a syringe at ~50°C. b) Injection of 

the solution of the metal precursors dissolved in Oam. 
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3. 2. 4 Experimental procedure to obtain the polyhedral PtNi 

nanoparticles 

The synthesis begins with the preparation of the solution of metal precursors dissolved in Oam and 

the addition to the flask of 9 mL of Oam by means of a small funnel with a long stem. Magnetic 

stirring is turned on (700-1000 rpm) and N2 flow is bubbled into the Oam to deoxygenate it for 10 

minutes. Stirring and bubbling of N2 are maintained throughout the synthesis. Once the 

deoxygenation time has elapsed, the rheostat is turned on to increase the temperature of the heating 

blanket to 60°C. Heating is gradual and takes approximately 10-15 minutes to reach the desired 

temperature. 

In parallel, the solution of metal precursors with Oam is prepared (using the previously described 

procedure) once it is ready the content of the vial (at a temperature of approximately 50°C) is 

withdrawn into a small syringe and kept in a horizontal position. Upon reaching 60°C, the solution 

of PtNi precursors dissolved in Oam is injected in one go and the flask is allowed to stand for 10 

minutes, maintaining the previously mentioned system conditions. Once this time has elapsed, the 

rheostat is adjusted to increase the temperature more rapidly and gradually, when the temperature of 

the solution reaches ~180°C, the formation of dense white vapors that fill the flask as a consequence 

is observed of the interaction of the aqueous-organic phases. The mixture acquires a characteristic 

pale green color. Figure 36 [140] shows a schematic representation of the general synthesis process. 
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Figure 36. Schematic array of as-synthesized PtNi nanoparticles [140]. 

In figure 37 a-f , the changes in the coloration of the reaction can be seen with increasing temperature: 

(a) pale green (~180°C), (b) olive green (~180-190°C), (C) pale yellow (~200-230°C), (d) dark yellow 

(~230-250°C), (e) brown (~250-270°C), and finally, (f) deep black (~ 270-295°C). Observing the 

beginning of this last color is the most important part of the synthesis because it shows the beginning 

of the reduction process of the precursors and the temperature at which it occurs is considered as the 

reduction temperature (T red). 

 

Figure 37 (a-f). Changes in the coloration of the reaction mixture with increasing temperature: (a) pale green 

(~180°C), (b) olive green (~180-190°C), (C) pale yellow (~200- 230°C), (d) dark yellow (~230-250°C), (e) 

brown (~250-270°C), and (f) deep black (~270-295°C). 
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The temperature reduction is maintained for five minutes (reaction time) and then the heating mantle 

is removed to stop the reaction and reduce the growth of the nanoparticles (Figure 38). 

 

Figure 38. Cooling of the reaction to reduce the growth of nanoparticles. 

It is important to highlight that the reduction temperature and the reaction time are the most relevant 

parameters for obtaining the polyhedral PtNi nanoparticles. The great similarity of the results of two 

or more syntheses can constitute a test of reproducibility between them. 

3.2.5 Washing, drying and obtaining polyhedral PtNi 

nanoparticles 

The recovery of the nanoparticles (Figure 39 a-d) was carried out with centrifugation washes for 5 

min intervals at 10,000 rpm. The first decanted volume of the centrifugation has a yellow coloration. 

Portions (approx. 10 mL) of solvents for washing the nanoparticles (Figure 39 a) are added in the 

following sequence: hexane (2 washes), hexane-acetone mixture (2 washes), acetone-ethanol-DI 

water mixture (2 washes) and finally acetone (2 washes). Between each wash, it is recommended to 

use an ultrasound bath until complete redispersion with its characteristic black color is observed 

(Figure 39 b). After the washing step, the nanoparticles have to be dried, for which drying was carried 

out under an inert atmosphere (Figure 39 c). Finally, with the help of a spatula, the material is scraped 

from the bottom of the walls of the glass vial, the powder obtained has a characteristic black-silver 

color (Figure 39 d) and the material is stored for later analysis. 
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Figure 39 (a–d). Washing and drying of polyhedral PtNi nanoparticles. 

3.3 Factors involved in the synthesis of PtNi nanoparticles 

The use of high purity chemical precursors during the development of nanomaterial synthesis is 

recommended, however, sometimes this is not possible due to the high cost of the reagents. As 

previously mentioned in this work, it was decided not to carry out any type of treatment to modify 

the purity of the Oam used and neither the precursors nor the metal precursors were given a special 

treatment, only the handling due to their hygroscopic nature to prepare both solutions and stored in 

appropriate vials, sealed with Teflon tape and isolated from light. 

The reduction temperature for the system analyzed in this chapter is around 295 ±2°C; temperature 

at which an accelerated growth of nanoparticles can be promoted, especially if the reaction time is 

long. Under these conditions, Oam acts as a reducing agent and a stabilizing agent. 
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The nature and type of metal precursor also plays an important role at the time of synthesis. Inorganic 

metal precursors such as nitrates or chlorides do not dissolve in an organic solvent such as Oam at 

room temperature, therefore heating is required to achieve this. 

The order of addition of metal precursors is another variable that influences the synthesis of 

nanomaterials. Much will depend on the desired characteristics of the nanoparticles. In general terms, 

the mixture of metal precursors and their joint reduction will lead to alloys where the atoms are 

randomly arranged. A controlled addition can result in core-shell nanoparticles. When the mixture of 

precursors is injected simultaneously with the Oam, as in this case, the previously described 

polyhedral nanoparticles are obtained. These particles essentially constitute a PtNi alloy, but they 

have a very particular characteristic, the Pt tends to segregate to the corners. In catalytic terms, the 

presence of Pt on the edges of the nanoparticles can result in a significant advantage by more 

efficiently taking advantage of its use in a superficial way [118], therefore, obtaining these 

morphologies constitutes an important point of this study. 

The follow-up of a reaction is very important to be able to observe its evolution over time. To achieve 

this, an in situ measurement would be necessary that does not modify synthesis parameters or the 

properties of the desired products. Unfortunately these systems are expensive given their specific 

implementation. However, the use of UV-vis spectroscopy is a very useful tool to monitor the 

progress of a reaction [118, 145-147]. 

The reaction time can be optimized between 3 and 10 minutes, but much will depend on the effect 

that this parameter has on the growth of the nanoparticles. In general, long reaction times lead to an 

increase in particle size. 

By monitoring the evolution of nanoparticles by microscopy reported [118] “the formation of 

primitive particles at a temperature of 280°C just at the moment when the reaction mixture turns 

brown. The particles at this stage have an irregular morphology with a size of 7.6 ± 2.9 nm”. 

A previous study by our research group mentioned that when observing  “the color change to black 

in the synthesis and extracting the sample 35 seconds after the reduction began (T red=35s), 

polyhedral particles of 15.7 ± 3.5 nm are obtained, that is, in just half a minute the particles acquire 

their base polyhedral morphology and double their size. Over time, around two minutes the particles 

grow to 34.5 ± 9.4 nm and at 3:30 minutes the size reached is 45.4 ±12.5 nm. In this interval there is 

an accelerated growth phase with the consequent better definition of the polyhedral morphology, in 

addition to an increase in the polydispersity of the material. After 5 minutes, the size of the particles 

increases very little; reaching 50.8 ± 14.2 nm at 10:30 minutes when the reaction was stopped by 

rapid cooling. When carrying out a very careful inspection of the high-angle annular dark field 
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(HAADF) micrographs, two important details can be determined: firstly, that in the first stages of 

formation of the primitive particles there is a higher concentration of Pt in their center and as the 

particles grow they acquire their conformation end with Pt segregated towards the edges; second, 

qualitatively, it is observed that the sample obtained at 10 minutes presents a morphology with more 

rounded edges and corners, unlike the samples obtained at 3 and 5 minutes” [118]. With all this 

information, it was established that the optimal reaction time for this type of synthesis and materials 

is 5 minutes. Also mentioned that “longer reaction times can cause self-corrosion of the nanoparticles 

due to galvanic effects between the metals that make it up and lead to the dissolution of the most 

unstable faces. When metal ions exist again in the reaction mixture, they can be selectively deposited 

on other faces, which causes: formation of protuberances, deformation of the morphology, increase 

in particle size, and even interior voids. These phenomena have been associated with redox reactions 

and metal interdiffusion known as the Kirkendall effect” [148, 149]. 

In this regard, Table 9 shows a comparison between the synthesis of PtNi nanoparticles of this study 

with a similar synthesis method [118, 140] and mentions some important factors in the synthesis and 

monitoring of the variation in the size of the nanoparticles obtained from the 280°C reaction 

temperature. 

Table 9. Comparison of the synthesis of PtNi nanoparticles of similar methods, some important factors in the 

synthesis and monitoring of the variation in the size of the nanoparticles obtained from 280°C reaction 

temperature [118, 140]. 

a Agents 

used 

b Injection of 

the precursors 

c Reaction temperature (°C) and time (s)/nanoparticle size (nm) 

Oam  
[140] 

60 °C - - - - 300s / 30 nm - 

Oam / Oac  
[118] 

180 °C 

 

0s / 7.6±2.9 

nm 

35s / 

15.7± 3.5 

120s / 

34.5 ± 9.4 

210s / 45.4 

±12.5 nm 

d  After 300 

s 

630s / 50.8 

± 14.2 nm 

a Reducing agent and/or stabilizing agent, b Temperature (°C) of injection of the metal precursor solution. c the formation 
of primitive particles at a temperature of 280°C just at the moment when the reaction mixture turns brown, time (s) / size 
of the nanoparticles (nm) and d the size of the NP increases very little. 
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The way of heating and the rate of temperature increase also influence the synthesis of nanoparticles. 

The reduction of the mixture of precursors with Oam is carried out at temperatures around 270-290°C. 

When using a conventional heating blanket the increase in temperature is gradual. 

Some studies have shown that “the beginning of the reduction of the precursors does not occur until 

250-270°C where the absorption band begins to decrease in the UV-vis spectrum and visually a brown 

or brown color change occurs in the mixture during the synthesis. The maximum reduction occurs in 

the range 270-290°C with the total darkening of the mixture where there are already particles of at 

least 16 nm. Being able to observe the first nucleation seeds at the exact moment of reduction is very 

complex since this process is immediate; as noted by the rapid color change to black during synthesis. 

It is therefore inferred that there is a gap of 20-30° of gradual heating that takes about 10 minutes and 

where the nucleation and growth stages of the particles very possibly coexist. The theory establishes 

that these two stages are the most important during the synthesis and the predominance of one of 

them over the other, in terms of speed, affects the final size of the nanoparticles” [150, 151]. 

With all this information generated, it is inferred that it is preferable to maintain the injection of 

precursors at low temperatures (in this study at 60°C) under a gradual heating scheme to obtain 

polyhedral nanoparticles with smaller size and better characteristics; however, size and polydispersity 

remain two important challenges to optimize. 

3. 4 Deposition of polyhedral PtNi nanoparticles on CNT, CNF 

and Pt on Vulcan carbon 

To improve the catalytic activity, stability and utilization of the nanoparticles, they were supported 

and dispersed on materials with high surface area, stability and conductivity. The most used supports 

are carbon-based materials, such as Vulcan carbon, graphene, CNT, among others [152], since these 

have proven to be suitable support materials. In this work, Vulcan carbon was used as support 

material, and the materials proposed as support are pristine CNT and CNF. 

3.5 Obtaining PtNi/CNT, PtNi/CNF and Pt/C catalysts 

To obtain the catalysts, the powder of the nanoparticles was dispersed in the carbon support material 

with a ratio of 20% metal weight: 80% carbon weight. Hexane was used as solvent to avoid 

agglomeration of the nanoparticles. The process of deposition of Pt nanoparticles on carbon (Pt/C) is 

described in more detail below. 

NOTE: The same procedure was used to obtain the three different catalysts used in this work (Pt/C, 

PtNi/CNT and PtNi/CNF). 
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The Pt/C catalyst was obtained by preparing two separate dispersions: in the first, the NP of Pt in 30 

mL of hexane and dispersed using a conventional ultrasonic bath to ensure good dispersion of the 

metal in the solvent. Vulcan carbon was placed in the second dispersion and suspended in 60 ml of 

hexane with the help of an ultrasound bath for 30 min. The amounts of Pt and Vulcan carbon were 

estimated to obtain catalysts with 20% by weight of Pt. The volumes of solvents used for both 

dispersions can be optimized depending on the amount of powder to be suspended. The volume used 

for the metal should be such that the suspension is sufficiently translucent to the eye. The volume of 

solvent for the substrate must be sufficient to allow adequate dispersion, achieving a moderately 

concentrated suspension. It is recommended to use twice the volume of solvent for the substrate 

material compared to that used for the metallic material. In this way, it is expected to achieve a better 

dispersion by adding a diluted suspension to another slightly more concentrated, but larger volume. 

At the end of the time of the separate dispersions, the carbon suspension was kept stirring on a stirring 

grill (700-1000 rpm) while the dispersion of the Pt nanoparticles was added by slow dripping using 

an addition funnel At the end of the addition Small volumes of solvent were added to the funnel to 

rinse it and ensure that any remaining metal fell into the mixture. The solution of the nanoparticles 

with the support material was sonicated for two hours. The final suspension of the nanoparticles has 

to be dried, for which it was dried under an inert atmosphere of N2 at 80°C for 40 minutes. 

3.6 Physicochemical characterization  

After synthesizing the PtNi nanoparticles and obtaining the catalysts, their physical characterization 

was carried out. Physical characterization techniques are used to identify the structure, morphology, 

size and chemical composition of the synthesized nanoparticles, since these are directly related to the 

catalytic properties of the materials for ORR. To characterize the polyhedral PtNi nanoparticles and 

the catalysts obtained, the following techniques were used: XRD, SEM, TEM, and SEM-EDS. The 

selected techniques provide the necessary information to determine the size, composition and 

morphology of the synthesized PtNi nanoparticles and the catalysts obtained. It is worth mentioning 

that no technique by itself provides complete information, so these are complementary techniques. 

Next, the operating conditions and the equipment of the different techniques used to characterize the 

materials obtained are described. 

In the XRD analysis, a Bruker D8 ADVANCE ECO diffractometer was used with Cu radiation (Kα 

=1.54 Ǻ). The measurement range analyzed in 2θ was from 20° to 100°. The identification of the 

phases present in the catalysts was made using the software Match! 3.7 (Crystal Impact) with the 

PDF-2 database. 
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The micrographs of the nanoparticles and of the catalysts were obtained in a transmission microscope 

using a JEM2010 FEG and a JEM-ARM 200F, both of the JEOL brand, operated at 200 kV. The 

analysis of the samples was carried out using the Gatan Digital Micrograph 2.32 software. The 

samples were prepared by ultrasonically dispersing the nanoparticles in isopropanol, to subsequently 

deposit some drops on a carbon-coated copper grid and dry in the air. 

Elemental composition analysis was performed using X-ray Energy Dispersion Spectrometry (EDX) 

with an EDS detector coupled to an Auriga 3916 SEM with an accelerating voltage of 20 kV. For this 

analysis, the synthesized materials were deposited on a carbon tape and three zones were analyzed 

for each catalyst. 

3.7 Electrochemical characterization 

Once the catalysts were obtained, their electrochemical evaluation was carried out, which consisted 

of evaluating these materials by means of electrochemical techniques. 

Before the electrochemical measurements, the catalytic inks for each catalyst were prepared by 

mixing 2 mg of the catalyst (MicroBalance, Mettler Toledo) with 1.39 mL of a solution of the 

following composition: 20% isopropanol and 0.02% Nafion ionomer [153]. Said solution was placed 

in an ultrasonic bath for 1 hour, controlling that the water temperature did not exceed 20 °C. 

Subsequently, 10 μL of ink was placed on a vitreous carbon electrode (previously polished, and 

washed with ultrasound in water/ethanol and rinsed with boiling deionized water), and the film was 

allowed to dry in ambient atmosphere with the electrode rotating at 700 rpm, to obtain an electrode 

with a catalyst load of ~20 µgPt cm-2. Electrochemical measurements were carried out at room 

temperature (approximately 25 ºC) in a typical three-electrode cell with a 0.1 M HClO4 solution used 

as electrolyte [153]. 

The kinetic study was carried out in a 0.1 M HClO4 electrolyte, using cyclic voltammetry, CO electro-

oxidation (CO-stripping) and rotating disk electrode (RDE) techniques. Measurements were 

performed at room temperature and atmospheric pressure in a potentiostat-galvanostat 

(PGSTAT302N, AUTOLAB) connected coupled to a RDE, used as working electrode; a reversible 

hydrogen electrode (RHE) was used as reference electrode and a platinum mesh was used as counter 

electrode (Figure 40). 
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Figure 40. Assembly of the equipment for the electrochemical techniques. (a) Three-electrode glass cell: 1) 

Three-electrode cell, 2) Rotation system, 3) Connections to the AUTOLAB potentiostat-galvanostat, (3a)  

working electrode, (3b) counter electrode and (3c) reference electrode, 4) Gas injection systems, 5) counter 

electrode, 6) reference electrode, and 7) working electrode. 

The cyclic voltammetry (CV) curves for the stabilization of the catalyst surface were carried out in 

an N2 atmosphere with a sweep speed of 50 mV s-1 between 0.05 V and 1.2 V vs. RHE, for 50 potential 

cycles. After the stabilization of the catalyst, three more voltammograms were performed, correcting 

the value associated with the ohmic drop (resistance of the electrolytic solution), for said correction 

the value used in IR-drop correction was determined by means of impedance in a frequency range of 

10 kHz - 1Hz. 

The polarization curves for the evaluation of the ORR with RDE were made by saturating the 

electrolyte with O2 (to guarantee the saturation of the electrolyte, the OCP value was monitored until 

it was constant), after that, linear sweeps of potential in a window of -0.01 to 1.05 V vs. RHE, with 

scanning speed of 20 mV s-1 and rotation of 400, 600, 900, and 2500 rpm. In addition, in order to 

eliminate the effect of the capacitance of the carbon support of the catalysts, potential sweeps were 

carried out in the same potential window and sweep speed, but with the electrolyte saturated with N2 

and without rotation. 
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On the other hand, the determination of the ECSA was carried out using the CO stripping technique. 

Briefly, the electrolyte solution was bubbled with CO while biasing the electrode at 0.1 V vs. RHE 

for 300s, immediately afterwards the CO flow is closed and the N2 flow is opened for 600s. 

Subsequently, three voltammetric cycles were performed at a scanning speed of 20 mV s-1. The ECSA 

was calculated by integrating the area under the CO curve, considering 420 mC cm-2 as the charge 

transferred in a monolayer of adsorbed CO. 

Finally, the results of the electrochemical characterizations were compared with the commercial Pt/C 

catalyst (20% by weight of Pt). 
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Chapter 4. Results and analysis 
The results and discussion of the physical and electrochemical characterization of the synthesized 

materials are presented. 

4.1 Physicochemical characterization of the catalysts 
By means of XRD, the present phases of the PtNi nanoparticles and the catalysts PtNi/CNT, and 

PtNi/CNF (Figure 41), [140] synthesized by means of the hot injection technique of the metallic 

precursors with Oam were analyzed. 

 

Figure 41. Powder diffraction patterns of the PtNi nanoparticles and the catalysts PtNi/CNT and PtNi/CNF 

[140]. 

Figure 41 shows the XRD pattern of the PtNi nanoparticles that were synthesized using the 

oleylamine route. The XRD pattern of nonsupported PtNi nanoparticles is presented to better exhibit 

the crystalline phases of the synthesized material. The PtNi face centered cubic (FCC) phase is 

represented by green bars below the experimental pattern, which is similar to the standard 

crystallographic tables (ICDD PDF-2: 03-065-9445). The Bragg reflections that appear at 41.28°, 

48.04°, 70.29°, and 84.90° are associated with the (111), (200), (220), and (311) planes of the PtNi 
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alloy. The diffraction pattern of PtNi differs slightly from the characteristic patterns of pure metals 

(Pt represented by orange bars and Ni by purple bars below the experimental patterns). The Pt (111) 

diffraction peak is slightly shifted, which could be due to the compression deformation of the Pt atom 

in the Ni FCC lattice during the formation of the PtNi alloy [154]. This result suggests that the two 

elements coexist in the synthesized nanoparticles, resulting in the formation of a bimetallic system. 

Moreover, in the synthesized nanoparticles, there are no peaks that are associated with the formation 

of nickel oxides or hydroxides. Figure 47 also shows the XRD patterns of the supported PtNi 

nanoparticles in the CNTs and CNFs, presenting the Bragg reflections of the XRD pattern of the 

unsupported PtNi nanoparticles associated with the corresponding planes mentioned above; the XRD 

patterns of the supported PtNi nanoparticles show an additional Bragg reflection at 25.71° and 26.48° 

for the CNT and CNF, respectively, associated with the representative peak corresponding to the 

plane (002) of the carbon material used as support [140]. 

The size, morphology and dispersion of the nanoparticles are very important for ORR, since they 

largely determine the active sites. SEM micrographs of the PtNi nanoparticles were obtained, which 

allowed us to observe that the synthesized PtNi nanoparticles initially had apparently cubic 

morphologies (subsequently, through the TEM micrographs we verified the polyhedral morphology) 

and nanometric size of the nanoparticles (Figure 42). 

 

Figure 42. SEM micrographs of the PtNi nanoparticles in both images, the yellow inset is a zoom of the 

nanoparticles obtained. 

Figure 43 [140] shows TEM images of the morphology and distribution of the as-synthesized 

nanoparticles. The PtNi nanoparticles have well-dispersed, uniform shapes and sizes on the carbon 

support, which is favorable for ORR since agglomeration decreases the catalytic activity of the 

cathodic reaction [105, 126]. Figure 43 (a, and b) show the dispersion of the nanoparticles. 

Conversely, Figure 43 (c and d) show representative morphologies of the synthesized nanoparticles 

and polyhedral nanoparticles with well-defined morphologies. According to the literature, 
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nanoparticles with well-defined shapes, such as octahedrons, icosahedrons, and truncated 

octahedrons, have demonstrated better catalytic activity than commercial Pt/C nanoparticles 

[44]. The size and shape of nanoparticles play an important role in catalysis because they 

determine the active sites for the ORR [155]. This evidence suggests that the increase in the 

catalytic activity of the bimetallic PtNi nanoparticles, which were synthesized using this 

simple method, can be partially attributed to their well-defined morphologies. The obtained 

PtNi nanoparticles have an average size of 30 nm. 

 

Figure 43. (a–d) TEM images of PtNi nanoparticles [140]. 

Figure 44 [140], (a, and b) show the micrographs of the as-received CNT and CNF used as support 

materials for the synthesized PtNi nanoparticles. Figure 44 (c and d) show images of the PtNi 

nanoparticles supported on the CNT and CNF, respectively. It was demonstrated that the deposition 

method used for the PtNi nanoparticles on the proposed support materials was simple and effective. 
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Figure 44. SEM images (a) Carbon nanofibers (CNF), and (b) Carbon nanotubes (CNT). PtNi nanoparticles 

supported on (c) CNF and (d) CNT. Scale bars are 1 μm (a, and c) and 100 nm (b and d). The red circles in the 

SEM image show the presence of the PtNi nanoparticles in the corresponding supports [140]. 

Elemental chemical analysis is of great importance because it allows estimating the real composition 

of the synthesized materials. For each material synthesized, three zones were analyzed. Figure 45a 

shows the spectrum obtained from the analyzed area, in this spectrum the presence of the two metals 

used in the synthesis is observed. Figure 45 b shows the image of the sample to which the elemental 

analysis of SEM-EDS was performed. Figure 45 (c-d) shows the distribution of the Pt, Ni elements 

and the overlap of both elements, respectively, a uniform distribution of the elements in the 

synthesized PtNi nanoparticles is observed. 
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Figure 45. a) EDS-SEM spectrum of the PtNi polyhedral nanoparticles obtained from the synthesis. b) SEM 

image of PtNi, (c-e) elemental mapping corresponding to (c) overlapping PtNi, (d) Pt and (e) Ni. 

In Figure 46 a, the presence of Pt and Ni was confirmed in the obtained spectrum of the nanoparticles. 

Additionally, SEM-EDS was performed using three different measurements of equal areas on the 

same sample to be as representative as possible. Figure 46 b, shows one of the areas determined to 

estimate the chemical composition of the PtNi nanoparticles. SEM-EDS was used in a semi-

quantitative analysis to estimate the chemical composition of the nanoparticles. The measured 

compositions using SEM-EDS were 74.33 ± 2.07 wt. % Pt and 25.62 ± 2.1 wt. % Ni, which agree 

with the nominal compositions (75 wt. % Pt and 25 wt. % Ni). 
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Figure 46. (a) EDS-SEM spectrum of Pt and Ni in the PtNi nanoparticles and (b) area analyzed to estimate the 

chemical composition of the PtNi nanoparticles [140]. 

4.2 Electrochemical evaluation of the catalysts 
Electrocatalytic evaluation has focused on three parameters for the comparison of catalysts: ECSA, 

SA and MA [156, 157]. Once the physical characterization showed that the materials had been 

synthesized correctly. The electrochemical characterization of the catalysts was carried out to 

determine the catalytic activity that they present towards the ORR. 

In CV, a cyclic sweep is performed starting at an initial potential (Ei) until reaching a certain final 

[158] potential (Ef), where the direction of the sweep is reversed towards Ei for several cycles [79]. 

The observed current peaks provide information about the nature of the processes studied. In ORR, 
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CV is generally used to activate the catalyst surface and determine the capacitance of the catalyst-

electrolyte interface. To obtain the voltammograms, several potential cycles were developed at 50 

mV s-1 between 0.05 and 1.20 V vs RHE in the 0.1 M HClO4 solution previously deoxygenated with 

N2 until stable voltammograms were obtained.  

The electrocatalytic activity of the PtNi/CNT and PtNi/CNF catalysts toward the ORR were evaluated 

in a typical three-electrode electrochemical cell using the electrochemical activity of the commercial 

Pt/C catalysts as a reference. Prior to polarization experiments, electrochemical activation was used 

to characterize and clean the freshly prepared electrode surface using a scanning potential range of 

0.05–1.2 V vs. RHE in N2 purged 0.1 M HClO4 to obtain a reproducible cyclic voltammogram. Figure 

47 shows the voltammograms of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts in acid media. 

Hydrogen adsorption–desorption peaks are observed in the potential range of 0.05–0.3 V vs. RHE, 

and the double-layer capacitance is observed in the potential range of 0.3–0.8 V vs. RHE. The 

adsorption of oxides and hydroxides in the catalytic material is observed in the anodic scan potential 

range of 0.8–1.2 V vs. RHE. When the synthesized materials’ voltammograms were compared to that 

of Pt/C, slight differences were discovered in three regions (the hydrogen zone, the double-layer 

capacitance, and the oxide formation region). The cyclic voltammograms of the PtNi/CNT and 

PtNi/CNF catalysts show a positive shift in current reduction peaks of the OHads species adsorbed 

on the electrode surfaces compared to that of Pt. This behavior reflects the weakening of the 

adsorption energy of reactive intermediates [105]. In general, the low OHads on the electrode surface 

correlated with the reported Pt profile in acid media [105, 155]. 
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Figure 47. Cyclic voltammograms of the catalysts in 0.1 M HClO4 (the black line represents PtNi/CNT, the red 

line represents PtNi/CNF, and the blue line represents Pt/C) [140]. 

In context, the characteristic zones of Pt-based catalysts. The zone between 0.05-0.3V vs. RHE 

corresponds to the adsorption (cathodic region) and desorption (anodic region) of hydrogen. This 

zone is usually used for the determination of the electrochemically active area, and in our PtNi/CNT 

and PtNi/CNF catalysts it is generally observed that said area is smaller (compared to Pt/C), so it can 

be anticipated that these catalysts had an ECSA lower than that of commercial Pt/C. In addition, 

PtNi/CNF is the catalyst that has less defined said zone, which is an indicator of low catalytic activity. 

The potential zone between 0.3-0.8 V vs. RHE, is related to the capacitive properties of the catalysts, 

generally known as "double layer region" in this case is related to the loading and unloading processes 

of the material used as support material, which allows maximizing the exposed area of the 

nanoparticles. Noting that in the case of PtNi/CNT, this catalyst has a higher capacitance than the 

PtNi/CNF catalyst, which may be caused by a slight increase in the catalytic load for said electrode. 
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The third zone of potential between 0.8-1.2 V vs. RHE, is where the adsorption and formation of 

oxides takes place on the active surface of the catalyst (anodic region), while the cathodic region of 

this zone is associated with the reduction of oxides or oxidized species previously formed in the 

region anodic In this potential zone, it can be observed that there is a trend in the oxygen reduction 

peak in which the catalysts are Pt/C < PtNi/CNT < PtNi/CNF. The shift in the cathodic potential for 

the PtNi/CNF system to more positive potentials (lower overpotentials) is associated with a decrease 

in the energy required to carry out the reaction (higher catalytic activity). 

The ECSA of the synthesized nanoparticles was determined with the CO electro-oxidation technique 

(CO stripping), since it is an effective technique to determine the ECSA of catalysts based on Pt [159]. 

To determine the ECSA, which is related to the number of active sites on the catalyst surface, the 

properties of platinum were used to electro-oxidize the carbon monoxide adsorbed on its surface. In 

this experiment Pt reacts with CO according to the following reactions in aqueous medium [159]: 

2 𝐻2𝑂 → 𝑂𝐻𝑎𝑑𝑠 +  𝐻3𝑂+ +  𝑒−               (5) 

𝐶𝑂𝑎𝑑𝑠 + 𝑂𝐻𝑎𝑑𝑠 → 𝐶𝑂2 +  𝐻+ +  𝑒−        (6) 

Based on the methodology reported by Schmidt  [160], the working electrode immersed in the 

electrolytic solution was bubbled for 300 seconds with gaseous CO and 600 seconds with N2, while 

it was polarized by imposing a potential of 0.1 V, subsequently 3 cycles were performed in a potential 

window from 0.05 to 1.2 V (vs. RHE). Once the voltammograms were obtained, the current values 

of the second cycle were subtracted from the first cycle and in this way the electro-oxidation peak of 

CO located between 0.55 and 0.8V vs. RHE; the area under the curve was integrated and by means 

of equation 7, the corresponding ECSA was calculated [161]: 

𝐸𝐶𝑆𝐴 (𝑚2𝑔𝑃𝑡
−1) = (

𝑄𝐶𝑂

420 𝜇𝐶𝑐𝑚−2 𝑥 𝐶 𝑥 𝐴𝑔𝑒𝑜
)  𝑋 105      (7) 

where the ECSA is reported in m2𝑔𝑃𝑡
−1, QCO is the charge transferred to oxidize the pre-absorbed 

layer of CO molecules (C) (obtained by dividing area under the curve in A•V by the sweep rate in V 

s-1), 420 μC cm-2 [160], C is the platinum load on the working electrode in mgPt cm-2 and Ageo is the 

geometric area of the glassy carbon on which the catalyst is placed (0.196 cm2).  

The electrochemical oxidation of adsorbed CO is generally used to determine the ECSA, which is an 

essential parameter in evaluating SA and comparing different catalysts for the ORR [156, 162-164]. 

The ECSA of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts were determined using previously reported 

procedures of the CO stripping technique [161, 165]. CO stripping on Pt nanoparticles usually shows 

peak multiplicity observed in the oxidation of an adsorbed CO layer. Figure 48 shows the CO-
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stripping peaks of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts. The synthesized materials are 

observed to have peaks at smaller displacements compared to Pt/C, PtNi/CNT and PtNi/CNF peaks 

appear to be centered in 0.74 and 0.70 V vs. RHE, whereas the Pt/C peak appears to be centered in 

0.78 V vs. RHE. This result is consistent with previous research that suggests that CNTs and CNF 

are more CO tolerant than carbon black [129]. The peak potential of the Pt-based catalysts is closely 

related to the crystallographic planes exposed to the electrolyte and the shape/size of the nanoparticles 

[164]. In the CO peak, the broad peaks corresponding to the PtNi/CNT and PtNi/CNF catalysts differ 

from each other, and from those of the Pt/C catalysts, which could be due to different factors, such as 

crystalline surface defects (e.g., terraces and kinks) or surface defects created during the synthesis 

[166]. 

 

Figure 48. CO-stripping voltammetry curves of the catalysts in 0.1 M HClO4 [140]. 

For all the synthesized catalysts, the ECSA was lower than that obtained for Pt/C, as shown in Table 

9. The low electrochemically active area of the catalysts may be associated with several factors, 

among which the particle size [156] are, as well as a process of agglomeration of these on the carbon 

support. 
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The RDE is an indispensable technique to evaluate the catalytic activity of nanocatalysts for the 

oxygen reduction reaction. This technique is used due to the low solubility of oxygen in an acid 

medium, so that by rotating the working electrode, a higher concentration of O2 is achieved on the 

catalytic surface. RDE measurements were performed in an electrolyte of 0.1 M HClO4 saturated with 

O2 at 20 mV s-1 over a range of 0.05 to 1.05 V vs. RHE. 

The evaluation of the activity of the catalysts towards the ORR is carried out by means of polarization 

curves in steady state (concentration of dissolved O2 of saturation in the surface of the catalyst). These 

curves have three distinguishable characteristic zones of potential (Figure 49). Zone I corresponds to 

the zone controlled by mass transport (current limit, 0.1-0.65 V vs. RHE), in which the reactions at 

the electrode are limited by mass transport, that is, by the speed with which the O2 dissolved in the 

electrolyte reaches the catalyst and the current value used for calculation purposes is the one located 

at 0.4 V vs. RHE. Zone III corresponds to the zone controlled by charge transfer kinetics (<0.95 V), 

in which the ORR is only governed by the rate of electron transfer from the catalyst to adsorbed O2; 

and region II called the mixed zone (0.65-0.9 V), in which the ORR is determined by both electron 

transfer and mass transport. 

The electrochemical RDE technique was used to study the kinetics of the ORR on the PtNi/CNT, 

PtNi/CNF, and Pt/C catalysts because of the strong dependence of the ORR on hydrodynamic 

conditions. Potentiodynamic tests were performed for the ORR at 25 °C in an O2-saturated 0.1 M 

HClO4 electrolyte. Figure 49 shows sigmoidal polarization curves of the PtNi/CNT, PtNi/CNF, and 

Pt/C catalysts for the ORR obtained at 1600 rpm in a potential range of 0.05–1.05 V vs. RHE at 20 

mV s-1. Three zones are distinguished for the tested materials: (1) the kinetic control (1.05–0.9V vs. 

RHE), (2) the mixed kinetic-diffusion (0.9–0.65 V vs. RHE), and (3) mass transport (0.65–0.20 V vs. 

RHE). The PtNi/CNT, PtNi/CNF, and Pt/C catalysts had half-wave potentials (E1/2) of 0.89, 0.87, and 

0.89 V vs. RHE, respectively. These results agree with those reported in the literature, and they 

indicate that our synthesized PtNi/CNT material could be used as a cathodic catalyst in PEMFC. An 

increase in the limiting current density of the PtNi/CNT and PtNi/CNF catalysts was observed at high 

overpotentials between 0.65 and 0.20 V vs. RHE. The increase in the limiting current of the 

synthesized catalyst could be due to an increase in oxygen diffusion across the surface of the ink-type 

working electrode. 
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Figure 49. ORR polarization curves for the PtNi/CNT, PtNi/CNF and Pt/C catalysts in O2-saturated 0.1 mol L-

1 HClO4 solution at a scan rate of 20 mV s-1 and rotation rate of 1600 rpm [140]. 

On the opposite, the three catalysts have the three characteristic zones of Pt-based materials well 

defined, even more, it can be observed that in the mixed zone, where the calculation of the catalytic 

activities is carried out, there are differences in terms of the average potential wave (Table 10), where 

it is observed that with the exception of PtNi/CNF, the PtNi/CNT and Pt/C catalysts present a shift to 

positive potentials (lower overpotentials). The foregoing becomes important because a displacement 

of the potential with respect to Pt/C translates into a decrease in the energy necessary to carry out the 

ORR and an increase in the catalytic activity, which confirms what was observed by the value of the 

potential of the oxygen reduction peak in the cyclic voltammograms. 
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Table 10. E1/2 values for Pt/C, PtNi/CNT, and PtNi/CNF catalysts. 

Catalysts E1/2 (V vs. RHE) 

Pt/C 0.89 

PtNi/CNT 0.89 

PtNi/CNF 0.87 

However, the half-wave potential is not the parameter used in the literature for comparative purposes 

between catalysts, because it does not consider the amount of platinum present in the catalysts. Its 

use without such consideration could lead to a wrong conclusion as to which is the most active 

catalyst. The parameters used in the literature are those established by the DOE, being the mass and 

specific activity, evaluated at 0.9 V vs. RHE, with corresponding kinetic current density values [26].  

The measured current density is defined in the literature as [26]:  

1

𝐽
=  

1

𝐽𝑘
+  

1

𝐽𝐿
+  

1

𝐽𝐹
           (8) 

where J is the current density measured at the electrode, Jk is the kinetic current density, JL is the 

diffusion-limited current density, and JF is the diffusion-limited current density of O2 through the 

film. However, the latter approaches zero when the catalyst film is sufficiently thin and O2 diffusion 

through the catalyst film is negligible (<0.1 μm thick) [157, 161]. 

As we can see, the current density measured at 0.9 V (located in the mixed zone) is formed not only 

by the kinetic current density Jk but also by the diffusion-limited current density JL (which, as reported 

by Garsany et al. [161], represents an average value of current between 0.05-0.6 V). Therefore, to 

obtain the value of JK it is necessary to make the correction due to diffusion using the following 

equation (9): 

𝐽𝐾 =  
𝐽𝐿 𝑥 𝐽 

𝐽𝐿−𝐽
           (9)    

Once the kinetic currents at 0.9V/RHE are obtained, the calculations of the specific and mass 

activities are carried out. 

Specific activity (SA) is defined as the magnitude of the intrinsic catalytic activity of a high surface 

area catalyst, in a thin film experiment [156]. This has units of mA 𝑐𝑚𝑃𝑡
−2, which should not be 

confused with current density (J with units of mA 𝑐𝑚𝑔𝑒𝑜
−2 ). The SA is calculated from the kinetic 

current Jk normalized by the ECSA, while the second is the measured current density J normalized 

with respect to the geometric area of the electrode. This parameter is important, since high specific 
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activity values allow the construction of increasingly smaller fuel cells, in addition to indicating how 

efficient a certain number of active sites in a material the specific activity is calculated arithmetically 

using the following equation (10): 

𝑆𝐴 (𝑚𝐴 𝑐𝑚𝑃𝑡
−2) =  

𝐽𝑘(𝑚𝐴)

𝑄𝐶𝑂 (𝜇𝐶)/420𝜇𝐶𝑐𝑚−2                           (10)  

Mass activity (MA) is an indicator of the intrinsic catalytic activity of a catalyst. However, this is 

related to cost, has units of A 𝑚𝑔𝑃𝑡
−1, and is the most important parameter to consider when discussing 

the economic development of fuel cell catalysts [157]. The equation (11) for calculating MA is: 

𝑀𝐴 (𝐴𝑚𝑔𝑃𝑡
−2) =

𝐽𝑘(𝑚𝐴)

𝑃𝑡 𝑎𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (𝑚𝑔)
                (11) 

The graph of E vs log |Jk| or Tafel plot, is useful for evaluating kinetic parameters, among which the 

Tafel slope (-b) stands out. Figure 50 shows the Tafel plots of the synthesized materials and the 

commercial Pt. The graphs were obtained from the kinetic current corrected for mass transport. It is 

observed that the synthesized materials have the same trend as Pt Etek. In the comparison of the Tafel 

slopes, it is observed that the two synthesized materials present values of -b similar to that of the 

commercial Pt, which suggests that the synthesized materials maintain the same mechanism for 

oxygen reduction. 

On the other hand, the Tafel graph allows to evaluate the kinetic parameters of an electrochemical 

process. The Tafel equation (12) is [167]:  

η = a − b log 𝑖                    (12) 

Where η is the electrochemical overpotential at V, a, and b are constants. The constant -b is called 

the Tafel constant, where a large Tafel slope implies the need to apply a higher overpotential to 

achieve the same current density that would be achieved with a small Tafel slope [167]. Tafel slope 

values of 60 mV dec-1 are reported for Pt at low overpotentials (E>0.8V) while values of 120 mV dec-

1 are reported for Pt at high overpotentials (E<0.8V). Where 120 mV dec-1 corresponds to -2RT/F and 

is associated with the fact that the determining step of the reaction is the transfer of the first electron 

in the ORR [168]. 

The catalytic activities of the catalysts were investigated using Tafel plot values. Figure 50 shows 

mass-transfer corrected Tafel plots of the PtNi/CNT and PtNi/CNF catalysts, with Tafel slopes of 

84.9 and 79.8 mV dec-1, respectively. These slope values are higher than that of the Pt/C catalyst (69.1 

mV dec-1). The Tafel slope values for all the synthesized bimetallic catalysts indicate fast ORR 

kinetics due to the formation of the PtNi alloy in the catalyst. Table 11 [140] shows the calculated SA 

and MA values. As can be observed, the MA value of the PtNi/CNT catalyst is extremely similar to 
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that of the Pt/C catalyst, and these MA values are almost double that of the PtNi/CNF catalyst. The 

PtNi/CNT and Pt/C catalysts, having similar MA values, suggest that both catalysts have similar 

current densities. Conversely, the SA values of the PtNi/CNT and PtNi/CNF catalysts are higher than 

that of commercial Pt/C catalysts. 

Since the SA value of the PtNi/CNT catalyst is higher than that of commercial Pt/C catalysts, the 

PtNi/CNT catalyst has a higher current density. Therefore, the PtNi/CNT catalyst electrokinetics 

supports our conviction that this material is suitable for use as a cathode electrode in PEMFC. 

 

Figure 50. Tafel plots of PtNi/CNT, PtNi/CNF and Pt/C catalysts [140]. 

In the Tafel plot (Figure 50) it can be seen that the catalysts follow the following trend relative to Jk: 

Pt/C> PtNi/CNT> PtNi/CNF at 0.9 V vs. RHE [140]. An increase in Jk is directly associated with 

increased catalytic activity. These values show a trend consistent with the specific activities 

previously determined. From the Tafel constant values determined for the catalysts, it is observed that 

the catalysts with present similar values. The PtNi/CNT has a value of 79.8 mV dec-1, which is the 

highest of all the analyzed materials. That is, in this catalyst a higher overpotential is necessary to 

carry out the ORR. 
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Finally, in the evaluation of electrochemical parameters, and with the objective of studying the 

mechanism that is carried out for the ORR in the catalysts, the values of the Koutecky-Levich slope 

were calculated, which is obtained from the following equation (13) [168]: 

1

𝐽
=  

1

𝐽𝑘
+  

1

Βω1/2                      (13) 

Where ω1/2 is the square root of the rotation speed in rpm1/2 and B is the slope. The values obtained 

in the different catalysts studied were values close to the theoretical value of 0.138 mA cm-2 rpm-1/2. 

These B values are related to a reaction mechanism for the 4𝑒− transfer ORR, that is: 

𝑂2 +  4𝐻+ + 4𝑒− → 2𝐻2𝑂            (14) 

Figure 51 [140] illustrates Koutecky–Levich plots deduced from hydrodynamic experiments, where 

the number of electrons transferred per oxygen molecule is determined. The PtNi/CNT and PtNi/CNF 

catalysts had B0 values of 0.1245 and 0.1263 mA cm-2 rpm-1/2, respectively, which agree with the B0 

value of 0.1080 mA cm-2 rpm-1/2 for the Pt/C catalyst calculated under the same experimental 

conditions. These results suggest that the ORR is governed by a four-electron and four-proton transfer 

pathway (n = 4𝑒−) to water formation (i.e., 𝑂2 + 4𝐻+ + 4𝑒−→ 2𝐻2𝑂). 
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Figure 51. Koutecky-Levich plots of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts at rotation rate of 1600 rpm 

[140]. 

This means that the materials under study present a multi-electronic transfer (n=4e-) with the 

formation of water and not the undesirable intermediate of hydrogen peroxide.  

The electrochemical values of all the catalysts evaluated are summarized in Table 11 [140]. 

Table 11. Kinetic parameters deduced from the ORR on PtNi/CNT, PtNi/CNF, and Pt/C catalysts in O2-

saturated 0.1 M HClO4 [140]. 

Catalysts 

 

ECSA 

(m2 g-1Pt) 

SA@ 0.9 V 

(mA cm-2Pt) 

MA @ 0.9 V 

(A mg-1Pt) 

Tafel slope 

(mV dec-1) 

B0 (mA cm-2 

rpm-1/2) 

PtNi/CNT 12.15 1.45 0.18 84.9 0.1245 

PtNi/CNF 6.72 1.47 0.10 79.8 0.1263 

Pt/C 53.22 0.35 0.19 69.1 0.1080 

Table 11 presents the determined ECSA values of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts. The 

results show that the PtNi/CNT and PtNi/CNF catalysts had lower ECSA values than the Pt/C 

catalysts. The low ECSA values of the PtNi/CNT and PtNi/CNF catalysts compared to those of Pt/C 

may have resulted because the CNT and CNF were used without any surface modification treatment 

in order to enhance the low reactivity exhibited by pristine CNT and pristine CNF.  

Table 12 shows a comparison of the ORR activities of the PtNi/CNT catalysts and other Pt-based and 

Pt alloy-based electrocatalysts from the literature. It can be seen hat our PtNi/CNT catalyst performed 

competitively, particularly considering the simple synthesis used and the fact that the CNT were used 

as a support material without any additional treatment. It is worth mentioning that the electrocatalysts 

in the literature were obtained via different processes and were supported on CNT modified using 

different methods, such as heat treatment [169], hybrid support of CNT and some type of metal oxide 

[170], hybrid structures between the catalyst and the CNT [171], one-step solvothermal method of 

PtNi/ CNT [172], doping CNT with some heteroatom [173], and partially exfoliating CNT [174]. 
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Table 12. Comparison of ORR activity of Pt and Pt alloys catalysts supported on CNT [140]. 

 Catalyst ECSA (m2 g-1Pt) 

 

SA@ 0.9 V (mA cm-2Pt) MA @ 0.9 V (A mg 1Pt) 

PtNi/CNT [140] 12.5 1.45 0.180 

Pt/MWCNT-RTa Not given 0.26 0.017 

Pt/MWCNT-300b Not given 0.32 0.020 

Pt/MWCNT-400b Not given 0.29 0.006 

Pt/MWCNT-500b Not given 0.15 0.007 

Pt/MWCNT-600b Not given 0.15 0.007 

Pt/MWCNT-700b Not given 0.15 0.003 

Pt/TiO2@CNT 99.3 0.36 0.358 

PtNi-MWCNT 47.9 1.07 0.510 

PtNi/CNT 34.8 1.38 0.479 

Pt3Co/N-CNT 565 0.09 0.050 

Pt3Co/N-CNTHTc 34.9 0.06 0.019 

Pt3Co/S-CNT 23.1 0.11 0.025 

Pt3Ni/N-CNT 34.7 0.01 0.033 

Pt3Ni/N-CNTHTc 46.4 0.06 0.029 

Pt3Ni/S-CNT 5.6 0.14 0.001 

Pt3 Sc/PEd-CNT 102.1 Not given 0.080 

Pt/PEd-CNT 95.7 Not given 0.070 

Pt3 Sc/CNT 62.4 Not given 0.060 

a RT: room temperature, b (°C), c HT: heat treatment, d PE: partially exfoliated. 
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It is also possible to observe that the catalysts reported in the literature have larger electrochemically 

active areas, which may be related to a much smaller nanoparticle size [156]. Now, if the specific 

activity values are analyzed, we find that the PtNi/C catalyst has a higher value (1.45 mA 𝑐𝑚𝑃𝑡
−2) than 

most of them. This indicates that the active sites on the catalyst have adequate interaction with O2. 

While the mass activity (0.18 A 𝑚𝑔𝑃𝑡
−1) obtained for PtNi/CNT is in intermediate values with respect 

to the catalysts reported in the literature. This is explained due to the large particle size of the 

PtNi/CNT. Therefore, reducing the particle size in the catalysts studied in this thesis work is an area 

of opportunity to improve the catalytic activity. 

It is important to point out that the PtNi/CNT catalyst was obtained through a simple synthesis method 

that does not include additional steps involving additional reagents and/or energy; in turn, the CNT 

and CNF that served as supports were used as received, and no additional treatment was applied to 

them; so, this catalyst could be considered as an advantageous option to be used as cathodic catalysts 

for the ORR in PEMFC, since the PtNi/CNT catalyst obtained in this work showed, in some cases, 

higher ECSA, MA, and SA than other Pt-Ni catalysts supported on modified CNT. 

Conclusions 
The experiments carried out and the results obtained in this doctoral thesis project allow the following 

conclusions to be drawn: 

 Polyhedral PtNi nanoparticles (75% wt Pt: 25% wt Ni) were synthesized by hot injection 

technique with Oam as reaction agent. 

 It was determined that through a simple synthesis, without giving additional treatment to the 

reaction agent or the metal precursors, it is possible to obtain polyhedral PtNi nanoparticles. 

 The conditions suitable for the reproducibility of the synthesis of polyhedral PtNi 

nanoparticles of manometric size were determined. 

 It is very important to determine the reduction temperature in order to establish the reaction 

time from it. 

 An optimal reaction time of five minutes was determined, with which polyhedral 

nanoparticles with an average size of 30 nm are obtained. 

 It was determined that the nominal composition and the SEM-EDS measurements were very 

similar for the sintered nanoparticles. 

 It was determined by TEM micrographs that the polyhedral nanoparticles obtained have the 

characteristic that the Pt atoms are concentrated at the edges; which makes them attractive 

for catalytic issues. 
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 PtNi/CNT and PtNi/CNF catalysts were obtained and deposited on pristine supports using 

the impregnation technique. 

 PtNi/CNT catalyst has catalytic, specific and mass properties, to be considered as a candidate 

to be used as cathode electrodes in a PEMFC. 

Perspectives 
It is important to mention that although it was possible to obtain nanometric-sized polyhedral PtNi 

naoparticles through a simple and versatile synthesis and their subsequent deposition on pristine 

carbon materials by an impregnation method to obtain catalysts that were physically characterized 

and electrochemically evaluated, there are still too many areas that need to be improved and work 

that needs to be done such as: 

 Establish synthesis strategies that allow to reduce the particle size. 

 Propose synthesis methods that allow obtaining nanostructures with a great catalytic 

performance, for example core-shell. 

 Use other synthesis methodologies that include other effects such as one-pot to perform 

synthesis. 

 Study thoroughly the order of the addition of metal precursors and even that of Oam when 

preparing the solution for hot injection. 

 Compare the pristine PtNi/CNT catalyst obtained with a PtNi/CNT catalyst obtained by the 

same synthesis method but supported on CNTs modified by some method. 

 Evaluate the stability to the catalysts obtained and those that could be obtained in the future. 

 carry out single-cell performance studies using the PtNi/CNT cathode catalysts obtained and 

future synthesized catalysts that are candidates to be used as cathode catalysts 

 The optimization of experimental variables of the synthesis, for example to improve the 

control in the increase of the temperature of the synthesis. 
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