
 
 

 

 

by 

 
Mohd Altamash Jauhar 

 
 
 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Doctor of Philosophy 

in 

Chemical Engineering 

Nanostructured catalyst design to improve ultrafine Pt 

nanoparticle utilization and stability for PEMFCs 

Waterloo, Ontario, Canada, 2020  

© Mohd Altamash Jauhar 2020 



 

ii 

 

 

Examining Committee Membership 

 

The following served on the Examining Committee for this thesis. The decision of the Examining 

Committee is by majority vote. 

 

External Examiner Dr. Yang Yang 

 Professor 

 

Supervisor Dr. Zhongwei Chen 

 Professor 

 

Internal Member Dr. Eric Croiset 

 Professor 

 

Internal Member Dr. Ali Elkamel 

 Professor 

 

Internal-external Member Dr. Vivek Maheshwari 

 Professor 

 

 



 

iii 

 

 

Author’s Declaration 

 

This thesis consists of material all of which I authored or co-authored: see Statement of 

Contributions included in the thesis. This is a true copy of the thesis, including any required final 

revisions, as accepted by my examiners.  

I understand that my thesis may be made electronically available to the public.   



 

iv 

 

 

Statement of Contributions 

 

The body of this thesis is based upon a combination of published and unpublished works. 

 

Chapter 4 of this thesis is adapted from published work.  

Jauhar, A.M.; Hassan, F.M.; Cano, Z.P.; Hoque, M.A.; Chen, Z. Platinum-Palladium Core–Shell 

Nanoflower Catalyst with Improved Activity and Excellent Durability for the Oxygen Reduction 

Reaction. Advanced Materials Interfaces 2018, 5, 1701508, DOI: 10.1002/admi.201701508. 

 

Chapter 5 was adapter from submitted paper in Journal of Power Sources. 

Space-confined catalyst design toward ultrafine Pt nanoparticles with enhanced oxygen reduction 

activity and durability Corresponding Author:  Zhongwei Chen 

Co-Authors:  Altamash M Jauhar; Zhong Ma; Meiling Xiao; Gaopeng Jiang; Serubbabel Sy; 

Shuang Li; Aiping Yu; Submission POWER-D-20-01151. 

 

Chapter 6 presented last project and manuscript “Sulfur enrichment within carbon nanopore to 

improve oxygen reduction stability” is ready for submission as it is in this thesis. This project is 

co-authored by myself, my supervisor Dr Zhongwei Chen, one collaborator Dr Aiping Yu, and 

three pos-doc Dr Meiling Xiao, Dr Zhong Ma and Dr Gaopeng Jiang.  

 



 

v 

 

 

Hoque, M.A.; Hassan, F.M.; Jauhar, A.M.; Jiang, G.; Pritzker, M.D.; Choi, J.; Knights, S.; Ye, 

S.; Chen, Z. Web-like 3D architecture of Pt nanowires and sulfur-doped CNT with superior 

electrocatalytic performance. ACS Sustainable Chemistry & Engineering 2018, 6, 93–98, DOI: 

10.1021/acssuschemeng.7b03580. 

 

Kaliyappan, K.; Jauhar, M.A.; Y, Lin.; Yu, A.; Bai, Z.; Chen, Z. Constructing a stable 3 V high-

energy sodium ion capacitor using environmentally benign Na2FeSiO4 anode and activated carbon 

cathode. Electrochemical Acta, 2019, 327, 134959-134969, DOI: 

https://doi.org/10.1016/j.electacta.2019.134959. 

 

Zarshenas, K.; Jiang, G.; Zhang, J.; Jauhar, M.; Chen, Z. Atomic scale manipulation of sublayer 

with functional TiO2 nanofilm toward high-performance reverse osmosis 

membrane Desalination, 2020. 

 

Ren, D.; Ying, J.; Xiao, M.; Deng, Y. P.; Ou, J.; Zhu, J.; Liu, G.; Pei, Y.; Li, S.; Jauhar, A. M.; 

Jin, H.; Wang, S.; Su, D.; Yu, A.; Chen, Z. Hierarchically Porous Multimetal‐Based Carbon 

Nanorod Hybrid as an Efficient Oxygen Catalyst for Rechargeable Zinc–Air Batteries. Advanced 

Functional Materials, 2019, 1908167, DOI: 10.1002/adfm.201908167 

 

 

  

https://doi.org/10.1016/j.electacta.2019.134959


 

vi 

 

 

Abstract 

Polymer electrolyte membrane fuel cells (PEMFCs) is an electrochemical device which 

efficiently converts chemical energy stored in hydrogen and oxygen into electricity and water. 

Widely regarded as promising alternative clean and sustainable energy source due zero emission 

and fast refueling time. Nevertheless, large scale commercialization of PEMFCs is plagued due 

insufficient long-term stability of precious metal catalyzing oxygen reduction reaction (ORR). The 

increasing demand of high performance and operationally stable electrocatalyst materials for 

PEMFCs requires significant research and development in designing and studying new 

electrocatalysts. Hitherto, Pt is best available material to catalyze ORR, and state-of-art 

commercial Pt/C cannot meet the crucial targets set by the U.S. Department of Energy (DOE) in 

terms of activity and stability, and moreover, the excessive use of precious metal platinum is not 

economically feasible for the widespread application of PEMFCs.  

Pt based catalyst suffers dramatic loss in terms of activity and stability due particle 

agglomeration, Ostwald ripening and dissociations from support material in addition to the loss of 

precious metal. The technical challenges associated with Pt electrocatalysts need to be addressed 

by studying and designing new electrocatalysts with advanced technologies. Therefore, 

development of commercial Pt/C or replacement with novel and more effective electrocatalysts is 

desirable. 

In this thesis two approaches have been investigated for the development of new 

electrocatalyst material to catalyze ORR in PEMFCs. First study consists of designing sulfur doped 

graphene (SG) as a unique support material with goal to investigate replacement of carbon support 
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to reduce carbon corrosion and then deposit Platinum-palladium core-shell structure to improve 

activity and stability towards ORR. Second study involved the designing and developing new type 

of electrocatalyst where catalytically active nanoparticle was deposited inside pore of model 

carbon support material and this study was further extended for the doping of sulfur and Pt 

deposition inside pore of carbon support. 

First study involves synthesis of SG material by Flash heat treatment followed with 

quenching. Platinum-palladium core-shell structure was deposited on SG support using 

solvothermal methods. Pt-Pd core-shell structure was interacted with sulfur incorporated in 

graphene as -C-S-C strengthen the metal support interaction. The core-shell structure exhibits 

improvement in ECSA and long-term stability of the catalyst due to lower oxidation potential of 

Pd (0.92 V vs RHE) than Pt (1.19 V vs RHE), therefore prevents active material Pt oxidation. 

Pt0.9Pd0.1/SG exhibits an improved ECSA of 78 m2 g-1 compared to 65 m2 g-1 of commercial Pt/C, 

while mass activity of 0.371 A mg-1 (@0.9V vs RHE) compared to 119 A mg-1 for Pt/C catalyst. 

Moreover, after 10K cycles, Pt0.9Pd0.1/SG exhibits mass activity of 0.271 A mg-1 which is 80 

percent of its initial activity, while Pt/C retains only 19 percent of its initial activity. 

Due to large size of core-shell structure around 15-20 nm, where Pt as a shell was around 5-10 nm 

in size, lack of technology to synthesize graphene at large scale, to decrease particle size as to 

increase active site density and to reduce Pt content, we focused on development of smaller Pt 

nanoparticle (< 2nm) on commercially available carbon support to improve activity and durability. 

In second study, we have developed a facile catalyst design to embed ultrafine Pt nanoparticles 

inside the nanopores of the carbon support towards increased Pt utilization and suppress Pt 
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agglomeration/Ostwald ripening through pore-confinement effect. The novel strategy endows the 

resultant Pt nanoparticle with optimized electronic structure, which further accelerates the ORR 

kinetics and results in excellent activity. Due to these attributes, the as-prepared Pt nanoparticle 

inside pore (Ptinside/KJ600) catalyst have shown larger ECSA (113.4 m2 g-1) and initial mass 

activity of 0.558 A mg-1
Pt (@0.9V vs RHE), which is 3.30 times higher than commercial Pt/C and 

outperforms most of the reported solo Pt catalysts. Beyond that, the catalyst also exhibits 

significantly improved durability with 9 mV negative shift (0.373 A mg-1) in half-wave potential 

after 20K cycles, while commercial Pt/C benchmark displays a 52 mV negative shift (0.0619 A 

mg-1). The structure characterization shows negligible increase in particle size distribution when 

conducted on the tested catalyst after 20K cycle confirmed that pore-confinement design can 

effectively inhibit the particle agglomeration. 

Higher activity before and after durability test confirmed there was no mass transfer or reaction 

kinetics limitations due to Pt nanoparticle embedded inside the carbon nanopore, in fact improved 

stability. In order to further improve activity and stability of the catalyst we further investigated 

sulfur doping inside pore of KJ600 (Sin/KJ600), followed with Pt deposition inside nanopore 

(Pt@Sin/KJ600). First study has proved that sulfur doping improve activity by altering d-band 

center and improve stability by strengthening metal support interaction. We have first time 

synthesized and reported synthesis of Pt@Sin/KJ600 catalyst where both Sulfur doping and Pt 

embedded inside pore of carbon support. Pt@Sin/KJ600 demonstrated an excellent mass and 

specific activity of 0.654 A mg-1 and 5.26 A m-2 compared to Pt/C 0.169 A mg-1 and 2.45 A m-2 

respectively. Moreover, catalyst lost merely 1 mV of half-wave potential compared to 52 mV loss 



 

ix 

 

 

in Pt/C after 20K cycles. Mass activity of Pt@Sin/KJ600 catalyst after 20K cycles was more than 

10 times higher than Pt/C catalyst. The structural characterization after durability test also 

confirmed insignificant changes in catalyst morphology. Spatial pore-confinement and metal-

support interaction kept the Pt nanoparticles intact and optimized electronic structure to imparts 

excellent ORR activity and stability. We believe this catalyst design is not limited to Pt based 

catalyst but can easily applicable to the synthesis of Pt based alloy (with transition metal) to further 

improve activity and different catalysis applications.  
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Chapter 1: Introduction 

1.1 Motivation and Challenges 

Increasing energy demand, depleting fossil fuels and deteriorating environmental conditions 

due to use of fossil fuels have propelled the research and development towards sustainable clean 

energy technologies.1–3 This has led to the development of alternative clean energy technologies 

instead of nonrenewable energy sources. Hydrogen is a highly efficient, clean energy source with 

potential to replace or reduce dependence on hydrocarbon fuel sources.3,4 Hydrogen can be 

produced from both non-renewable feed stocks and renewable energy sources such as wind, solar, 

hydro and biomass. For example, hydrogen produced by electrolysis of water using electricity 

generated from renewable sources of energy is free from carbon dioxide or any impurities. Due to 

these advantages, hydrogen has potential in development of clean and sustainable energy 

technology Fuel cells.4,5 

Polymer electrolyte membrane fuel cell (PEMFC) is a type of fuel cell which efficiently 

converts chemical energy stored in the reactants (generally hydrogen and oxygen) into electrical 

energy.  PEMFCs uses hydrogen as a fuel, which oxidizes at the anode to form two protons and 

two electrons, protons are transported across polymer membrane (Nafion) to cathode where they 

participate in the oxygen reduction reaction (ORR) and form energy and pure water as the only 

byproducts. PEMFCs due to zero emission, higher energy density and fast refueling time 

considered promising in area of transportation, portables and even power backups. Hydrogen 

fueled PEMFCs could cut greenhouse gas (CO2) emission especially produced by automobiles 
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sector each year.6–9 However, other than hydrogen infrastructure, widespread commercialization 

of PEMFCs is plagued due higher system cost and inadequate durability. According to the U.S. 

Department of Energy (DOE) guidelines, the cost reduction is being targeted to $40/kW by 2020, 

and $30/kW as an ultimate cost target.1 The higher cost of PEMFCs are mostly due to use of 

precious platinum metal as an active material to catalyze hydrogen oxidation reaction (HOR) and 

oxygen reduction reaction (ORR) at anode and cathode respectively.10 Platinum based 

electrocatalyst comply for the 40 percent of total PEMFCs stack cost.2,3 In spite of both anode and 

cathode rely on platinum to catalyze HOR and ORR, majority of platinum is used at cathode due 

to inherently six order slower reaction rates of ORR compared to HOR.11,12 Furthermore, reaction 

kinetics at cathode are negatively affected due to harsh transient potentiodynamic environment, 

acidic, humidified, oxidative and corrosive environment at high temperature.13–19 Therefore, to 

accomplish fuel cell technology roadmap of 5000 hours (which is equivalent of 150000 miles of 

driving) with less than 10% loss in performance and ever compete with internal combustion engine 

require extensive development of ORR catalyst technology to (i) lower in Pt loading, (ii) Increase 

ORR activity and (iii) improved long-term stability in harsh operative conditions.1 

Till date, platinum is the best available catalyst to catalyze ORR and commercial Pt/C 

catalysts (2-5 nm Pt nanoparticles dispersed on carbon black support) used in PEMFCs have not 

met the technical milestone. In addition, Pt based catalyst undergoes physical, chemical and 

structural degradation due to harsh conditions at PEMFCs operating conditions.18,20–24 Catalyst 

degradation are due to active metal nanoparticles dissolution,17,20,21,24 catalyst particle growth and 

agglomeration,21 carbon support corrosion,16,19,25 potential loss due to contact resistance in 
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individual component, membrane degradation due to mechanical stress, chemical and 

contamination in catalyst and membrane.26,27 It is significant to note that out of seven major factors 

four of them are associated with the catalyst which negatively affect PEMFCs performance.  

Therefore, current electrocatalyst need improvement and deeper insight into new promising 

materials to accelerates large scale commercialization of PEMFCs. Main objective is to improve 

activity and stability while reducing Pt loading to be cost effective. Some of the specific targets 

set for PEMFCs, based on cost and durability at the stack level, set by the US department of Energy 

(DOE) is shown in Table 1-1 below. 

Table 1-1: US Department of energy specified status and targets for PEMFCs.1 

 

Characteristics 

 

Units 

Targets 

2020 

Power density W L-1 850 

Specific power W kg-1 650 

Cost $ kW-1 30 

Durability hours 5000 

Pt group metal total loading mg cm-2-electrode area 0.125 

Mass activity A mg-1 Pt at 0.9 V iR free 0.44 
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There is an urge to overcome these challenges for the development of widespread 

commercialization of PEMFC. Therefore, current electrocatalyst need improvement and deeper 

insight into some new promising materials and technologies, which is the motivation behind this 

research. 

1.2 Thesis Objectives 

The main objective of this thesis is to develop facile catalyst design to improve electrocatalytic 

activity and durability of ORR in PEMFCs and reduce Pt loading. Pt loading can be decreased by 

increasing Pt atom (smaller particle size has surface atom ratio) utilization, however, smaller 

nanoparticles are more susceptible to Sintering (Ostwald ripening, agglomeration and particle 

migration) and dissociation due to higher surface energy.28–32 Pt nanoparticles stability is also 

depends on physiochemical properties of support material and metal-support interactions.33–35 

Graphene as a support material for ORR has gained attention due to excellent physiochemical and 

electrical properties, corrosion resistance, fast charge transport and high surface area (theoretically 

2630 m2 g-1 for a single atomic layer).35–43 Hydrophobic nature of graphitized surface pose 

challenges for uniform dispersion and weak metal support interaction led to irreversible 

agglomeration, results in loss of actives sites and hence induces resistance towards mass transfer 

and diffusion of reactant molecules. First approach involves synthesis of sulfur doped graphene 

(SG) to improve metal support interaction and deposit stable Pt-Pd core-shell nanostructure to 

improve both activity and stability of the catalyst towards ORR. Core-shell structure realized to 

reduce Pt loading, while addition Pd acts as sacrificial element due to low reduction potential 

between two. Secondly, a new approach involves synthesis of ultrafine Pt nanoparticles inside 
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carbon support nanopores to increase number active sites due to large ECSA and optimized 

electronic configuration. Pt nanoparticles growth inside nanopore can effectively control particles 

size and uniform particle size distribution, while it can inherently reduce particle migration, 

agglomeration by restricting spatial movement due to pore-confinement effect.44–51 For this work, 

commercial carbon support (KJ600) was selected due to high conductivity, large surface area, and 

higher porosity with interconnected pore network to accommodate high density of active sites. 

This project will be extended to heteroatom doping inside carbon support to further improve 

catalyst activity and durability. The main objective of this thesis includes. 

(a) Design and synthesis of unique sulfur doped graphene (SG) materials to support core-shell 

Pt-Pd nanostructure (PtPd/SG) to improve activity and stability of ORR. 

(b) Evaluate pore-confinement effect on ultrafine Pt nanoparticle to reduce agglomeration and 

dissolution and investigate impact on ORR activity and performance. 

(c) Develop and investigate unique strategy to dope sulfur inside nanopore of carbon support 

to improve metal-support interaction inside pore to further strengthen catalyst stability. 

1.3 Thesis Outline 

As thesis progress, Chapter 1 consist of introduction laying foundation for overall thesis work. 

It includes background information and challenges associated with development of PEMFCs with 

project objectives to address those challenges. Chapter 2 consist of detailed research background, 

principle and working, challenges associated with performance loss, Catalyst limitations and likely 

technology development to overcome those limitations. Chapter 3 of this thesis will elaborate on 
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all the major synthesis methods, physiochemical and electrochemical characterization used for the 

study and development of Pt based ORR catalyst. Chapter 4 highlights the development of PtPd 

core-shell structure on SG (PtPd/SG) to improve ORR activity and stability. Physiochemical and 

electrochemical property of the catalyst was thoroughly investigated. Chapter 5 focused on the 

development of facile catalyst synthesis to deposit ultrafine Pt nanoparticle inside carbon support 

nanopore (Ptinside/KJ600). Synthesized catalyst was compared to catalyst where Pt was deposited 

on the carbon surface with similar methods and commercial Pt/C. Thorough study was performed 

to elucidate confined nanoparticles effects on the ORR performance and stability of Pt 

nanoparticles in long-term stability test. Chapter 6 derived from the results of chapter 4 and 5, 

where sulfur doping improved metal support interaction. In this project, sulfur was doped inside 

pore of KJ600 (Sin/KJ600), followed with Pt deposition inside doped carbon support 

(Pt@Sin/KJ600). This is the first study where both doping, and catalyst nanoparticle deposition 

was done inside pore of carbon support to improve ORR activity and stability for PEMFCs 

application. Finally, Chapter 7 includes summary and conclusions of all the results reported in 

this thesis. This chapter final section directs recommendations for future projects which can be 

done for the further development of these catalyst in PEMFCs application.   
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Chapter 2: Literature Review 

2.1 History of Fuel Cell 

Fuel cells converts chemical energy stored in reactants into electrical energy through 

electrochemical energy conversion. The fuel cell concept had been effectively demonstrated in the 

early nineteenth century by Humphry Davy as ‘gas battery’ and was followed by pioneering work 

of scientist Christian Friedrich Schönbein in 1838, which later were to become fuel cells. In 1839, 

William Grove, a chemist, physicist and a lawyer were credited for the invention of fuel cell. Grove 

demonstrated that electric current can be produced by placing two platinum strips in separate 

bottles containing hydrogen and oxygen in the presence of sulfuric acid. The term “Fuel Cell” was 

first used by Charles Langer in 1889 and with Ludwig Mond they constructed first practical fuel 

cell device using industrial coal gas as the fuel and air as oxidant. However, due to poor 

understanding of their principles, unreliable fuel sources, and expensive catalysts their practical 

implementation was a challenge. In 1932, Cambridge engineering professor Francis Bacon 

modified Mond's and Langer's model to develop the first alkaline fuel cell (AFC). Bacon 

demonstrated a practical 5 kW fuel cell system in 1959. NASA in collaboration with General 

Electric (GE) start designing fuel cell generators for manned space missions, which was later used 

for Gemini and Apollo space project in late 1950-60s. After this, many companies had researched 

and started developing interest in this technology; however, most recently PEMFCs for sustainable 

and clean energy production has drawn dramatic attention as a replacement for fossil fuels. 

2.2 Types of fuel cells and their application 
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Fuel cells are classified based on electrolyte used in their system. The different types of fuel 

cells are as follows: (i) Polymer electrolyte membrane fuel cell (PEMFC), (ii) Phosphoric acid fuel 

cell (PAFC), (iii) Alkaline fuel cell (AFC), (iv) Molten carbonate fuel cell (MCFC), and (v) Solid 

oxide fuel cell (SOFC). Fuel cells and their intrinsic property are presented in following Table 2-

1.  

Table 2-1: Different type of fuel cell property 

Characteristics PEMFC PAFC AFC MCFC SOFC 

Temperature 

class 

Low Temperature (LT) High Temperature (HT) 

Charge carrier H+ H+ OH- CO3
2- O2- 

Operating 

temperature 

80 ºC 200 ºC 60-220 ºC 650 ºC 600-1000 ºC 

Catalysts Platinum Platinum Platinum Nickel Perovskites 

(ceramics) 

Cell 

components 

Carbon based Carbon based Carbon 

based 

Stainless 

based 

Ceramic 

based 

Electrolyte Polymer 

membrane 

Liquid H3PO4 Liquid 

KOH 

Molten 

carbonate 

Ceramics 

Fuel 

compatibility 

H2, Methanol H2 H2 H2, CH4 H2, CH4, CO 

Applications Electric utility, Electric utility, Military, Electric Electric 
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portable power, 

transportation 

transportation space utility utility, 

auxiliary 

power 

 

2.3 Polymer electrolyte membrane Fuel cell (PEMFC) 

2.3.1 Operations Principles 

PEMFCs are a type of low temperature fuel cell, consisting of two electrodes (an anode and 

cathode) separated by an electrolyte. In PEMFCs, hydrogen gas (H2) oxidation takes place at the 

anode (Hydrogen oxidation reaction, HOR) and produces H+ ion and an electron. Polymer 

membrane only allow the transport of hydrogen ions (protons) from anode to cathode. Electron 

transport take place through external circuit and together with protons reacts with oxygen and 

allow oxygen reduction reaction at cathode to produce water and energy. The schematic diagram 

in Figure 2-1 shows the basic fuel cell components and operation. The polymer membrane used 

in PEMFCs are ionomers of thickness around 20 µm and plays a critical role in achieving high 

power density. The polymer membrane is impermeable to the electron flow. The operating 

temperature of PEMFCs has a major effect on durability of polymer membranes due to thermal 

degradation at high temperature. Most common membrane, Nafion, can sustain temperature below 

100 ºC and is made up of perfluorinated sulfonic acid (PFSA) with an excellent proton transport 

characteristic. PEMFCs are the most common type of fuel cell due to their high energy density, 

low operating temperature, quick start-up time, and rapid response to varying loads. These 
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properties make PEMFCs most popular for manufacturers and can be used in wide range of 

stationary, portable and transport applications.  

 

Figure 2-1: Schematic diagram of PEM Fuel cell.52 

The reactions involved in a PEMFC are as follows: 

Anode:  H2 → 2H+ + 2e-   Eº = 0 V vs RHE 

Anode:  ½ O2 + 2H+ + 2e- → H2O Eº = 1.229 V vs RHE 

Overall reaction H2 + ½ O2
 → H2O  Eº = 1.229 V vs RHE 
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Despite of boasting theoretical open circuit voltage of 1.229 V, voltage observed during real 

PEMFC operation are significantly lower than theoretical value. This can be attributed to 

overpotential and irreversible voltage losses. In general, most of the potential loss is due to slow 

ORR kinetics at cathode.  The HOR reaction at anode are inherently faster due to comparatively 

higher exchange current density (0.1 A cm-2) and cause a minor loss (< 10 mV) of voltage. 

However, the exchange current density due to ORR is extremely low (6 µA cm-2) and responsible 

for a significant activation loss of ~300 mV. Figure 2-2 presents a typical polarization curve 

showing the different losses in PEMFCs. As shown in Figure 2-2, the losses in the PEMFC 

performance can be divided into four major regions with increasing operating current: (i) mixed-

potential losses, (ii) activation loss primarily due to cathode reaction kinetics, (ii) ohmic resistance 

and (iv) mass transport limitations.  

Mixed potential losses: The first thing to notice is open-circuit voltage is lower than 

theoretical value of 1.229 V vs RHE at 80 ºC. These mixed potential losses are related to fuel cross 

over across the membrane, short circuiting and oxidation of the catalyst materials at cathode.8 

Possibility of secondary reactions at the cathode can also be responsible for lower OCV value, 

including: (i) cathodic oxidation due to any permeability of PEM electrolyte to H2 gas. Hydrogen 

gas crossover to the cathode and oxidize due to high potential and can decrease cell potential by 

~25-30 mV.17,53,54 (ii) Reversible adsorption of the oxygen species at the surface of Pt catalyst at 

the cathode can form Pt/PtO and reduces about 90-190 mV. 

Activation loss: This is due to activation overpotential and are due to limitation of electrochemical 

reactions kinetics of the electrodes. Sluggish ORR kinetics are mostly responsible for majority of 
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voltage losses. The exchange current density of ORR is only 0.5 to 1.5 mA cm-2 compared to HOR 

(3-10 mA cm-2), as a result can exhibit a large overpotential in range of ~ 300 mV, even in the 

presence of most active Pt-based catalyst. As magnitude of exchange current density determines 

rate of electrochemical reactions, and it depends upon reaction and the electrode surface where it 

takes place. This is most detrimental loss in PEMFC and thus there is a considerable scope to 

improve existence nanostructured catalyst to improve exchange current density and reduce voltage 

losses. This is one of the primary focus of researchers and scientist working in the field of PEMFC.   

Ohmic loss: This region displays a linear loss in cell voltage with increase in currents density 

in the polarization curve. The ohmic loss in PEMFCs are due to bulk electrical resistance of the 

cell materials, cell concentrations (bipolar plates, catalyst layers, current collector cables etc.) and 

the resistance to hydrogen ions transport in polymer electrolyte. Appropriate choice of materials 

and electrode structure with high conductivity can mitigate ohmic losses. 

Mass transport limitation: This is associated with mass transport of reactants to the 

electrode. At high current densities, the voltage of PEMFCs drops dramatically. This is due to fact 

that reactant consumption rate at electrode are faster than the reactant supplied to the catalyst 

surface. When reactant supply becomes zero current density reaches the limiting value. Reactant 

concentration, feed flow rates, cell temperature, structure of the gas diffusion layer and catalyst 

layers architecture are the primary factors that influence mass transport limitations and determine 

the limiting current density of a PEMFC. 
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Figure 2-2: A typical PEMFC polarization curve showing different regions of potential losses.8  

2.4 Catalyst stability limitations 

Fuel cell operation exposes the cathode to harsh potentiodynamic conditions which persist 

during drive cycles, through start up and shut down procedures and during fuel cell starvations. 

The acidic nature of the polymeric membrane, oxidative, humidified cell condition and elevated 

temperature create a harsh environment that led to catalyst degradation and loss of fuel cell 

performance over time.15,17,19,21,24,55–57 The specific reason for the Pt/C catalyst degradation are (i) 

carbon corrosion, (ii) platinum nanoparticle dissolution and/or agglomeration, (iii) Sintering 

(Ostwald ripening, coalescence) and (iv) catalyst contamination and/or poisoning.16,28–32,58,59 
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Carbon support corrosion/oxidation is thermodynamically favored under the normal operating 

conditions with the standard equilibrium potential of 0.207 V vs RHE.21 

C + H2O → CO2 + 4H+ + 4e- 

Although high electrode potential of cathode is large enough to drive direct oxidation/ 

corrosion of carbon support material.19 Platinum has been found to catalyze the carbon oxidation. 

Several other factors such as humidity, temperature and amount of carbon also influence carbon 

corrosion.14,60 Carbon corrosion is very detrimental towards the long term fuel cell operation and 

need to be reduced. The most common approach researchers are looking into to mitigate this 

problem is replacement of traditional carbon with highly graphitized graphene and carbon 

nanotubes.42,61–63 

Platinum nanoparticles dissolution and/or aggregation is also very common and play a key 

role in reducing PEMFCs performance. Due to higher surface energy of smaller size Pt 

nanoparticle (2-3 nm) migration and agglomeration into large nanoparticle happens due sintering 

and Ostwald ripening effects. Ostwald ripening follows two major pathways: (i) Pt ion migration 

through the ionomer layer in the catalyst and (ii) Pt dissolution and subsequent adhere to the 

adjacent particle. Pt/C catalyst before and after use in PEMFCs have been shown in Figure 2-3, 

which shows a clear evidence of Pt agglomeration before and after 200 hours of operations in 10 

cell PEMFC stack. Different technique have been investigated to overcome this deteriorating 

phenomena such as: (i) designing and development of novel support materials, where Pt 

nanoparticles can strongly adhere to support and inhibit their dissolution and agglomeration, (ii) 
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synthesis of more stable nanostructures such as nanowires, alloy and core-shell structures due to 

reduced surface energy of Pt in these morphologies compared with the nanoparticle form.  

 

Figure 2-3: TEM micrographs of the (a) original Pt/C catalyst (b) and the degraded catalyst after 

200 hours.64 

2.5 Nanostructure carbon support materials 

The main objective of PEMFC development is to improve the performance and durability, 

and simultaneously reduce the cost. One strategy is to improve carbonaceous support material to 



 

16 

 

 

improve performance and durability. It is already established that supported catalysts exhibit 

superior quality to unsupported catalysts. An ideal support material should possess high electron 

conductivity, large surface area, high corrosion resistance, tight metal catalyst support interaction, 

ability to maximize the triple phase boundary, and good water handling capability to avoid 

flooding.65 Therefore, the selection of support material plays an important role in determining 

performance, durability and cost effectiveness of the catalyst. Traditionally, carbon black with 

high surface area such as Vulcan XC-72R (Cabot corp., 250 m2/g), Shawinigan (Chevron, 80 

m2/g), Black pearl 2000 (BP2000, Cabot corp., 1500 m2/g), Ketjen Black (KBEC600JD & Ketjen 

International, 1270 m2/g and 800 m2/g, respectively) and Denka Black (DB, Denka, 65 m2/g) 

have been used to support Pt nanoparticles for PEMFC applications. Among these carbon black, 

especially Vulcan XC-72R are most commonly used material to support Pt and Pt-alloy catalyst 

in PEMFCs. These are produced from the pyrolysis of hydrocarbons. Carbon black (CB) particles 

are less than 50 nm, spherical shape and can grow up to 250 nm particle on aggregation. CB 

consists of several turbostratic layers, with polycrystalline structure and have interplanar spacing 

of 0.35-0.38 nm. The morphology and particle size distribution of CB can be greatly affected by a 

variety of thermal decomposition methods and different synthesis materials.66 In spite of being 

widely used, CB have several drawbacks: (i) carbon corrosion at high potential, which cause 

detachment of Pt catalyst from the surface and loss of activity, (ii) the presence of organometallic 

impurities, (iii) thermochemical instability, (iv) trapping of catalyst nanoparticles in deep pores, 

leading to inaccessible reactant molecules. Interaction between ionomer and nanoparticle is 

affected by CB pore size and distribution. As the typical size of Nafion micelles (> 40 nm) is much 
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larger than CB micropores, many catalyst particles trap in these pores and can be inaccessible to 

the reactants and lead to loss of expensive metal catalyst as make no contribution in catalyzing 

electrochemical reaction. Therefore, development of Carbon-Pt system is crucial for the growth of 

fuel cell applications. 

Several other support materials have been investigated over the last few years, and some of 

them are discussed here. Mesoporous carbon materials are a class of porous materials having high 

surface area and a pore size of 2-50 nm. Mesoporous carbons are divided into two types; ordered 

mesoporous carbon (OMC)67–71, and disordered mesoporous carbon (DOMC) comprised of 

irregular interconnected structure, and thus lower conductivity and larger pore size than OMC. 

Mesoporous silica or triblock copolymer templates are used to synthesize OMC.72 The carbon 

structure in the support material is responsible for access of reactant to the catalytic active sites 

and the removal of products. OMC functionalized with oxygen group on their surface improves 

interaction between the catalyst and support material and allow better catalyst dispersion. Pt 

nanoparticle supported on OMC such as CMK-3 exhibit higher ORR activity, due to uniform 

dispersion of nanoparticle which instigate more electrochemically active sites and ECSA.70 The 

improvement of ORR activity in CMK-3 can be attributed to highly ordered structure, and 3-D 

interconnection of the hexagonally arranged carbon nanorods. The 3D morphology, pore volume, 

pore structure and surface chemistry plays an important role in improving ORR activity.70 Pt 

supported CMK-3 have shown promising results for alcohol oxidation in DMGCs.73 Nanostructure 

modification, surface functionalization and doping of OMCs can significantly improve 

electrocatalyst activity, stability and fuel cell cross over.  
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Graphene is another alternative carbon support material driving great interest to use as 

support material. Graphene is a flat monolayer with hexagonally arranged carbon atoms tightly 

packed in a two-dimensional lattice arrangement like a honey comb.74 Graphene has been 

researched for fuel cell application due to high electron transfer rate, large surface area and high 

conductivity.75 Edge and basal plane of 2D planar carbon sheets create a platform for catalyst 

nanoparticle interaction. Surface anchoring sites are important for ions interaction, followed by Pt 

nanoparticle nucleation and subsequent growth. It has been addressed that π electrons dense region 

can serve as these anchoring sites for metal catalyst.76 Graphene sheets are rippled in nature and 

have very high surface area to attach catalyst nanoparticle. Graphene possesses remarkable 

electron transport that is required for ORR in fuel cell operation77 and a band gap equal or close to 

zero.78 Higher quality graphene is required to catalyze the ORR reaction, and can be synthesized 

by micromechanical exfoliation, epitaxial growth and CVD. Among various procedures, CVD has 

distinct advantages over other techniques to obtain highly exfoliated large surface area graphene 

from graphene oxide. The graphene oxide (GO) can be prepared by modified hummer’s method 

and is used throughout this work.79 The GO is annealed at high temperature of 800-1000 ºC in the 

presence of argon gas to produce graphene. The catalytic property of graphene can be further 

improved by doping with heteroatoms to provide more active sites and to tune their band gaps.36  

Carbon nanotubes (CNTs) are 1D nanostructures tubes like structure formed by rolled up single 

sheets of hexagonally arranged carbon atoms. CNTs are commonly classified as a single-walled 

(SWCNT) or multi-walled (MWCNT), which may be produced from various synthesis routes.80–

85 Based on nanostructure property and application, SWCNT or MWCNT as a support material 
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can be used in fuel cell catalyst application.86 MWCNT have a diameter of a few nanometers with 

the spacing between each wall of 0.34 nm.  SWCNT generally possess more surface area than 

MWCNT, while the latter exceeds in conductivity. CNT are generally chemically inert in nature, 

which makes it difficult for catalyst nanoparticle to attach on them. This can be avoided by 

functionalization of the CNT surface. Strong oxidizing agent can be used to add hydrophilic nature 

to the surface and different oxygen containing functional group, which would eventually elevate 

catalyst support interaction.87 The use of CNT as a support material can channelize better catalyst 

nanoparticle dispersion, control size and morphologies. CNT has very high electron conductivity 

and corrosion resistant which allow better catalyst activity in fuel cell for long duration than carbon 

black.88 CNT can also be doped with heteroatoms to alter and improve intrinsic property for 

electrocatalytic application.85,89–92 

2.6 Heteroatom doping in nanostructure carbon material 

Strengthening the cohesive interaction between Pt and the support material delays and obstruct 

the Pt dissolution, migration and agglomeration.93–100 It has been found that doping strongly 

increases the interaction (tethering effect) in doped support materials compared to undoped one. 

Intrinsic properties of carbon materials can also be altered by introduction of heteroatoms. 

Heteroatoms such as B, P, N and S have been successfully introduced into carbon nanostructured 

and are effective in modifying the electrical and chemical property of carbon support.101–105 Recent 

studies have shown higher catalytic activity, long-term durability and methanol tolerance in 

nitrogen doped graphene, CNTs and mesoporous graphitic array.104,106 The improvement in ORR 

activity can be attributed to development of positive charge density on the adjacent carbon atom 
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due electronegativity of N (N electronegativity: 3.04) which is favorable for O2 adsorption. 

Moreover, carbon material doped with B (2.04) and P (2.19) have also showed improved catalytic 

activity. Sulfur is the newest addition in the doping of carbon material, but not many researchers 

have looked into this.107,108  The Electronegativity of sulfur (2.58) is close to that of carbon (2.55); 

therefore, introduction of S atoms into the carbon nanostructure stabilizes their structure and 

improves their electrical property. In addition, formation energy of S doped CNT is 0.7 eV higher 

than N doped CNT, thus thermodynamically more feasible, and can be increased up to 1 eV in 

graphene due to substitutional defect.101 These materials have a positive effect on electrocatalytic 

activity and heteroatom doping will be extensively studied for novel graphene and carbon (KJ600) 

support material. 
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Chapter 3: Experimental methods and characterization 

techniques 

The purpose of this section is to provide general details and fundamental principles of 

experimental techniques (consisting of synthesis, characterization and electrochemical 

evaluations) used throughout this thesis.  

3.1 Fabrication Techniques: 

3.1.1 Chemical vapor deposition 

In chemical vapor deposition (CVD), solid material is deposited on the surface of heated 

substrate material in vapor phase. CVD is used to obtain materials with different properties by 

changing experimental condition in terms of substrate material, reaction gas mixture ratios, gas 

flow rate, and precursor ratios. CVD is an excellent technique which enables the material synthesis 

and treatment at high temperature. High surface area material such as sulfur doped graphene, 

Nitrogen and sulfur doped inside pore of support material can be synthesized using this technique.  

3.2.2 Solvothermal techniques 

Solvothermal techniques involves the material synthesis by using an organic solvent for 

precursors at high temperature and pressure. Size, shape, distribution and crystallinity of 

nanomaterials can be precisely controlled by varying experimental parameters such as reaction 

temperature, reaction time, precursors, surfactant and solvents. Precursor solutions are loaded in a 

Teflon-lined sealed autoclave vessel and fastened tight and securely before placing in an oven at a 
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desired temperature for a specific time period. Solvothermal techniques are a proven method to 

synthesize a variety of materials.109 

3.2 Physiochemical Characterization  

3.2.1 Scanning Electron Microscopy & Energy Dispersive X-Ray: 

Scanning electron microscopy (SEM) is a powerful imaging technique use to study 

topography, morphology and anatomical structure of micro and nanomaterials. It is one of the most 

authentic and used technique to characterize solid materials110. Electron microscopy uses high-

energy beams of electrons to captures image of sample by scanning surface of samples. Due to 

smaller wavelength of electron in comparison with light, it can achieve higher magnification and 

resolution. The spatial image resolution depends on the spot size and electron interaction volume. 

While performing electron microscopy, samples are placed inside ultra-high vacuum to avoid any 

deflection of the electrons beam. Electrons beam collides with sample atoms and produce different 

types of signals based on collison including: secondary electron, back scattered electron, 

characteristics x-rays and electron beam induced current (EBIC)111. These splitting of electrons 

happens due to deviations of energy between incident and reflected electron energy. All these 

reflective beams give some form of useful information; secondary electron (topology and 

morphology of sample), back scattered electron and characteristic x-rays (elemental composition) 

while EBIC gives electrical characteristic of semiconductor. In this thesis, SEM was used used to 

study morphology and structure of synthesized catalyst. To perform microscopy, the sample was 

prepared by spreading powder/material on carbon tape that is fixed on a sample holder stub.  This 
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stub is placed inside the SEM chamber, followed by evacuation of sample chamber and 

subsequently imaging was performed.  

3.2.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) is one of the most powerful imaging tools 

available today. TEM can produce high resolution images up to nanometer or atomic scale level. 

Samples are illuminated with high energy electron beam (200 to 400 kV), which passes through 

several condensers and is then transmitted through the samples. When the electron collides with 

the sample, it scatters elastically or in-elastically and gets collected to further analyzed. Based on 

electron diffraction theory, the signal of diffracted electrons is processed to produce the image. 

The beams of electrons are transmitted through ultra-thin specimen, magnified and focused by an 

objective lens.112 The electrons are produced from tungsten filaments by a thermionic emission 

process, while are aligned and accelerated as they pass through numerous intermediate and 

projector lenses.112 Due to higher resolution than any other technique, TEM is an effective 

technique in determining nanostructures, atomic arrangements, exposed crystals facets and defects 

in the materials. The main difference between SEM and TEM is structural difference that can be 

obtained for materials. In SEM, surface topography and morphology can be obtained, while TEM 

can deliver underlying inner structures of the material. 

3.2.3 Energy dispersive x-ray spectroscopy 

Energy dispersive x-ray spectroscopy (EDX) techniques are commonly coupled with TEM and 

SEM devices and can be performed in parallel with these imaging techniques. EDX technique is 

based on bombardments of electron onto a material which results in the emission of x-rays and 
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then collected by a detector. The energy of an emitted x-ray is a characteristic of a certain elements, 

which allows the identification and quantification of elements present in the samples. EDX can be 

performed on a localized area or large area of the samples and called elemental mapping. 

Variations in intensities of the characteristics x-ray from a localized area are used to identify 

variations and concentrations of different elements. In a typical EDX spectrum, X-ray emissions 

energy is plotted on the x-axis and intensities on the y-axis. 

3.2.4 X-ray diffraction 

X-ray diffraction (XRD) is non-destructive characterization technique in material science 

and engineering to identify materials, their crystal arrangements upon comparison with diffraction 

pattern databases. In addition, XRD also provide information about composition and grain size. 

There are several types of XRD techniques, such as single x-ray diffraction, powder diffraction, 

and high-resolution diffraction. Monochromatic x-rays of known wavelength are generated from 

a source (Cu in this case) and interact with atoms of the material being characterized. According 

to Bragg’s law, the diffracted x-ray beam from the samples are related to interplanar spacing of 

the powder and relate to crystal phase of the samples. In this study, XRD diffraction patterns are 

used to study crystal phase, lattice spacing and average Pt nanoparticle sizes. The average Pt 

nanoparticle size is calculated through diffraction pattern obtained at Pt (220) diffraction peaks 

observed at 2-theta value of 67 degree. The Scherrer equation used to calculate particle size are 

provided in the following equation. 

 𝑑 =  
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
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 Where, d is particle diameter (nm), κ is the shape factor, λ is wavelength of wavelength of 

the x-rays (0.154 nm for Cu-Kα), B is the full width at half maximum (FWHM) of the diffracted 

peak in radian and θ is the Bragg angle of the same peak in degrees. In addition, Vergard’s law 

can be used to calculate the lattice parameters “a”.  

𝑎 =  
√2𝜆𝜅

𝑠𝑖𝑛𝜃
 

3.2.5 X-ray photoelectron spectroscopy 

 X-ray photoelectron spectroscopy (XPS) is a characterization technique used to investigate 

chemical states, electronic states and surface elemental composition of the sample material. It is 

also used to identify binding states of the element. XPS uses x-ray photons known energy to 

irradiate the sample, emitted electrons from the surface (top 1 to 10 nm) follows photoelectric 

effect. The emitted electrons kinetic energy and intensities are measured. Difference in emitted 

and initial x-rays energy are used to calculate electron binding energy which is characteristic of 

individual elements and their oxidation state. Electron binding energies are characteristics of 

several factors, which include type of atom, the chemical state and the empirical state which are 

related to obtained spectra.113 The overall spectra is deconvoluted into distinct spectra, and various 

distinct spectra can be quantified which is specific to different structures, bonding, oxidation states 

and atomic arrangements. In this study, XPS is used to study heteroatom doping on the Graphene 

and other carbon support material and their interaction with platinum atom.  
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3.2.6 Brunauer, Emmet, Teller Adsorption Isotherm  

 Brunauer, Emmet, Teller Adsorption Isotherm (BET) analysis is used to measure surface 

area, pore size, pore volume distribution of the material. The gas (nitrogen) absorption analysis is 

based on a number of assumptions: adsorption is limited to well defined sites of samples; no 

interaction between the adsorption layers, and layer number can go up to infinity at saturation 

pressure.114 Gas sorption is very important in obtaining structural information when material is 

porous. Surface area play an important role in catalyst development as high surface area to volume 

ratio is critical to the active sites and performance. In a typical procedure, a known weight of 

samples are vacuumed at a temperature range of 60-200 ºC to remove moisture and impurities 

(known as degassing). For analysis, the sample tube temperature is reduced to liquid nitrogen 

temperature and exposed to nitrogen gas to determine nitrogen absorption isotherm. BET surface 

area and porosity is determined through BET adsorption isotherm was used to characterize support 

material and catalyst in this thesis work. 

3.3 Electrochemical Characterization and performance evaluation 

 To evaluate electrochemical properties and activity of synthesized catalysts, different 

electrochemical characterization techniques are employed in this project. This section provides an 

introduction and background information about different electrochemical characterization 

techniques. 

3.3.1 Cyclic voltammetry 

 Cyclic voltammetry (CV) is an electrochemical technique use to examine the 

electrochemical property of electrodes by controlling potential. In CV test, the potential of the 
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working electrode is varied linearly between two assigned potential limits with time or certain scan 

rate (mV s-1) and corresponding currents are measured. Figure 3-1 shows a typical potential cycle 

for Pt/C catalyst which was performed at a scan rate of 50 mV/s in N2-saturated 0.1 M HClO4 

solution between 0.05 to 1.3 V vs RHE. Herein, positive and negative current corresponds to 

anodic and cathodic current respectively. The CV plot can be divided into three major regions: (i) 

H underpotential deposition region (~0.05 to 0.4 V vs RHE), (ii) double layer region (0.4 to 0.7 V 

vs RHE) and (iii) Pt oxide formation region (above 0.7 vs RHE). In the 0.05 to 0.4 V vs RHE 

region during the forward scan, the pre-absorbed H atoms on the Pt atom oxidized to H+ ion and 

desorb from Pt surface and diffuses in electrolyte. Above 0.7 V vs RHE, Pt is oxidized to form Pt-

OH then further to Pt-O by the adsorption or dissociation of H2O molecules. After cycling when 

potential comes back at 0.7 V vs RHE in backward scan, Pt-O are reduced. Further decrease in 

potential below 0.4 V vs RHE, the proton in the electrolyte will be adsorb on the Pt surface and 

will reduced according to known H under potential deposition. In capacitance region of ~0.4-0.7 

V vs RHE, Pt surface is freed from H or OH/H and is known as the double layer region. The 

measured current in this region is due to capacitive effects of large surface area of carbon support 

and anionic adsorption of electrolyte. The capacitive current in this region is not due faradaic 

process and subtracted from faradaic currents before estimating electrochemical active surface area 

(ECSA) of the Pt catalyst. In general, charge associated with H adsorption and desorption peak is 

integrated to determine the number of H atoms absorbed on a monolayer on electrode surface. The 

electric charge density C due to covered H atoms is 0.21 mC/cm2
Pt. The specific ECSA of Pt (m2 

gm-1
Pt) can determined as follows: 
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𝐸𝐶𝑆𝐴 =  
𝑄

𝑚𝐶
 

 Where, Q is the total integrated charge for H adsorption/desorption (mC/cm2 electrode) 

obtained from CV plot and m is the mass of the platinum loading (mg/cm2 electrode).

 

Figure 3-1: Typical CV of the commercial Pt/C catalyst. 

3.3.2 Rotating disc electrode testing 

 For Half-cell testing, rotating disc electrode (RDE) testing is a well-known technique to 

screen the electrochemical activity of the catalyst material. Due to simplicity and less time 
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consuming RDE is a highly effective method for screening high throughput catalyst activity for 

various reactions. Half-cell testing system is a three-electrode system, where there is working 

electrode, reference electrode, counter electrode and electrochemical cell filled with electrolyte 

solution. For current projects, 0.1 M HClO4 will be used as the electrolyte in order to simulate the 

acidic conditions prevailing at the cathode of PEMFCs. The working electrode is a glassy carbon 

disc on which catalyst materials is deposited for investigation, reversible hydrogen electrode 

(RHE) as reference and platinum disc/wire as counter electrode. Catalyst material was deposited 

in the form of catalyst ink, prepared by mixing catalyst material in ethanol/isopropanol/DDI and 5 

% Nafion solution and sonicating in water bath for half an hour to achieve uniform dispersion. 

Known quantity of catalyst ink was deposited on glassy surface and allowed to dry. During testing 

condition, working electrode is immersed in oxygen saturated electrolyte solution, and current is 

recorded at sweeping potential to evaluate ORR kinetics of the material. The rotation of the 

working electrode was to avoid any mass transfer resistance and induce convective mass transport 

of oxygen to the electrode by maintaining laminar flow in the cell. 

 RDE techniques can precisely measure electrocatalytic activity by differentiating between 

limited catalyst activity and mass transfer limitation of reactant gas. The intrinsic property of the 

electrolyte and rotation of electrode determines the gas flux to the electrode surface. Relation 

between measured current ‘i’, kinetic current ik due to kinetic limitations and diffusion current id 

due to mass transport limitation is explained with Koutechy-Levich equation as follows:  

1

𝑖
=  

1

𝑛𝐹𝑘𝐶˳
+ (

1

0.620𝑛𝐹𝐴𝐷
2
3𝑣−

1
6𝐶

)𝜔2/3 

 



 

30 

 

 

1

𝑖
=  

1

𝑖𝑘
+

1

𝑖𝑑
 

𝑖𝑘  = nFkCo 

𝑖𝑑 = 0.62nFD0
2/3 υ−1/6Coω

1/2 

 

 In the above equations, ik and id is the kinetic and limiting current density, respectively, F 

is the Faraday constant (96 485 C mol-1), k is the rate constant for ORR, D0 is the diffusion 

coefficient of O2 (1.9 x 10-5 cm2 s-1 in 0.1 M KOH and  1.67 x 10-5 cm2 s-1 in 0.1 M HClO4), υ is 

the kinematic viscosity of electrolyte (0.01 cm2 s-1), Co is the concentration of O2 in the electrolyte 

(1.1 x 10-6 mol cm-3 in 0.1 M KOH and 1.36 x 10-6 mol cm-3 in 0.1 M HClO4) and ω is the angular 

frequency of the rotation (rad s-1). Koutecky-Levich (K-L) plot can be obtained by plotting 

between 
1

𝑖
 𝑣𝑠 ω-1/2, while y-intercepts is 1/ik and slope equals to the number of electrons transferred 

during reaction at electrode. Typically, kinetic current for ORR is measured at 0.9V vs RHE to 

calculate specific and mass activity for Pt based catalyst. Number of electrons transferred 

measured for an ORR in K-L plot use to calculate efficiency of the synthesized catalyst. The ORR 

polarization curve can be divided into three regions: (i) At potential above 0.9V vs RHE minimal 

current flow due to insufficient overpotential to drive the oxygen reduction reaction in forward 

direction, (ii) Between 0.7-0.9 V vs RHE, mixed-controlled region where overall rate is affected 

by both ORR kinetics and O2 mass transport (iii) Below 0.7 V vs RHE, diffusion-controlled region 

due to rate-limitation of  O2 transport to the catalyst surface. (Figure 3-2). 
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Figure 3-2: (a) ORR polarization curve of commercial Pt/C and (b) and corresponding K-L plot 

at 0.8 V vs RHE.  

3.3.3 Rotating ring disc electrode  

 Rotating ring disc electrode (RRDE) is an extension of RDE technique, consist of an extra 

ring-type working electrode made up of platinum surrounding glassy carbon disc (Figure 3-3). 

This arrangement helps the system to determine hydrogen peroxide generation, therefore, 

selectivity of the catalyst. The electrode is designed to measure two current readings; current from 

disc and current from platinum ring. Current from platinum ring is used to calculate the hydrogen 

peroxide formation during the potential scanning.  
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Figure 3-3: Schematic representation of a RRDE head from a top view. Reproduced with 

permissions from.115 Copyright © 2010 Springer. 

 Oxygen reduction with two different pathways produced H2O and H2O2 simultaneously at 

the working electrode, while due to laminar flow all the product will be pushed away from disc 

towards the ring. At certain voltage H2O2 can reduce to H2O, while current change can be 

monitored at the second working electrode. The following equation can be used to estimate 

between the 2-electron and 4-electron pathway reaction. 

𝑛 = 4|𝐼𝐷| (|𝐼𝐷| + (|𝐼𝑅| 𝑁⁄ ))⁄  

%𝐻2𝑂2 = 100(4 − 𝑛) 2⁄  

%𝐻2𝑂 = 100 −  %𝐻2𝑂2 

 Where n is the number of electrons transferred, ID is the current from the disc electrode, IR 

is the current from the ring electrode, N is the collection efficiency which is provided by 

manufacture of instruments. %H2O2 is the selectivity of H2O2 and %H2O is the selectivity of H2O. 

Based on this information it is possible to analyze the number of electrons transferred during ORR 

and the percentage of 2-electron pathway over 4-electron pathway reaction. 
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3.3.4 Half-cell accelerated degradation testing 

 Accelerated durability test is used to investigate the durability of the catalyst in a short 

period of time. The CV test procedure is applied with large potential range based on need in an 

N2-saturated solution. The catalyst is subject to different potential cycle ranges (e.g. 0.6-1.1 V, 

0.05 – 1.2 or 1.3 or 1.5 V vs RHE) for thousands of cycles. These transient conditions will provide 

information about catalyst stability and degradation. Catalyst performance can be determined by 

comparing ORR activities before and after potential cycles. Different ADT protocol has been 

available in literature and can be used based on projects objective to determine catalyst stability. 

3.3.5 Membrane electrode assembly testing 

 Membrane electrode assembly (MEA) is simply a single cell PEMFC, consisting of a 

polymer membrane assembled between an anode and a cathode sandwiched between gas diffusion 

layer (GDL). MEA simulate an actual PEMFCs setup and provide real assessment of catalyst and 

electrode performance. The electrode is fabricated by depositing catalyst on a GDL, which can be 

done by spraying, painting, filtering or electrodepositing.116 The catalyst coated GDL is hot 

pressed together with electrolyte membrane in order to achieve MEA assembly and ensuring 

uniform contact and adhesion. Catalyst can also be coated on membrane called catalyst coated 

membrane (CCM). Different electrode and MEA fabrication methods can result in variable 

electrode architect and affect catalyst performance and stability. MEA is very sensitive to 

membrane preparation and assembly process and every step in doing so can affect catalyst MEA 

testing results. 
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The performance and evaluation of catalyst will be done by cycling the cell from open circuit 

conditions (no current being drawn) to very high current densities. The cell voltage will be 

recorded against current density leads to MEA polarization curve. Several cycles will be performed 

to ensure adequate hydration of electrolyte membrane and catalyst activation before performance 

evaluations. Electrode durability can also be measured by a variety of different techniques, such 

as repeating cycle of electrode potential, or can be more complex drive cycle simulation as 

suggested by DOE.1 
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Chapter 4: Platinum-palladium core-shell nanoflower 

catalyst with improved activity and excellent durability 

for oxygen reduction reaction 

4.1 Introduction 

Platinum (Pt) is the most critical component of the catalysts used to facilitate the oxygen 

reduction reaction (ORR) in polymer electrolyte membrane fuel cells (PEMFCs). While it offers 

a higher catalytic activity for ORR than any other metal, the sluggish ORR kinetics, low durability, 

and persistently high price of Pt limits large scale commercialization of PEMFCs. At present, 

desired fuel cell performance and stability under simulated drive cycles requires significantly 

higher Pt loading compared to the Department of Energy (DOE) guidelines.1 Therefore, reducing 

Pt loading and improving durability is a central focus of industrial and academic research. At 

cathode in PEMFCs, in the first step oxygen gas is adsorbed at the active sites, where it reacts with 

an electron and proton to form OOH species. This oxygen group further reacts with protons and 

electrons and leads to the formation of H2O. If oxygen species are strongly adsorbed, this reduces 

the availability of active sites and negatively affects ORR activity. The addition of secondary 

metals such as palladium (Pd) to Pt can change the d-band center, surface atomic arrangement and 

decrease chemisorption of oxygen-containing species (mostly hydroxyl ions), thus positively 

impacting the ORR kinetics.117 However, the binding energy of oxygen on Pd is 0.4 eV higher 

than Pt, which results in lower ORR activity of Pd and highlights the importance of limiting surface 

exposure of pure Pd in Pt-Pd catalysts. It has also been recognized that strain development in Pt-
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based materials can decrease the binding affinity of oxygen groups. Therefore, core-shell 

nanostructure catalysts such as Pt-Pd structures can be engineered to create internal strain to 

improve ORR activity.118 Pt-Pd catalysts can also exhibit better durability than pure Pt, as addition 

of Pd could prevent the corrosion of Pt by sacrificing itself to provide cathodic protection.119  

Careful design of Pt nanostructures is another effective way to modulate the activity and 

protect against loss of electrochemically active surface area (ECSA).120–122 Pt-based catalysts 

currently used in PEMFCs consist of 2-5 nm nanoparticles having ill-defined shapes and facet 

structures.123 Zero-dimensional (0D) Pt/C nanoparticles, while offering high surface area, have 

diminished electrocatalytic activity due to their significant number of defect sites, lattice 

boundaries and low atomic coordination on the surface. During PEMFC operation, which is 

typically in the voltage range of 0.8-0.9 V or above, Pt nanoparticles are also susceptible to 

agglomeration, dissolution and Ostwald ripening due to their high surface energy and carbon 

support corrosion, which ultimately results in detachment of Pt nanoparticles from the support and 

an ensuing decline in performance.124–126 Therefore, Pt particle properties and the interaction 

between Pt and the support material play an important role in the catalyst’s activity and stability. 

Two-dimensional (2D) Pt nanostructures such as plate or flower-like structures can be  engineered 

to improve durability by growing onto stable nanostructured support materials such as graphene 

or carbon nanotubes.63,126,127 When compared with commercial carbon black, graphene possesses 

an incredible improvement in chemical, mechanical and electrical properties due to its unique 2D 

sp2 hybridized carbon structure63,126,127. Traditional carbon can be heated to high temperatures 

(~1000 ºC), leading to lattice rearrangement and an increase in graphitic nature of the material. 
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Graphitization produces a highly resistant material to oxidation and carbon corrosion. To further 

improve performance, several studies have incorporated heteroatoms doping of graphene as an 

efficient way to tune intrinsic properties, which is helpful in improving electrocatalyst activity and 

stability.127,128  

Recent research efforts have been focused on the development of less expensive and 

improved electrochemically active catalysts such as advanced Pt alloys, non-precious metal 

catalysts, and core-shell catalysts. Among these, core-shell structure catalysts consisting of a thin 

layer of Pt deposited on low cost seed material has attracted considerable attention.119,121,129,130 

Deposition of an ultrathin Pt shell on Pd offers a great opportunity to enhance catalytic activity 

and durability while reducing its loading.129,131 However, non-uniform deposition of the Pt shell 

and long-term durability at high potential range is still a problem with core-shell structures. This 

motivated us to carefully design a Pt-Pd electrocatalyst and integrated uniquely carbon support to 

improve durability and achieve the DOE targets. To improve Pt-based ORR activity and more 

importantly long-term durability, herein, we report a Pt-Pd core-shell nanoflower supported on 

sulfur-doped graphene (SG) with improved activity and excellent durability. The 2D nano-

architecture of the core-shell nanoflowers provides enhanced surface activity and improved 

electron kinetics, while sulfur atoms doped on graphene support provide a strong anchor for the 

nanoflowers through tethering behavior, leading to excellent durability under very aggressive test 

conditions.108 The electrochemical activity and stability of the prepared electrocatalyst was 

investigated. Enhancement in electrochemical activity can be attributed to the nanoflower core-

shell Pt-Pd nanostructure and weak –OH binding to Pt in comparison to Pd. The morphology of 
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the catalyst was responsible for high ECSA, while its core-shell structure and the interaction 

between the catalyst and highly robust SG play facilitate long-term stability to high potential 

cycling. 

 

4.2 Experimental Section 

4.2.1 Graphene oxide synthesis: 

Graphene oxide was synthesized using a modified Hummer’s method. Graphite powder 

(Alfa Aesar, natural, microcrystal grade, APS 2-15 micron, 99.9995%) was oxidized to graphene 

oxide. In brief, 2 g of graphite powder was added to a mixture of 360 and 40 ml of H2SO4 and 

H3PO4 respectively. The solution was stirred for 30 minutes. Then, 18 g of KMnO4 was added 

slowly and the reaction proceeded at 50 ºC for 18 hours. After completion, the temperature was 

cooled down to 10 ºC with addition of 400 ml of DDI water to the solution. The oxidation reaction 

was completed with addition of 15 ml of 30% H2O2. The final solution was centrifuged and then 

washed with ethanol and 30% HCl once followed by DDI 4-5 times, and then freeze dried for 

approximately 96 hours.   

4.2.2 Sulphur-doped Graphene Synthesis:  

Sulphur-doped graphene was prepared by using a thermal shock/annealing process. 

Typically, 150 mg of graphene oxide was mixed together with same mass of Phenyl disulfide 

(PDS, Sigma Aldrich). The mixture was transferred to a quartz tube and annealing at 1000ºC for 

30 minutes in the presence of argon gas.108 This was performed by keeping mixture away from the 

heating zone while furnace reached the required temperature, followed by moving the sample 
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inside for flash heating. The sample was removed from the heating zone after 30 minutes to cool 

rapidly under argon gas. 

4.2.3 Palladium seeds synthesis:  

The Pd seeds were synthesized using 480 mg of PVP dissolved in 12 ml DEG, which was 

heated at 130 ºC in an oil bath under vigorous magnetic stirring for 10 minutes. 15.5 mg Na2PdCl4 

was dissolved in 6 ml of DEG and the solution was quickly injected in the preheated PVP solution, 

with the reaction proceeding at 130 ºC for 3 hours and 30 minutes. The product was collected using 

centrifugation and washed using acetone and ethanol. 

4.2.4 Palladium seeds attachment on Sulphur doped graphene: 

In a standard experiment, 1.0 mg of Pd seeds (from the previous Pd seed solution) were 

placed in a mixture of 29 ml EG, 91 mg KBr, 54 mg Ascorbic acid, 110 mg PVP (MW= 55000) 

and SG. Uniform dispersion of SG in the solution was achieved after 30 minutes of sonication. 

The solution was then heated at 110 ºC for one hour, and then raised to 200 ºC in 15 minutes.  

4.2.5 Palladium @ Platinum synthesis:  

A Pt solution was prepared with 48 mg of Chloroplatinic acid hexahydrate dissolved in 104 

mL of EG. 48 mg of Chloroplatinic acid hexahydrate per mg of Pd was used to achieve a 9:1 Pt to 

Pd ratio. The deposition of Pt was initiated by pumping Pt solution at a rate of 16.0 ml per hour 

into the Pd/SG solution after its temperature reached 200 ºC. After pumping of Pt solution was 

completed, the reaction solution was maintained at same condition for an hour.  

4.2.6 Material characterization: 
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The morphology and structure of the synthesized materials were imaged by transmission 

electron microscopy (TEM; JEOL, JEM-2010, 200 kV) with built-in energy dispersive x-ray 

spectroscopy (EDX). Electron energy loss spectroscopy (EELS) was performed on a FEI Titan 80-

300 HB operated at 200 kV. X-ray photoelectron spectroscopy (XPS; Thermal scientific K-Alpha 

XPS spectrometer) and powder X-ray diffraction (XRD; Bruker AXS D8 Advance) patterns were 

recorded to analyze surface chemistry and crystal structure, respectively. 

4.2.7 Electrochemical measurements: 

The electrocatalytic performance for oxygen reduction was investigated with a rotating disc 

electrode in a three-electrode cell at room temperature. The electrode system contained a glassy 

carbon electrode (GC; 5 mm in diameter), Pt wire and reversible hydrogen electrode (RHE) as the 

working, counter and reference electrode respectively. Each catalyst ink was prepared by mixing 

1 mg of the catalyst in 490 μL of ethanol and 10 μL of 5 wt% NafionTM; 0.35 g of carbon black 

was also added to achieve better dispersion. The catalyst solution was ultrasonicated for 30 minutes 

to obtain a homogenous ink. 10 μL of prepared ink was dropped onto the GC surface for all 

catalysts. Commercial Pt/C (28.8 wt. % Pt) was used as the benchmark catalyst. All measurements 

were carried out in 0.1 M HClO4 solution at room temperature, with N2 gas saturation used for 

CV/ECSA measurements and O2 gas saturation used for ORR polarization measurements. The 

ORR activity was measured at a potential scan rate of 10 mV s-1 and the CV curves were obtained 

at 50 mV s-1 to calculate the ECSA of each catalyst. Accelerated degradation testing (ADT) was 

carried out at by cycling the electrode potential between 0.05 and 1.2 V vs RHE at a scan rate of 

50 mVs-1 up to 10,000 cycles under N2 gas saturation. 
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4.3 Result and discussion 

The catalyst synthesis procedure is demonstrated in Figure 4-1, and the detailed synthesis 

route and reaction mechanism is provided in Figure 4-2. Pd nanoparticle seeds were selectively 

synthesized through manipulation of the reduction kinetics of the polyol process,132,133 by reducing 

Pd salt (PdCl4
2-) with diethylene glycol (DEG) and polyvinyl pyrrolidone (PVP) (Figure 4-1a-b). 

Generally, metallic particles are thermodynamically favored to form into bulk shapes to lower 

surface free energies. The addition of PVP reduced the reduction rate and allowed the nucleation 

and growth to be kinetically controlled,134 which prevented the nanoparticles from growing too 

large and agglomerating. Separately, graphene oxide (GO) and phenyl disulfide (PDS) were mixed 

and subjected to a thermal shock (1000 ºC) and quenching process to synthesize SG, which exhibits 

a multilayer sheet-like structure (Figure 4-1c). The Pd seeds, which served as a template for Pt 

deposition, were well dispersed and attached onto SG (Figure 4-1c) in a solution of ethylene 

glycol, PVP, potassium bromide (KBr) and ascorbic acid and heated at 110 ºC for an hour. The 

final product, Pt-Pd core-shell nanoflowers on SG (Pt-PdNF/SG) (Figure 4-1d), was synthesized 

by an in-situ continuous feeding method. A syringe pump was used to introduce a solution of 

Na2PtCl6·6H2O and ethylene glycol (EG) into the growth solution used for attaching Pd seeds on 

SG. Addition of the Pt precursor into the growth solution caused immediate reduction to metallic 

Pt by ascorbic acid and EG. A low injection rate was used to maintain low concentrations of Pt, 
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thus preventing self-nucleation and agglomeration while promoting highly dispersed Pt deposition.

 

Figure 4-1: Schematic illustrations of synthesis of PtxPdy-NF/SG core-shell nanoflower (here x, y 

subscript represents atomic percentage) synthesis. Synthesis followed as Pd seed synthesis, Pd 

deposition on SG, with in-situ Pt deposition on Pd seed. Here light blue (Pt), dark blue (Pd) and 

yellow (S) in Pt-Pd core-shell nanoflower. 
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Figure 4-2: An overall step by step synthesis route and reaction mechanism. 
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Figure 4-3: (a) TEM image of Pt0.9Pd0.1/SG (Pt-Pd core-shell nanoflower). (b) HAADF-STEM 

image of Pt0.9Pd0.1/SG Pt-Pd core-shell nanoflower. (c) HR-TEM image of Pt-Pd core-shell 

nanoflower. (d) HAADF-STEM image of two Pt-Pd core-shell nanoflower particle and their 

corresponding EDX maps of Pd and Pt. (e) EDX line scan of profiles of Pt (black) and Pd (red) of 

a single Pt-Pd core shell nanoflower particle. (f) EDX spectra comparison of Pt0.5Pd0.5/SG and 

Pt0.9Pd0.1/SG with Pt, Pd and S peaks (Cu peaks are attributed to the TEM grid). HAADF-STEM 

image of Pt-Pd cores-shell nanoflowers and corresponding EELS spectra of sulfur (S) and carbon 

(C). 
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Figure 4-4: TEM images of Pt0.5Pd0.5/SG (a) low magnification, (b) high magnification, (c) STEM 

image, (d) corresponding EDX elemental mapping of Pd, (e) corresponding EDX elemental 

mapping of Pt and (f) RGB mix of Pt (red) and Pd (green). 

 

Figure 4-5: Low magnification TEM EDX mapping of sulfur (S), Pd and Pt in Pt0.9Pd0.1/SG. 

The transmission electron microscopy (TEM) images in Figure 4-3(a-c) shows well attached 

and dispersed nanoflowers on SG sheets. PtPd-NF/SG was synthesized with different Pt:Pd atomic 

ratios, with 90 at.% Pt (Pt0.9Pd0.1/SG, Figure 4-3a-c) and 50 at.% Pt (Pt0.5Pd0.5/SG), (Figure 4-4). 

Pt0.9Pd0.1/SG appears well dispersed on SG (Figure 4-3a), and their nanoflower morphology is 

confirmed in the high-angle annular dark-field scanning TEM (HAADF-STEM) and high-
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resolution TEM (HR-TEM) images in Figure 4-3(b-c). Energy dispersive X-ray spectroscopy 

(EDX) was used to detect the distribution of elements (particularly Pt and Pd) in the material, while 

electron energy loss spectroscopy (EELS) was employed to detect light elements (i.e. carbon and 

sulfur) with high spatial resolution. EDX elemental mapping of two particles of Pt0.9Pd0.1/SG 

(Figure 4-3d) confirm the Pd core-Pt shell structural distribution of these two elements. To further 

confirm the core-shell structure, an EDX line scan profile of Pd (red) and Pt (black) across a Pt-

Pd nanoflower is shown in Figure 4-3e, which displays normalized intensities of Pd and Pt. The 

two high-Pt intensity peaks at the sides with the high-Pd intensity peak in between indicates the 

presence of a Pd core and Pt shell. The size of the core and entire core-shell structure is 5-10 nm 

and 15-20 nm, respectively. The EDX spectra of sulfur, Pt and Pd in Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG 

are compared in Figure 4-3f, with the larger Pt peak in Pt0.9Pd0.1/SG and larger Pd peak in 

Pt0.5Pd0.5/SG indicating the successful control of the relative elements in each structure. In Figure 

4-5, a low magnification HAADF-STEM image and corresponding EDX maps show the same Pd 

core-Pt shell structure across most of the Pt0.9Pd0.1/SG particles, while sulfur is homogenously 

distributed across the SG sheet. Figure 4-6 shows a lower magnification HAADF-STEM overview 

of Pt0.9Pd0.1 nanoflower distribution on SG, with EDX elemental mapping indicating homogenous 

distribution of sulfur atoms and PtPd nanoflowers across the graphene sheet. Figure 4-3g displays 

a HAADF-STEM image of Pt0.9Pd0.1/SG and associated electron energy loss spectroscopy (EELS) 

maps of sulfur and carbon. Sulfur is concentrated particularly underneath the Pt petals of the 

nanoflower, indicating the desirable anchoring interaction between these two elements as 

demonstrated in our previous works.108,135 
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Figure 4-6: Overview TEM EDX mapping of Pt0.9Pd0.1/SG. 
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Figure 4-7: XRD spectra of Pt/C, Pd/SG, Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG. 

Figure 4-7 shows that the X-ray diffraction (XRD) patterns of Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG 

reveal typical Pt-fcc peaks (JCPDS No. 04-0802), with diffraction pattern of Pd/SG and 

commercial Pt/C shown for comparison. The (111) crystal face, which delivers increased Pt mass 

based ORR activity in comparison to commercial Pt/C,62,136,137  is prominent in Pt0.9Pd0.1/SG and 

Pt0.5Pd0.5/SG relative to the other characteristic peaks. There was no elemental sulfur, indicated by 

the lack of characteristic sulfur peaks. Pt and Pd have the same crystal structure and similar lattice 

constants, which makes them difficult to distinguish in regular XRD measurements. XPS can be 
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used to investigate the electronic state of a catalyst material surface, which is a significant factor 

in the catalytic activity and durability of Pt.138 Figure 4-8 displays the full X-ray photoelectron 

spectroscopy (XPS) spectra of SG, Pd/SG, Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG. The C1s peaks for SG 

are deconvoluted into separate peaks corresponding to sp2 C=C (284.41 eV), sp3 C-C (285.82 eV), 

C=O (287.90 eV) and π-π* (290.65 eV) (Figure 4-9a),139–142 with the results showing that SG 

largely comprises sp2 C=C bonds. After deposition of Pt on SG to create Pt0.9Pd0.1/SG, the C=C 

peak is shifted to 284.57 eV and the full width at half maximum (FWHM) increases from 1.0 eV 

(SG) to 1.29 eV (Pt0.9Pd0.1/SG); hence, the broadened peak can be convoluted into another peak at 

285.68 eV corresponding to the sp3 C-C bond (Figure 4-9b). The π-π* peak is also negatively 

shifted from 290.65 eV to 289.25 eV. These differences between SG and Pt0.9Pd0.1/SG can be 

attributed to the interaction between the Pt d orbital and π-π carbon in graphene. 
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Figure 4-8: Full range high resolution XPS spectra of SG, Pd/SG, Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG. 
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Figure 4-9: Deconvoluted XPS peaks (a) C1s peaks for SG (b) C1s peaks for Pt0.9Pd0.1/SG, (c) 

S2p peaks for SG, (d) Pt4f peaks for Pt0.9Pd0.1/SG, (e) Pt4f peaks for Pt0.9Pd0.1/SG and 

Pt0.5Pd0.5/SG, (f) S2p peaks in SG and Pt0.9Pd0.1/SG. 
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Table 4-1: Surface atomic concentration of SG as determined by XPS. 

Sample Carbon (at. %) Sulfur (at. %) Oxygen (at. %) 

SG 92.09 3.77 3.16 

 

The sulfur content of SG is 3.16 at.% (Table 4-1), mostly consisting of the thiophenic groups 

(Figure S4-9c). The high-resolution sulfur signal (S2p) was deconvoluted into two major peaks 

located at 163.74 eV and 164.92 eV and two minor peaks at 165.09 eV and 166.27 eV. The two 

major peaks resulting from the S2p spin-orbit doublet of the C-S-C bond (S2p1/2 at 163.74 eV and 

S2p3/2 at 164.92 eV) were separated by 1.18 eV, which is consistent in value with the theoretical 

spin doublet separation of 1.13 eV.143 The two minor peaks can be attributed to carbon bonded 

with SOx species (-C-SOx-).
144,145 Thiophene species incorporate with graphene in a pentagonal 

configuration, therefore residing at the edge and defected sites of SG. Therefore, sulfur in SG can 

serve as a platform for anchoring nucleation and growth of Pt ions.125 In addition to sulfur peak 

analysis, the fitted Pt 4f7/2 and Pt 4f5/2 peaks for Pt0.9Pd0.1/SG are observed at 71.23 eV and 74.56 

eV respectively (Figure 4-9d), while those for Pt0.5Pd0.5/SG (50-50% Pt and Pd) are observed at 

71.34 eV and 74.67eV, respectively (Figure 4-9e). The shift in peaks of 0.11 eV can be attributed 

to the interaction of Pt and the support material. This is further supported by the positive shift of 

0.09 eV of S2p peak from SG to Pt0.9Pd0.1/SG (Figure 4-9f). It has been previously demonstrated 

that the interaction of deposited metal on support material plays a vital role in the stability of 

supported catalysts.146 The shifting in peaks can be attributed to the sulfur bonding directly with 

the carbon atoms in the heterocyclic configuration.147,148 
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Figure 4-10: Cyclic voltammetry curves for (a) Pt0.9Pd0.1/SG (b) Pt0.5Pd0.5/SG and (c) Pt/C before 

and 3000 cycles. ORR polarization curve of (d) Pt0.9Pd0.1/SG (e) Pt0.5Pd0.5/SG and (f) Pt/C before 

and after 3000 cycles. (g) ECSA (h) Mass activity and (i) Specific activity bar chart of 

Pt0.9Pd0.1/SG, Pt0.5Pd0.5/SG and Pt/C before and after 3000 cycles. (j) CV curves (k) ORR 

polarization curves (l) Bar chart comparing ECSA, mass activity and specific activity of 

Pt0.9Pd0.5/SG with commercial Pt/C before and after 10,000 cycles. 
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Figure 4-11: (a) Cyclic voltammetry curve and (b) ORR polarization curve of Pd/SG. 

To investigate activity and durability, ORR kinetics and accelerated durability testing (ADT) 

was performed using a rotating disc electrode (RDE) to imitate the harsh, corrosive and 

potentiodynamic states encountered at the cathode of PEMFCs. Figure 4-10a-c shows cyclic 

voltammograms of Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG catalysts together with commercial Pt/C (TKK, 

28.8 wt.% Pt). The cyclic voltammograms were performed in N2-saturated 0.1 M HClO4 solution 

at a sweep rate of 50 mV s-1 in the potential range of 0.05-1.20 V versus a reversible hydrogen 

electrode (RHE) at room temperature. This range was selected considering Pt dissolution (and 

subsequent agglomeration) can occur above 0.8 V vs RHE and carbon corrosion occurs above 0.9 

V vs RHE.149–151 The electrochemically active surface area (ECSA) of the catalysts was calculated 

from the charge associated with the hydrogen desorption peak and normalized with the Pt mass. 

Before ADT, the specific ECSA of Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG are 76 m2g-1
Pt and 72 m2g-1

Pt, 

respectively, which are higher in comparison to the commercial Pt/C (65 m2g-1
Pt) (Figure 4-10g). 

Therefore, the fact that Pt-PdNF/SG possesses higher specific ECSA despite 3-4 times larger 

particle sizes in comparison to commercial Pt/C nanoparticles (2-5 nm) supports the claim that the 
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dispersion of active Pt surfaces can be improved with larger particles. In this case, the high ECSA 

of Pt-PdNF/SG can be attributed to its 2D core-shell nanoflower morphology, which includes 

higher dispersion of the catalyst, planar and porous catalyst morphology and seamless contact 

between the catalyst and the SG support material. The very small changes in hydrogen adsorption 

and desorption peaks during ADT and the lack of large oxidative currents at potentials above 1.0 

V vs RHE indicates that sulfur oxides released from SG do not have a negative effect on the 

synthesized materials.152 For reference, CV behavior and ORR activity of Pd/SG was also 

investigated (Figure 4-11) to show that Pd alone is not sufficient to achieve high electrochemical 

activity towards ORR. Comparing the double layer capacitance regions of the CV curves before 

ADT, both Pt-Pd/SG catalysts display higher double later thickness in comparison to Pt/C. It is 

well known that electrochemical double layer capacitance is affected by the specific surface area, 

pore structures and surface activity of the support materials. Graphene-based materials possess 

large surface area and higher capacitance capabilities, and these phenomenon can explain the 

increase in double layer capacitance.68,108,135 After ADT, a relatively higher increase of the double-

layer capacity under the CV curves was observed for Pt0.5Pd0.5/SG (Figure 4-10b) in comparison 

to Pt0.9Pd0.1/SG (Figure 4-10a). Pt0.5Pd0.5/SG undergoes more leaching away of Pd compared to 

the Pt0.9Pd0.1/SG due to the higher initial presence of Pd. This results in higher exposed surface 

area of highly porous SG, leading to enhanced double layer capacitance. 

The ORR polarization curves of the catalysts are shown in Figure 4-10d-f. The ORR curves 

were recorded at room temperature in an O2-saturated 0.1M HClO4 solution. The kinetic current 

for each ORR polarization curve was calculated using the Koutechy-Levich equation and 
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normalized against Pt mass and ECSA for mass and specific activities (jk,mass and jk,specific), 

respectively. Before ADT, the mass and specific activities of Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG are 

significantly improved in the 0.86-0.94 V vs RHE region relative to Pt/C. At 0.9 V vs RHE, the 

mass activities of Pt0.9Pd0.1/SG and Pt0.5Pd0.5/SG are 371 mA mg-1
Pt and 115 mA mg-1

Pt, 

respectively, with the former representing a 3.12-fold improvement over commercial Pt/C (119 

mA mg-1
Pt) (Figure 4-10h). The specific activities at 0.9 V vs RHE for Pt0.9Pd0.1/SG and 

Pt0.5Pd0.5/SG are 0.491 mA cm-2
Pt and 0.197 mA cm-2

Pt, respectively, with the former representing 

a 2.71-fold increase over commercial Pt/C (0.183 mA cm-2
Pt) (Figure 4-10i). The high activities 

and ECSA of Pt0.9Pd0.1/SG could be attributed to the higher exposure of the (111) facets of Pt, 

which has comparatively better activity than the (100) facet and core-shell structure.153–155 The 

addition of Pd to the core-shell structure also lowers its d-band center energy,156 which provides a 

weaker Pt-OHads interaction157,158 and leads to a decrease in –OH coverage at a given potential and 

a resulting increase in the number of sites available for O2 adsorption, dissociation and reduction. 

Previous work has demonstrated that the vacant d-orbital of individual atoms play a vital role in 

the catalyst activity and are the basis for excellent catalytic activity.159  The addition of another 

metal to the Pt downshifts its d-band center and therefore reduces oxygen binding energy and 

increases catalytic activity compared to pure Pt.160–162 Generally, bimetallic structures form weaker 

bonds with oxygen in comparison with pure Pt, as the variation in oxygen metal bond depends to 

a large extent on the coupling between the oxygen 2p states and metal 3d states. This leads to a 

lower position of the d-band center relative to the Fermi level, which affects the metal-oxygen 

bond interaction and thus benefits ORR activity.161 In the case of Pt0.9Pd0.1/SG, although the 
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thickness of the Pt shell is relatively high, defects in the core-shell structure can allow for sites 

where Pd atoms modify the electronic structure of the Pt surface. Moreover, the high mass and 

specific activity of Pt0.9Pd0.1/SG could be associated to its nanoflower morphology, with its well-

attached 2D structure providing improved electron transfer kinetics. 

 

Figure 4-12: (a) TEM and HR-TEM images of Pt0.9Pd0.1/SG after 10,000 cycles. (b) EDX line 

scan profiles of Pt (black) and Pd (red) of two Pt-Pd core shell nanoflower particles after 10,000 

cycles. (c) Low magnification HAADF-STEM image and corresponding EDX maps of 

Pt0.9Pd0.1/SG after 10,000 cycles. (d) HAADF-STEM image of Pt0.9Pd0.1/SG after 10,000 cycles 

and corresponding EELS maps of carbon and sulfur. 
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The electrocatalytic durability of the catalysts were evaluated through accelerated tests 

applying linear potential sweeps in the range of 0.05-1.2 V vs RHE at a rate of 50 mV s-1 in an N2 

saturation 0.1M HClO4 solution at room temperature. After 3000 ADT cycles, Pt0.9Pd0.1/SG retains 

most of its ECSA and ORR activity. The ECSA of Pt0.9Pd0.1/SG, Pt0.5Pd0.5/SG and Pt/C after 3000 

cycles was 72, 45 and 43 m2 g-1
Pt (Figure 4-10g), representing decreases of 5%, 38% and 34%, 

respectively. In terms of catalytic durability after 3000 cycles, the Pt0.9Pd0.1/SG only exhibits a 

20% loss in mass activity (297 mA mg-1
Pt) and 14% loss of specific activity (0.421 mA cm-2), 

while Pt0.5Pd0.5/SG loses 63% (42 mA mg-1
Pt) and 52% (0.095 mA cm-2

Pt) and commercial Pt/C 

loses 81% (23 mA mg-1
Pt) and 71% (0.053 mA cm-2

Pt) of its mass and specific activity, respectively 

(Figure 4-10h-i). Indeed, after 3000 ADT cycles, the mass and specific activities of Pt0.9Pd0.1/SG 

are 13 and 8 times higher than commercial Pt/C, respectively. Even after 10,000 ADT cycles under 

the same condition (0.05 V-1.2 V vs RHE) (Figure 4-10j-l), the specific ECSA of Pt0.9Pd0.1/SG 

(54 m2 g-1
Pt) remains higher than Pt/C after 3000 cycles (43 m2 g-1

Pt) and 10,000 cycles (39 m2 g-

1
Pt). Moreover, the mass and specific activities of Pt0.9Pd0.1/SG after 10,000 cycles (282 mA mg-

1
Pt and 0.525 mA cm-2

Pt) remain higher than the initial Pt/C activity (119 mA mg-1
Pt and 0.183 mA 

cm-2
Pt), and are 25 and 18 times higher than the mass and specific activities of Pt/C after 10,000 

cycles (11 mA mg-1
Pt and 0.0285 mA cm-2

Pt), respectively (Figure 4-10l). To further emphasize, 

Pt0.9Pd0.1/SG displays a mass activity loss of only 24% compared to the 91% mass activity loss of 

commercial Pt/C, which is critically important to the success of prospective ORR catalysts in 

PEMFCs. The durability of Pt0.9Pd0.1/SG, given the aggressive ADT potential range (0.05-1.2 V 
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vs RHE) used in this work in comparison to other recent Pt-based catalyst reports, is particularly 

impressive.61,108,135,163 

 

Figure 4-13: Overview TEM EDX mapping of Pt0.9Pd0.1/SG after ADT (10,000 cycles). 

The exceptional stability of Pt0.9Pd0.1/SG is partly attributed to its high graphitic content, the 

core-shell nanoflower architecture of Pt-Pd and the presence of functional anchoring groups and 

strong interactions between SG and Pt.135 Additionally, the Pd core delivers long term stability to 

the Pt shell layer, since Pd has a lower oxidation potential (0.92 V vs RHE) than Pt (1.19 V vs 

RHE), therefore preventing the cathode potential reaching a value where Pt oxidation can take 

place.119 Since it is difficult to synthesize a pore-free Pt shell, the Pd core will establish contact 

with the electrolyte and gradually oxidize when the potential rises above its oxidation potential. 

Oxidized Pd+2 will subsequently diffuse through any pores in the Pt shell, leaving empty space in 
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the core. After prolonged potential cycling, the empty space left causes the Pt shell to undergo 

small contractions and become even less reactive.156 Therefore, the Pd core increases the stability 

of the Pt shell by inducing lattice contractions and by acting as a sacrificial anode to provide 

cathodic protection to the Pt shell. Evidence of this protection mechanism is provided by post-

cycling TEM analysis.  

After 10,000 ADT cycles, Pt0.9Pd0.1/SG was removed from the glassy carbon electrode by 

rinsing in ethanol and analyzed with TEM to search for the presence of agglomeration or 

dissolution of Pt particles, and any other catalyst morphological changes. The Pt-Pd particles 

remained well-dispersed on SG, while no significant agglomeration or overall changes in its 

morphology were observed (Figure 4-12a). However, in comparison to the catalyst before cycling 

(Figure 4-3f), the EDX line spectra in Figure 4-12b shows a clear decrease of Pd intensity relative 

to the Pt intensity, thus demonstrating that Pd indeed dissolves during cycling due to defects in the 

core-shell structure. However, it should be noted that part of Pd remains after ADT testing. This 

can be attributed to the parting limit, where higher atomic ratio of the more noble component (Pt 

in this case) diminishes dissolution of the other or both metals in a binary systems.164 EDX 

elemental mapping of individual nanoflowers in Pt0.9Pd0.1/SG shows the retention of the Pd core-

Pt shell structure after ADT (Figure 4-12c), while mapping at lower magnification shows the 

homogenous distribution of carbon, sulfur, Pt and Pd is also maintained (Figure 4-13). EELS 

elemental mapping (Figure 4-12d) shows that sulfur stays concentrated at the edge of core-shell 

nanoflower catalyst, indicating the interaction between sulfur and Pt remains after ADT.    
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4.4 Conclusion 

In summary, we have designed and synthesized a novel ORR catalyst composed of Pt-Pd core 

shell nanoflower-like structures deposited on sulfur-doped graphene. The core-shell nanoflower 

structures exhibit a substantial enhancement in electrochemical activity and remarkable long-term 

stability compared with commercial Pt/C. After 3000 ADT cycles, the Pt0.9Pd0.1/SG catalyst retains 

80% and 86% of its mass and specific activity, respectively, while Pt/C only retains 19% and 28%. 

Even after longer-term ADT (10,000 cycles), the mass activity of Pt0.9Pd0.1/SG was 2.4 times 

higher than the initial activity of Pt/C, demonstrating its exceptional stability. Through the 

combination of a unique SG support and nanostructured 2D core-shell structure, this work provides 

an attractive strategy for obtaining excellent catalyst performance and durability to overcome the 

performance barriers of traditional PEMFC cathodes electrocatalyst. 
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Chapter 5: Space-confined catalyst design towards ultrafine 

Pt nanoparticles with enhanced oxygen reduction activity 

and durability 

 

5.1 Background Information 

Polymer electrolyte membrane fuel cell (PEMFC) is a promising sustainable clean energy 

system to meet global energy demands.165,166 Commercial PEMFC uses platinum-based catalysts 

which are best available to catalyze sluggish oxygen reduction reaction (ORR).150 Since only the 

surface Pt atoms are assessible to the reactants, catalytic activity of platinum nanoparticles greatly 

depends on their particle size. Where decrease in size increases catalytically active surface area 

due to enhanced surface area/volume ratio. Given this, intensive efforts are devoted in developing  

platinum-based catalysts with smaller particle size towards large electrochemical surface area 

(ECSA, m2.g-1
Pt) and mass activity (MA, A.mg-2

Pt).
98,138,150,156,158,167–170 In fact, the state-of-the-art 

Pt/C catalyst are supported platinum nanoparticles with an average size of ~3 nm. However, the 

catalytic activity of the commercial Pt/C catalysts still can’t meet the requirement for their 

widespread implementation, which calls for further decreasing the particle size, yet remains a big 

challenge due to the lack of effective synthetic strategies.18,19,21 Besides, smaller Pt nanoparticle 

are even more susceptible to sintering and detachment from the support surface leading to rapid 

deterioration in catalytic activity.23 Stability of oxygen reduction catalyst in PEMFC is at forefront 

limiting their commercialization.151 State-of-the-art Pt/C catalyst are prone to platinum dissolution, 
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Ostwald ripening and platinum agglomeration at the working condition.28,29,171,172 Particles migrate 

on the support surface follow Brownian movement due to relatively weak support-metal 

interaction. While Ostwald ripening lead to particle agglomeration as large particle grows on the 

expense of smaller one due size dependent surface energy.28,31 High surface energy associated with 

smaller particle lead to easy migration and agglomeration, becomes more problematic due to 

unsaturated coordination and leads to spatial electron delocalization.32,58,173 Agglomeration and 

dissolution of Pt nanoparticle on the surface of carbon material becomes more severe during 

start/stop of fuel cell operation and diminishes fuel cell performance.  

To reduce the catalyst degradation scientific work has been fostered on discovering new 

more efficient catalyst material and methodologies to upgrade catalyst arrangement within 

structure.174 The most widely used approach to improve durability is use of different carbon 

support with higher anti-corrosion ability such as CNT60,90,175, graphene176,177. However, the well-

crystallized carbon structure makes it difficult to deposit platinum nanoparticles uniformly on the 

support, which is unfavorable for long-term durability as the catalysts with uniform size, shape 

and distribution are proven to minimize driving force for Ostwald ripening or agglomeration.30,178 

Another approach is strengthening metal support interaction which can suppress particle free 

migration on the surface, therefore suppress coalescence and detachment of catalyst nanoparticles 

from the surface.95,100,179 However, metal-support interaction on the surface are still vulnerable to 

agglomeration and dissolution. Therefore, precise control of Pt nanoparticle is an immense 

challenge and even with successful synthesis of small nanoparticles are prone to agglomeration 

and dissociation from support surface. Taking these points into consideration, the most promising 
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approach to precisely control size and stabilize small nanoparticles is by incorporating inside well-

defined nanopores or crystalline matrices. Regardless of potential of seeding or embedding of 

nanoparticles within nanopores of host materials, one of the major challenges is how to channelize 

the Pt precursor inside pore. In fact, seeding of nanoparticles do not assure high ORR activity and 

durability as mass transfer limitations and reaction kinetics need to be excellent within pore of host 

materials.  

In this work, we have developed a facile one-step strategy, which is easy for adaptation in 

scale-up production and duplication, to seed Pt nanoparticles inside the carbon support nanopore 

towards improved ORR intrinsic activity and stability. This strategy helps in controlling nucleation 

of ultrafine Pt nanoparticles inside pores and pore-confinement effect assists to synthesize uniform 

nanoparticle distribution. As a proof-of-concept, commercial KJ600 was selected as a model 

support material due to large surface area, high porosity with interconnected channels and high 

conductivity. The synthesized catalyst (Ptinside/KJ600) exhibits 0.558 A mg-1 Pt mass activity at 

0.9 V vs RHE, which is about 3.20 times higher than commercial carbon supported Pt catalyst 

(Pt/C) and exceeds the DOE 2020 targets. Remarkably high ECSA and mass activity confirms 

large number of catalytic active sites and indicate no mass transfer or reaction kinetics limitations 

due to seeding Pt nanoparticle inside pores. High ORR catalytic activity is a proof of concept that 

Pt seeding inside pores do not impede mass transfer and reaction kinetics. Besides, the as-

developed Ptinside/KJ600 shows dramatically improved long-term stability, as after 20K cycle mass 

activity of Ptinside/KJ600 was 6 times higher than Pt/C catalyst, and even 2.20 times higher than 
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initial activity of Pt/C. The enhanced stability is predominately attributed to pore confinement 

effect, which reduces the particle dissolution and agglomeration by keeping Pt nanoparticle intact. 

 

5.2 EXPERIMENTAL SECTION 

5.2.1 Synthesis of Ptinside/KJ600 and Ptoutside/KJ600 catalyst: 

The Pt based catalyst was prepared by depositing Pt on carbon material KJ600 (Ketjen black 

EC-600JD, AkzoNobel). For Ptinside/Kj600 catalyst synthesis, first the KJ600 was sonicated for 2 

hours in deionized water and Ethanol (Anhydrous ethyl alcohol, Sigma-Aldrich). The 100 mM 

H2PtCl6.6H20 was added to the support material and later Pt concentration was confirmed with 

ICP analysis. In a typical synthesis procedure, 50 mg of KJ600, 1ml of 100 mM of H2PtCl6.6H20 

and anhydrous ethanol was mixed. The Pt precursor carbon solution was sonicated for 2 hours and 

followed with overnight vacuum drying. While in case of Ptoutside/KJ600 catalyst, KJ600 was 

sonicated for 2 hours in large volume of deionized water to obtain uniform KJ600-DDI mixture. 

Then, Pt precursor solution was added and stirred rigorously for 2 hours to obtained uniform 

mixture. Subsequently, temperature was raised on stirred plate to slowly vaporized DDI water and 

final product was further vacuum dried for overnight. Platinum particle was reduced by heat 

treatment for 2 hours at 400 ºC in 10 % H2/Ar environment. The flow rate of carrier gas was 

maintained at 100 sccm throughout the experiment. Final product was collected from furnace and 

used as it is for further physiochemical and electrochemical characterization. 

5.2.2 Physiochemical characterization:   
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Powdered X-ray diffraction patterns was obtained using Rigaku MiniFlex X-ray 

diffractometer, with a scan rate of 1º per minute, and at a step size of 0.02 degree. Elemental 

composition percentage of material was determined by the inductively coupled plasma atomic 

emission spectroscopy (710-ES, Varian, ICP-OES). Elemental electronic configuration was 

determined by X-ray photoelectron spectroscopy (XPS) from Thermo Scientific K-Alpha 

spectrometer. Surface area and pore volume analysis was performed on ASAP 2020 Plus unit 

based on Brunauer-Emmett-Teller theory. Transmission electron microscopy (TEM), High-

resolution TEM (HR-TEM), High-angle annular dark field microscopy (HAADFM), scanning 

transmission electron microscopy (STEM), and energy-dispersive X-ray (EDX) elemental 

mapping was performed using JOEL 2100F operated at 200 kV and Hitachi HD2700C STEM 

equipped with a probe aberration corrector operated at the 200 kV. 

5.2.3 Electrochemical characterization: 

Electrochemical characterization tests were conducted on the three electrode testing cells in 

0.1 M HClO4 solution at room temperature using Bio-Logic VSP electrochemical station. Glassy 

carbon electrode was used to deposit synthesized catalyst and was working electrode, reversible 

hydrogen electrode (RHE) was used as a reference electrode, and platinum foil was used as a 

counter electrode. Catalyst ink was prepared with deionized water, Iso-propanol (v/v=1:1) and 5 

wt % Nafion solution and deposited on the glassy carbon electrode with active surface area of 

0.196 cm2. All potential in this manuscript is referred in the term of RHE potential. The Pt loading 

was calculated based on the ICP results and was consistent throughout catalyst used in this work. 

Catalyst activation was performed using cyclic voltammetry in a potential range of 0.05-1.05 V vs 
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RHE at a scan rate of 20 mV s-1 in 0.1 M HClO4 saturated with N2 gas. Electrochemical active 

surface area (ECSA) was determined by integrating H2 adsorption/desorption region between 0.05 

to 0.4 V vs RHE for reverse sweep, and a charge density of 210 µC cm-2 for hydrogen adsorption 

on monolayer of polycrystalline platinum in cyclic voltammetry. Linear sweep voltammetry (LSV) 

was used to capture ORR polarization curve in O2-saturated 0.1 M HClO4 solution at the scan rate 

of 10 mV s-1 at the rotation speed of 1600 rpm. The ORR polarization curve was used to calculate 

mass activity. Durability test was performed between potential range of 0.6-1.1 V vs RHE at a 

sweeping rate 50 mV s-1. To compare results presented in this work Pt/C (TKK, 28.8%) was used 

as the baseline catalyst at same measuring conditions. Elemental composition based on the ICP 

results was used for the calculation of ECSA and mass activity. 

 

5.3 Result and Discussion 

The synthesis method developed for this work was facile one-step which includes sonication 

to obtain uniform mixture and reduction at low temperature to control particle size. Detailed 

synthesis procedure is presented in the material and methods section. This facile method possesses 

multiple advantages over their counterparts, such as reduction at high temperature which leads to 

the large growth of particle size. Some processes uses various capping and reducing agent which 

require the washing or other treatment to remove any unwanted element otherwise will have a 

detrimental effect on the performance of catalyst180, or solvothermal methods demands removal of 

organic solvents and affects synthesis efficiency qualitatively and quantitatively.61,135 Therefore, 

abandoning organic solvent, reducing agent, capping agent or any other chemical reagent during 
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synthesis minimized constraints and led highly repeatable and efficient synthesis route.  Solvent 

volume and its polarity were tuned to maneuver the seeding of platinum inside nanopore and on 

surface of carbon support. Platinum precursor in ethanol with Ketjen Black EC600JD (KJ600) was 

sonicated to maneuver the Pt inside nanopore of carbon material, as adsorption of ethanol target 

nucleation site inside the carbon nanopores. After sonication ethanol was removed in vacuum oven 

and form the basis of Pt seeding inside the nanopores. Further annealed in H2 environment led to 

nucleation and Pt particle growth. The catalyst through ethanol route called Ptinside/KJ600 as 

platinum nanoparticle was seeded inside nanopore of KJ600. While same procedure was repeated 

with large volume of DDI with stirring instead of sonication to deposited Pt nanoparticle on the 

surface of carbon support (Ptoutside/KJ600). Wettability of DDI is lower on carbon support (KJ600), 

therefore non-selective deposition take place, while higher in case of ethanol and when coupled 

with sonication it helps in diffusion of Pt precursor solution inside nanopore. Overall synthesis 

route and schematic illustration of Pt nanoparticles inside pores are presented in schematic diagram 

(Figure 5-1). 
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Figure 5-1: Schematic illustration of the synthesis route of Ptinside/KJ600 catalyst. 
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Figure 5-2: Full range XRD peak of Ptinside/KJ600 and Ptoutside/KJ600 and of Pt/C. 
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Figure 5-3: (a) XRD pattern, (b) BJH pore-size distribution of KJ600, Ptinside/KJ600 and 

Ptoutside/KJ600, (c) Pt4f high-resolution XPS spectra of Ptinside/KJ600, Ptoutside/KJ600 and Pt/C, (d) 

Pt(0)/Pt(II) oxidation state ratio in XPS spectra of Ptinside/KJ600, Ptoutside/KJ600 and Pt/C. 

Powdered X-ray diffraction (XRD) was used to identify the phase of crystal material, crystal 

size and characterize lattice parameters of the synthesized catalyst materials. The characteristic 

peaks of Pt was obtained at 39.6, 46.2, 67.38 and 81.34 degree, and correlated with Pt(111), 

Pt(200), Pt(220) and Pt(311) crystal phase respectively (Figure 5-2, 5-3a). These crystal planes 

observed in XRD curve indicate typical face-centered cubic (fcc) structure. There was no 
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significant difference observed in Pt peaks position of different catalyst synthesized in this work. 

The Pt particle size based on the XRD data was calculated using Scherrer equation and was 

observed in range of 2-3 nm. As per Scherrer equation, peak width is inversely proportional to the 

crystallite size. Relatively smaller particle size possesses more catalytic active surface, and 

relatively higher activity and vice-versa. XRD peaks were obtained and compared for the Pt 

deposited outside and inside of the KJ600 (Figure 5-3a). Average crystal domain size of Pt along 

the (111) direction from XRD peak was 2.43 nm when Pt nanoparticle was deposited on the surface 

(Ptoutside/KJ600), while 1.63 nm when Pt was seeded inside pores (Ptinside/KJ600). Herein, the 

differences in size of Pt nanoparticle can be attributed to confinement of Pt particle inside the pores 

as both catalysts have undergone same heat treatment and reduction conditions. Only difference 

was the use different volume of solvent for the seeding of Pt nanoparticle inside the pores. It should 

be noted that, both the Ptoutside/KJ600 and Ptinside/KJ600 exhibit smaller Pt size than the commercial 

Pt/C (2-5 nm) (Figure 5-3a), demonstrating the superiority of reduction method adapted in this 

work. Apart from the typical diffraction peaks for fcc Pt, comparatively broad peak around 25 

degree corresponds to carbon characteristic peaks along (002) plane181 was observed for both 

catalysts and commercial Pt/C, with higher intensity for Ptinside/KJ600 and Ptoutside/KJ600 compared 

to Pt/C (Figure 5-2a). The higher intensity corresponds to higher graphitic crystallinity of KJ600 

a positive trait to improve ORR stability.182,183 
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Figure 5-4: (a-c) N2 adsorption desorption isotherm, (d-f) pore-size distribution isotherm of 

KJ600, Ptinside/KJ600 and Ptoutside/KJ600. 

 

Figure 5-5: (a) Full range high-resolution XPS spectra of Ptinside/KJ600 and Ptoutside/KJ600, (b) 

Full range high-resolution XPS spectra of Pt/C. 
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Figure 5-6: High-resolution XPS spectra comparison of Pt4f peaks of Ptinside/KJ600 and 

Ptoutside/KJ600 samples. 

Since the porosity of the carbon support material not only correlates with the mass transfer 

of electrocatalytic reactions, but also reflects the dispersion of the supported metal nanoparticles, 

pore characterization of carbon support material and catalysts was investigated by N2 adsorption 

and desorption methods. Surface area and pore volume was estimated with BET analysis, while 

pore-size distribution was calculated through Barrett, Joyner and Halenda (BJH) models (Figure 

5-4). As displayed in Figure 5-4, a typical type-IV isotherm shows a characteristic H3 hysteresis 
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loop which reveals a mixture of both micro-mesoporous nature of support material KJ600. It is 

also worth mentioning that from pore size distribution plot, the diameter of most pores falls in the 

range of  2 to 5 nm KJ600, which is large enough for easy diffusion of Pt precursor inside 

nanopores of carbon support.184 BET surface area of carbon support was estimated as 1362.47 m2 

g-1, and retained high values after Pt deposition with 850 m2 g-1 when Pt was deposited inside 

nanopore, while 860.36 m2 g-1 when Pt was deposited on the surface of support material. Herein, 

large porosity and surface area are favorable for high density of active sites and can be easily 

access to large volume of reactant and ultimately favorable condition for high electrocatalytic 

performance The pore volume of KJ600 was 2.59 cm3/g and decreased to 1.61 cm3/g for 

Ptinside/KJ600，implying partial filling of nanopores as a result of Pt deposition. Figure5-3b, 

shows BJH pore-size distribution of KJ600, Ptoutside/KJ600 and Ptinside/KJ600. There was a stern 

decrease in peak area and narrow pore-size distribution is noticeable in case of Ptinside/KJ600 when 

compared with KJ600 and Ptoutside/KJ600, with no shift in peak position of pore-size distribution 

plot observed. These evidences strongly suggest confinement of Pt particle inside pores and that 

led to the effective immobilization of Pt nanoparticles. Diffusion Pt precursor solution assist in 

seeding of Pt precursor inside pores and followed with nucleation and Pt nanoparticle formation. 

Therefore, data extracted in case of Ptinside/KJ600 from BET analysis clearly indicate diffusion, 

seeding and nucleation of Pt nanoparticles within nanopores of KJ600.  

X-ray photoelectron spectroscopy (XPS) was conducted to further investigate the elemental 

composition and electronic configuration of synthesized catalysts. Full range XPS spectra of 

Ptinside/KJ600, Ptoutside/KJ600 and Pt/C catalysts are displayed in Figure 5-5. The high-resolution 
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Pt 4f XPS of Ptinside/KJ600, Ptoutside/KJ600 and Pt/C can be deconvoluted into atomic Pt(0) and 

oxidized Pt(II) as presented in Figure 5-6(a-c). Pt4f7/2 and Pt4f5/2 peaks were observed at 71.88 

and 75.28 eV separated with 3.35 eV within catalyst for Ptinside/KJ600 and Ptoutside/KJ600 

respectively (Figure 5-6d). Although there was no shift in peak position observed between Ptinside 

and Ptoutside catalyst, while a significant negative shift of 0.42 eV in peak position was observed 

when compared with Pt/C, attributed to strong metal-support interaction in synthesized catalysts 

(Figure 5-3c).185 Strong-metal support interaction promisingly leads to higher intrinsic activity 

and eventually increase in ORR electrocatalytic activity.186 Besides, the ratio of Pt(0)/Pt(II) was 

calculated for Ptinside/KJ600, Ptoutside/KJ600 and Pt/C and presented in Figure 5-3d. Ratio of 

metallic Pt(0) to oxidized state Pt(II) peak area ratio at initial condition for both catalysts 

Ptinside/KJ600 and Ptoutside/KJ600 is almost similar, which suggests same number of active sites as 

only metallic Pt atoms are active towards ORR.187,188 Notably, the Pt(0)/Pt(II) ratio is higher for 

Ptinside and Ptoutside compared to Pt/C,  probably contributing  towards higher ORR activity. Higher 

intensity of Pt peaks in Ptoutside/KJ600 as compared to Ptinside/KJ600 can also indirectly suggest 

seeding of Pt inside pore since XPS only detects surface Pt (Figure 5-6d). 



 

78 

 

 

 

Figure 5-7: (a) HAADF image, (b) HR-TEM image of Ptinside/KJ600, (c) HAADF image, (d) TEM 

image of Ptoutside/KJ600, (e) HR-TEM image of Pt/C, Particle size distribution of (a) Ptinside/KJ600, 

(b) Ptoutside/KJ600 and (c) Pt/C respectively. 
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Figure 5-8: TEM images of Pt/C. 
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Figure 5-9: (a) HAADF image and EDS mapping of Ptinside/KJ600, (b) HAADF image and EDS 

mapping of Ptoutside/KJ600. 

Platinum particle size with XRD, their electronic configuration with XPS and with BET 

results have established the nanoparticle within pores. To further compliment these we looked at 

the morphology with TEM results and performed particle size distribution. Pt nanoparticle of 

uniform size was found to be homogeneously distributed over the carbon nanopores (Figure 5-7a-

b). High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

image and HR-TEM image for Ptinside/KJ600 shows the uniform distribution of Pt nanoparticles 

(Figure 5-7a-b). Nanoparticles appears on the peripheral and can be clearly visualized and 

correlated in schematic diagram (Figure 5-1). The uniform dispersion without agglomeration can 

be attributed to pore-confinement effect on Pt nanoparticles. Overview HR-TEM image of 

Ptinside/KJ600 is shown in Figure 5-7b, when consider it as top view you can clearly see Pt 

nanoparticle homogeneously embedded inside carbon material (in oval shaped marked box). 

Whereas, Ptoutside/KJ600 catalyst shows uniform distribution of Pt nanoparticle on the surface, 

while relatively more concentrated on top surface (Figure 5-7c-d). Pt/C commercial catalyst was 
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also investigated as a benchmark, where the Pt nanoparticles are deposited on the surface of carbon 

support (Figure 5-7e, 5-8). To make a quantitative analysis on the Pt dispersion, particle size 

distribution was also performed on Ptinside/KJ600, Ptoutside/KJ600 and Pt/C respectively (Figure 5-

7d-f). Average particle size of Ptinside/KJ600, Ptoutside/KJ600 and Pt/C are 2.01, 2.04 and 2.75 nm 

respectively. These results also correlated with particle size calculated from XRD peaks. 

Moreover, Ptinside/KJ600 show most narrow particle size distribution, while Pt/C and Ptoutside/KJ600 

showed similar broad particle size distribution compared to Ptinside/KJ600. In fact, uniform size of 

nanoparticle was maintained due to confinement effect of carbon nanopore. EDAX mapping 

further supports the uniform distribution for both catalysts (Figure 5-9). 
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Figure 5-10: Initial electrocatalytic performance of Ptinside/KJ600, Ptoutside/KJ600 and commercial 

Pt/C catalyst for ORR (a) CV comparison, (b) ORR polarization curve comparison, (b) Mass 

activity before and after 20K cycle, (c) ECSA comparison before and after 20K cycle, (d) Initial 

mass activity and ECSA, of Ptinside/KJ600, Ptoutside/KJ600 and commercial Pt/C catalyst 

respectively. 
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Figure 5-11: Initial and after 20K cycle CV curve comparison, (a) Ptinside/KJ600, (b) 

Ptoutside/KJ600, (c) Pt/C, and (d) Mass activity percentage loss and Half-wave potential loss 

comparison. 

Electrochemical activity and durability test of Ptinside/KJ600 and Ptoutside/KJ600 catalyst was 

assessed in three cell system using rotating disk electrode (RDE) and compared with commercial 

Pt/C (TKK, 28.2 %) at same conditions. Inductively coupled plasma (ICP) test was performed to 

establish the Pt concentration in synthesized catalyst for the activity assessment. Potentiodynamic 

electrochemical measurement Cyclic voltammetry (CV) was used for catalyst activation and 
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electrochemical surface area (ECSA) measurement. Initial activation of Ptoutside/KJ600 took around 

50 cycle which was same for commercial Pt/C catalyst. Considering both catalysts where Pt 

nanoparticle was deposited on the surface, while Ptinside/KJ600 took few more cycles for catalyst 

activation. Activation of Ptinside/KJ600 took a little higher number of cycles as wetting of Pt 

nanoparticles in the proximity of carbon pore took longer.45 These phenomena can be further 

explained as activation cycles improve wettability of carbon channel porous network as a result 

even after durability cycles Pt nanoparticles are better accessed.  Initial CV was recorded after 

catalyst activation at a scan rate of 20 mV s-1 in N2 saturated 0.1 M HCl04 solution (Figure 5-10a). 

ECSA was calculated for positive going sweep between 0.05-0.4 V (all potentials used in this work 

are relative to the reversible hydrogen electrode (RHE)) for hydrogen underpotential desorption 

(HUPD) region. The charge density under HUPD was assumed to be 210 µC cm-2 and was used 

to normalize electrode surface area. The two peaks were observed at the 0.14 V and 0.21 V and 

considered as desorption of weakly (0.14 V) and strongly (0.21 V) adsorbed hydrogen. Initial 

ECSA for Ptinside/KJ600, Ptoutside/KJ600 and Pt/C are 113.4, 115 and 68.78 m2 gm-1
Pt respectively. 

Even though nanoparticles are confined inside the nanopores shows a large ECSA advocates there 

was no hinderance or obstruction in electrolyte and reactant accessibility at the catalytically active 

sites.47 Higher ECSA of synthesized catalyst are due smaller size of Pt nanoparticles, hence possess 

more catalytically active sites and validates advantages of facile one-step synthesis methods 

adapted in this work.    

The ORR polarization curve of the catalyst was obtained at a scan rate of 10 mV s-1 in 0.1M 

HClO4 solution at 1600 rpm and was corrected for ohmic drop. At the same conditions initial Half-
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wave potential of Ptinside/KJ600 and Ptoutside/KJ600 were observed at 0.9 V and were 32 mV higher 

than the commercial Pt/C catalyst (Figure 5-10b). Mass activity calculated for Ptinside/KJ600 

catalyst is 0.558 A mg-1
Pt and 0.549 A mg-1

Pt for Ptoutside/KJ600 at 0.9 V vs RHE respectively. 

Initial activity of synthesized catalyst crossed the U.S. Department of Energy 2025 target (0.44 A 

mg-1
Pt) and about 3.3 times higher than commercial Pt/C catalyst (0.169 A mg-1

Pt).
2 Specific 

activity of Ptinside/KJ600 and Ptoutside/KJ600 are measured as 4.92 and 4.77 A m-2
Pt respectively and 

earlier one is 2.0 times higher than Pt/C (2.457 A m-2
Pt) (Figure 5-10c). Higher ORR activity of 

synthesized catalyst compared to Pt/C can be ascribed to higher ECSA, smaller particle size 

distribution, optimized electronic structure and higher Pt(0)/Pt(II) ratio as seen from XPS results. 

Initially Ptinside and Ptoutside catalysts showed similar ECSA, mass activity and specific activity due 

to similar particle size distribution, invariable electronic configuration as shown in XPS results, 

and support material structure. High surface area of support material is good enough to 

accommodate Pt nanoparticles within nanopores. While large porous structure which are 

interconnected and embedded with each other, establishes easily accessible pathway for ion 

movement without hindering mass transfer and reaction kinetics when compared to Ptoutside/KJ600 

or Pt/C catalyst where Pt is deposited on the surface. High density of active sites diminishes the 

reaction kinetics limitations. Previous (Pt@HGS) studies showed mass transport resistances due 

to confinement of particles inside the pores but was not the case even at high current density for 

the catalyst synthesized in this work.45 In fact, Pt deposited inside nanopore do not suffer any 

limitations. Furthermore, these nanopores kept nanoparticles intact and confined which can help 

in long-term stability of catalyst while prevents Pt dissolution and agglomeration. 
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Figure 5-12: ORR polarization curve before and after 20K cycle for, (a) Ptinside/KJ600, (b) 

Ptoutside/KJ600 (c) Pt/C catalysts, (d) ECSA, (e) Mass activity and (f) Specific activity comparison 

before and after 20K cycle for Ptinside/KJ600, Ptoutside/KJ600 and Pt/C respectively. 
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Figure 5-13: Initial and after 10K cycle ORR polarization curve comparison, (a) Ptinside/KJ600, 

(b) Ptoutside/KJ600 and (c) Pt/C. 

To establish the stability of catalyst due to seeding of Pt nanoparticle inside nanopores long-

term durability test was performed. The stability of synthesized catalyst was examined by cycling 

between 0.6-1.1 V vs RHE at a scan rate of 50 mV s-1 up to 20000 cycles in N2 saturated 0.1 M 

HClO4 solution. CV curves before and after 20K cycles for Ptinside/KJ600, Ptoutside/KJ600 and Pt/C 

were shown in Figure 5-11. ECSA of Ptinside/KJ600 after 20K cycles was 78.96 m2 gm-1
Pt which 

is still higher than the initial ECSA of Pt/C (68.78 m2 gm-1
Pt) and 3.10 times higher after 20K 

cycles (25.80 m2 gm-1
Pt for Pt/C). Ptinside/KJ600 and Ptoutside/KJ600 shows almost same initial 

ECSA while after 20K cycle Ptoutside/KJ600 loss was more significant as seeding inside pore proved 

0.4 0.6 0.8 1.0
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

 

 

C
u

rr
e

n
t 

(m
A

)

E/V vs RHE (V)

 Initial

 10K cycle

9.63 mV

Ptoutside/KJ600

c

ba

0.4 0.6 0.8 1.0
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

23 mV

C
u

rr
e

n
t 

(m
A

)

E/V vs RHE (V)

 Initial

 10K cycle

Pt/C Commercial

0.4 0.6 0.8 1.0
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

 

 
C

u
rr

e
n

t 
(m

A
)

E/V vs RHE (V)

 Initial

 10K cycle

Ptinside/KJ600

~6 mV



 

88 

 

 

to be more efficient in term of activity and stability towards ORR (Figure 5-12d). ORR 

Polarization curve was also recorded after durability test and compared with initial polarization 

curve to estimate the half-wave potential loss for each catalyst. Half-wave potential loss was 9 

mV, 20 mV and 52 mV for Ptinside/KJ600, Ptoutside/KJ600 and Pt/C respectively and was 

significantly higher for both commercial Pt/C and Ptoutside/KJ600 (Figure 5-12a-c). While, Half-

wave potential loss of Ptinside/KJ600, Ptoutside/KJ600 and Pt/C was also recorded after 10K cycle 

and found to be 6 mV, 9.63 mV and 23 mV respectively (Figure 5-13). Therefore, further cycling 

form 10-20 K led to only 3 mV half-wave potential loss compared to Pt/C (~29 mV). Half-wave 

potential loss results endorse the benefit of seeding of Pt inside pore as it can hinders Pt dissolution 

and agglomeration and helps in maintaining the active sites and higher activity. Mass activity and 

specific activity is most important parameters for Pt based catalyst and was calculated to eventually 

compare and visualize catalyst activity after durability testing. Mass activity of Ptinside/KJ600 was 

0.373 A mg-1
Pt after 20K cycle which is even 2.20 times higher than Pt/C initial activity. Mass 

activity of Ptinside/KJ600 was 6 times higher than Pt/C (0.0619 A mg-1
Pt) catalyst after 20K cycles 

and showed an outstanding improvement over the commercial catalyst (Figure 5-12e). Once 

Ptinside/KJ600 compared with Ptoutside/KJ600 catalyst former has significant +11 mV half-wave 

potential improvement under same durability cycle. Ptoutside/KJ600 (0.265 A mg-1
Pt) lost 52 percent 

of initial mass activity compared to 33 percent loss in Ptinside/KJ600 after 20K cycle. There was 

only 4 percent loss in specific activity calculated for Ptinside/KJ600 (4.72 A m-2
Pt), therefore, 

specific activity of Ptinside/KJ600 was approximately 7 times higher than Pt/C after 20K cycle 
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(Figure 5-12f). Evidence from ORR polarization curve strongly suggests highest stability in case 

of Pt confined inside pores.   

 

Figure 5-14: Physical characterization after durability test (a) HR-TEM image of Ptinside/KJ600, 

(b) TEM images of Ptoutside/KJ600, (c) Overview TEM image of Pt/C after 20K cycle respectively, 

(d) Ptinside/KJ600, (e) Ptoutside/KJ600 and (e) Pt/C, particle size distribution after 20 K cycle 

respectively. 

To further verify the stability of Ptinside/KJ600 after durability testing, TEM, and particle size 

distribution was performed on the tested catalyst. Tested catalyst was collected from glassing 

carbon electrode and preserved in DDI before further imaging was performed. Ptinside/KJ600 shows 

no major change in KJ600 and Pt nanoparticles size (Figure 5-14a). There was general trend of Pt 

nanoparticle coalition or agglomeration due large durability cycle in Ptoutside/KJ600 and Pt/C 

(Figure 5-14b-c). Commercial Pt/C shows most particle agglomeration and deteriorate over time 

and was the reason behind loss in activity over time. Similar trend was seen in Ptoutside/KJ600 but 
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wasn’t as bad as Pt/C catalyst and compliments the trend observed in electrochemical results 

throughout this work. Particle size distribution was performed on TEM image of Ptinside/KJ600, 

Ptoutside/KJ600 and Pt/C catalyst after durability test (Figure 5-14d-f). Average particle size 

calculated from particle size distribution is 2.16, 2.92 and 4.23 nm for Ptinside/KJ600, Ptoutside/KJ600 

and Pt/C and can be compared with before durability cycle results (Figure 5-7f-h). Significant 

increase in Pt nanoparticle size is due agglomeration while loss in ECSA supports dissolution in 

case of Ptoutside/KJ600 and Pt/C. 

5.4 Conclusion 

Ultrafine Pt nanoparticles embedded inside the nanopore of carbon support were designed and 

successfully synthesized with facile one-step reduction method developed in this work.  

Combining XRD, BET and TEM observations, we confirmed the uniform dispersion of Pt 

nanoparticles inside the pore with a narrow particle size distribution for the Ptinside/KJ600. As a 

result, Ptinside/KJ600 exhibits unprecedented ORR activity with mass activity of 0.558 A mg-1
Pt  (@ 

0.9 V vs RHE), outperforming the Pt/C benchmark (0.169 A mg-1
Pt) and any sole Pt based catalyst 

synthesized so far, which is attributed to the increase in Pt utilization (ECSA of 113.4 m2 gm-1
Pt) 

and optimized electronic structure of Pt. Moreover, pore confinement of nanoparticle was 

beneficial in maintaining smaller particle size strongly intact within pore while undergoing 

durability test, which can effectively suppress Pt dissolution and aggregation therefore maintaining 

active for ORR activity. Impressively, the Ptinside/KJ600 demonstrated only 31% loss of mass 

activity after 20k cycles, while the Pt/C undergoes 64% loss. The structural characterizations for 

the catalysts after stability test strongly revealed that our unique catalyst design effectively 
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maintained the uniform distribution of Pt nanoparticles as a result of space-confinement effect. 

This material synthesis concept is not limited to confine Pt nanoparticles inside pores and 

effectively immobilize Pt nanoparticles as an active material. We believe this catalyst design can 

be easily extended to synthesize Pt based alloy (with transition metal) to further improve activity 

and stability.  Doping of heteroatoms N, S and B will also be applicable inside pore to improve 

durability by assimilating pore-confinement and tethering effect. In fact, we got exceedingly 

promising results with doping and will be follow-up of this current work. 
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Chapter 6: Spatial confined platinum nanoparticles within 

Sulfur doped carbon nanopore to improve oxygen 

reduction stability 

6.1 Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) is a green energy, zero emission 

technology which produce energy and water as only by-product from hydrogen and oxygen, and 

widely considered as future of transportations.2,189 Development of highly active and durable 

catalyst to catalyze oxygen reduction reaction (ORR) remains a challenge in large-scale 

commercialization of PEMFC technology.172,189 Metal based catalyst on carbon support has long 

been used to catalyze variety of reactions including oxygen reduction reactions (ORR), which is 

critical due to their limiting reaction kinetics in PEMFCs.151 Platinum is best available metal 

catalyst to catalyze ORR in PEMFCs acidic, oxidative and corrosive environment.190 However, 

catalytic activity and performance has been plagued owing to agglomeration, dissolution and 

sintering of precious Pt metals from the support surface.24,149 This has led to sharp decrease in 

electrochemically active surface area (ECSA) and concurrently loss of catalytically active sites. 

Exposed surface atoms takes part in catalytic activity, and their activity increase with decrease in 

particle size.54,191,192 Although, relatively higher surface energy of smaller nanoparticle makes it 

more vulnerable to sintering, particle agglomeration and dissolution from support materials. As a 

result, ORR activity and long-term stability of the catalyst degrades overtime in addition to the 

loss of precious Pt metal.3 In sintering, nanoparticle follows Brownian movement on the surface 
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due to weak particle-support interaction, and consequently coalesce with other particles in close 

vicinity. While, in Ostwald ripening small nanoparticle with higher chemical potential coalescence 

to a larger particle with lower energy that led to the growth of nanoparticles.28,31 Agglomeration 

and dissolution can be reduced by minimizing chemical potential within particles due large 

variation in particle size distributions, and non-uniform dispersion.30 Two different approach can 

be examined to prevent sintering and agglomeration by modifying physical or chemical structure 

of the catalyst material.59 Physical approach modifies the spatial arrangement of catalyst 

nanoparticle and support to provide a barrier towards sintering. Such as encapsulation of Pt 

nanoparticle within nanopores, which can provides three-dimensional confinement and minimize 

the particle migration as if on support surface and hence mitigate particle coalescence.45,47,193 

While encapsulation approach promises improvement in stability but they can suffer from limited 

access of active phase, ions and mass transfer limitations. Pt nanoparticle was deposited on the 

wall of ordered mesoporous carbon but have shown limited mass activity.194 Chemical approach 

involves modifying catalyst chemistry at atomic scale, which involves altering chemical or 

electronic structure of catalyst or support material to stabilize nanoparticle.59 Several chemical 

strategy have been looked to circumvent the sintering include design of metal-metal oxide core 

shell structures, addition of metal oxide stabilizers and also use of sintering-resistant support 

material.195 While these strategies still lack benchmark activity threshold. Another strategy is to 

improve the metal support interactions which can restrict the particle migration, agglomeration 

and detachment on the support material.95,100,179 Heteroatom doping changes the electronic 

properties and create a positive charge on the carbon atom in the vicinity of heteroatoms. These 
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sites generally considered as catalytically active sites where oxygen reduction takes place.196,197 

Doping favors electro-neutrality of carbon by improving molecular adsorption of oxygen and 

therefore benefit oxygen reduction. Heteroatoms doping also exerts a tethering effect on the 

platinum nanoparticles which helps in improvement both activity and stability of 

nanoparticles.127,198 Heteroatoms such as nitrogen and sulfur are used to dope carbon support to 

improve the interaction and synergy between catalyst and support material.127,128 Sulfur doping 

enhance the catalytic activity by improving the electron conductivity of support material and favors 

metal support interaction.135,199,200 Thiophenic sulfur are considered active and improve oxygen 

reduction activity.95,100 In fact, most of the work has been done on doping of sulfur on the surface 

of support materials.61,108,135,201 Individually catalyst with heteroatom doping or deposition of 

platinum within carbon nanopores have shown potential to improve ORR kinetics and long-term 

stability. However, there is no work done to deposit platinum inside sulfur-doped nanopore to 

confine nanoparticles to reduce sintering and dissolution. Heteroatom doping within nanopore 

complements with Pt nanoparticle within nanopores can significantly improve stability of ultrafine 

platinum particles. These two strategies can work synergistically to reduce sintering and improve 

platinum-based catalyst long-term stability for oxygen reduction in acidic medium.    

In this work, we have developed a strategy to synthesize sulfur-doped inside pore of carbon 

support (Sin/KJ600), then controlled nucleation Pt nanoparticles inside pore of support material 

(Pt@Sin/KJ600). Pore-confinement effect was adapted to synthesize ultrafine Pt nanoparticles of 

uniform size distribution, while sulfur doping will further enhance interaction between support and 

catalyst nanoparticles. To our best knowledge this is first time both doping and positioning of 
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metal catalyst inside pores is introduced together. We have successfully synthesized sulfur-doped 

inside carbon pores supported ultrafine Pt nanoparticles with average nanoparticle size less than 2 

nm (Pt@Sin/KJ600). To establish effect of sulfur doping inside pore and confinement of Pt inside 

pore, another catalyst where sole Pt nanoparticle deposited inside pore (Pt@KJ600) was also 

synthesized. Designed catalyst combined multiple concepts to delivers high performance ORR 

catalyst; (i) Spatial confinement effect control the nucleation of Pt nanoparticles within carbon 

nanopores will restricts nanoparticles overgrowth to guarantee high surface area to volume ratio. 

This led to higher number of actives sites and limits nanoparticles aggregation in long-term 

stability test; (ii) Sulfur doping within carbon nanopore imparts tethering effect that change 

electronic structure to improve catalytic activity, while improved interactions between catalyst 

nanoparticles and carbon support will further reduces nanoparticles dissolution and 

agglomerations which led to better long-term stability; (iii) The choice carbon support with high 

surface area and porous network framework was to accommodate Pt nanoparticles with ease. The 

synergetic effect of catalyst developed in this work have shown excellent activity and remarkable 

long-term stability for oxygen reduction in acidic medium. 

 

6.2 EXPERIMENTAL SECTION 

6.2.1 Sulfur doped inside KJ600  

Sulfur was doped inside pores of KJ600 (Ketjen black EC-600JD, AkzoNobel) with flash 

heat treatment and quenching method. In a typical synthesis procedure, first sulfur precursor 

(Phenyl disulfide, Sigma Aldrich) solution in anhydrous ethanol (Sigma Aldrich) was added to 50 
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mg of KJ600 and sonicated for 2 hours. Sonication was performed to saturate carbon pores with 

sulfur precursors. After sonication saturated carbon material was left overnight in vacuum oven at 

60 °C to remove the ethanol. After drying in vacuum oven KJ600 pore were saturated with PDS. 

Sulfur doped inside KJ600 (Sin/KJ600) was synthesized by Flash heat treatment at 1000 °C for 30 

minutes in Ar saturated environment and sample was taken out of heating zone after 30 minutes. 

6.2.2 Pt deposited inside pore KJ600 (Pt@KJ600) 

Platinum precursor (H2PtCl6.6H20, Sigma Aldrich) solution was prepared in anhydrous 

ethanol and was added to the carbon support (KJ600). In a typical experiment, 100 mM of KJ600 

was added to the 50 mg of KJ600 and was sonicated for 2 hours. Volume of solvent was fixed 

based on pore-volume and was estimated experimentally to saturate carbon power as if after 

saturation no liquid can be visible on the carbon powder. After sonication once platinum precursor 

was seeded inside the pore, saturated material vacuum dried overnight to evaporate ethanol from 

the material. In next step, dried material was heat treated at 400 °C for 2 hours in 10 percent H2/Ar 

environment and as a result nucleation of Pt nanoparticle takes place inside pore. 

6.2.3 Pt deposited inside pore of Sin/KJ600 (Pt@Sin/KJ600) 

100 mM H2PtCl6.6H20 solution in ethanol was prepared and added to the 50 mg of previously 

synthesized sulfur doped inside pore of KJ600 (Sin/KJ600). Pt precursor solution in KJ600 were 

sonicated for 2 hours water bath. Once sonication established the saturation of carbon support, 

sample were followed with vacuum drying for ethanol evaporation. Finally, dried sample were 

heat treated at 400 °C for 2 hours in 10 percent H2/Ar and cooled in pure argon environment.   



 

97 

 

 

Final synthesized materials were collected from furnace in each case and were further taken for 

Physiochemical and electrochemical characterization. 

6.2.4 Physiochemical characterization: 

To obtain characteristic peaks and diffraction pattern of catalyst material Powdered X-ray 

diffraction patterns were captured using Rigaku MiniFlex X-ray diffractometer at a scan rate of 1 

degree per minute. All the synthesized materials were scanned at the same scan rate. Elemental 

composition was calculated based on inductively coupled plasma atomic emission spectroscopy 

(710-ES, Varian, ICP-OES) analysis. Electronic configuration and elemental state were identified 

by using X-ray photoelectron spectroscopy (XPS) from Thermo Scientific K-Alpha spectrometer. 

Surface area and pore volume analysis was performed on Micrometrics ASAP 2020 unit based on 

Brunauer-Emmett-Teller theory. Physical morphology, particle size distribution was investigated 

by using Hitachi HD2700C STEM equipped with a probe aberration corrector operated at 200 kV 

and JOEL 2100F at 200 kV.  

6.2.5 Electrochemical characterization: 

Electrochemical activity and performance test were performed on three electrode testing 

cells. Cyclic voltammetry and Linear sweep voltammetry test were performed in 0.1 M HClO4 

solution using Biological VSP electrochemical station at room temperature. Glassy carbon 

electrode with active surface area of 0.196 cm2 was used as working electrode, platinum wire was 

used counter electrode and reversible hydrogen electrode (RHE) was used reference electrode in 

three electrode testing cells. Deionized water and isopropanol were used in a ratio of (v/v = 1:1) 

with 20 µl of 5 weight percent Nafion solution was sonicated for 30 minutes to obtain well 
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dispersed catalyst ink and deposited in glassy carbon electrode. All potential mentioned in the 

manuscript is based on RHE. Pt loading was on the results obtained from ICP results. All the 

catalysts used in this work has undergone catalyst activation using cyclic voltammetry between 

0.05-1.05 V vs RHE at a scan rate of 50 mV s-1 in HClO4 solution saturated with N2 gas. While 

ECSA was estimated by integrating hydrogen adsorption/desorption region between 0.05-0.4 V vs 

RHE and a charge density of 210 µC cm-2 was taken for hydrogen adsorption on monolayer of 

polycrystalline platinum surface. Linear sweep voltammetry (LSV) was performed between 0.05-

1.1 V vs RHE at scan rate of 10 mV s-1 at rotating speed of 1600 rpm in 0.1 M HClO4 saturated in 

O2 environment. Polarization curve obtained from LSV was used to calculate kinetic current and 

mass activity at 0.9V vs RHE. Long-term stability test was performed for 20000 cycles between 

0.6-1.1 V vs RHE at a scan rate of 50 mV s-1. As benchmark state-of-the-art commercial Pt/C 

(TKK, 28.8%) was used compared with the results of synthesized catalyst. 

 

6.3 Result and discussion: 

A facile method was developed for synthesis of catalyst in this work. First sulfur was doped 

inside pore of carbon support (KJ600), and then followed with platinum deposition inside the 

sulfur doped pore. Different catalysts were synthesized, and detailed procedure is presented in the 

experimental sections. Overall synthesis strategy and pictorial diagram are represented in the 

Schematic diagram (Figure 6-1, 6-2). Phenyl disulfide dissolved ethanol was added to KJ600 and 

were sonicated to channelize and saturate carbon pores with sulfur precursor followed with 

overnight vacuum drying to vaporize the ethanol from carbon material. Following this, flash heat 
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treatment was performed to obtain sulfur doped inside KJ600 pore (Sin/KJ600). Same procedure 

was repeated for synthesis of Pt@Sin/KJ600 and Pt@KJ600 catalyst (Pt is deposited inside KJ600). 

In brief, Pt precursor dissolved in ethanol was added to Sin/KJ600 and KJ600, sonicated and 

vacuum dried respectively, followed with heat treatment in 10 percent hydrogen that led to 

nucleation of Pt nanoparticle inside pores. 
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Figure 6-1: Schematic illustration of the synthesis route of Pt@Sin/KJ600. 
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Figure 6-2: Experimental design of Pt@Sin/KJ600. 

Crystalline nature of the synthesized catalysts was investigated and compared to commercial 

Pt/C catalyst using Powdered X-ray diffraction pattern (XRD) (Figure 6-3a). The characteristics 

peaks of Pt in Pt@Sin/KJ600 and Pt@KJ600 were obtained at 39.72°, 46.38°, 67.53° and 81.57° 

are corresponds to the Pt(111), Pt(200), Pt(220) and Pt(311) respectively. Diffraction pattern of Pt 

crystal plane displayed the typical face centered cubic (fcc) structure and were compared with 

commercial state of the art Pt/C (TKK, 28 %). There was no significant change in peak position 

obtained in for Pt@Sin/KJ600, Pt@KJ600 and Pt/C respectively. Average platinum particle size 

was obtained in the range of 2 nm using Scherrer equation. Pt@Sin/KJ600 and Pt@KJ600 average 

particle size along Pt(111) direction are 1.63 and 1.69 respectively. As expected, there was no huge 

difference in nanoparticle size as Pt was seeded inside pore of carbon in both cases. However, such 
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an ultrafine nanoparticle with average size smaller than 2 nm were obtained due to confinement of 

Pt nanoparticle inside nanopore of carbon support. Relatively smaller nanoparticles possess higher 

number of catalytically active sites and electrochemically active surface area (ECSA) as compared 

to Pt/C with average particle size between 2-5 nm. Moreover, typical carbon (002) plane peak is 

obtained at 24.3° for carbon support KJ600. Higher intensity of C(002) peaks for Sin/KJ600 

compared to KJ600 were obtained and can be correlated to the numerous defects formation due to 

sulfur doping inside skeleton of carbon support (Figure 6-4). Higher intensity of C(002) peaks 

also leads to comparatively higher graphitization of carbon due to flash heat treatment at 1000 °C 

during sulfur doping. In general, graphitization kinetically delays the carbon oxidation, therefore 

reduces the detachment of catalytically active nanoparticles due to carbon corrosion and improve 

long-term durability of synthesized catalyst.182,183 Graphitic nature and porous carbon network 

favours the mass and ions transfer of electrolyte and product of catalytic reactions. 
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Figure 6-3: (a) Powdered X-ray diffraction pattern of Pt@Sin/KJ600, Pt@/KJ600 and Pt/C (b) 

BJH pore-size distribution of KJ600 and Pt@Sin/KJ600, (c) S2p high-resolution XPS spectra of 

Sin/KJ600 and Pt@Sin/KJ600, (d) Pt(0)/Pt(II) oxidation state ratio in deconvoluted Pt4f XPS 

spectra of Pt/C, Pt/KJ600 and Pt@Sin/KJ600. 
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Figure 6-4: Full range XRD spectra of Sin/KJ600 and KJ600 
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Figure 6-5: N2 adsorption desorption isotherm (a) KJ600, (b) Pt@KJ600, (c) Pt@Sin/KJ600 and 

(d) comparison of KJ600, Pt@KJ600 and Pt@Sin/KJ600 catalyst respectively. 

Higher surface area and porosity of the carbon support are an important factor for catalysis. 

Higher surface area and pores volume are an important factor which affects nanoparticles 

dispersion, mass transfer and ions movement during oxygen reduction. Therefore, pore volume, 

surface area was thoroughly investigated by N2 adsorption methods. Surface area and pore volume 

of carbon support and synthesized catalyst was obtained through BET analysis, while pore volume 

analysis was performed using Barrett, Joyner and Halenda (BJH) desorption data. Figure 6-5 
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displayed the typical type-IV isotherms of KJ600, Pt@KJ600 which showed a characteristic H3 

hysteresis loops discloses both micro and mesoporous nature of carbon support. The specific 

surface area of KJ600 estimated as 1363 m2 g-1 and pore volume of 2.59 cm3 g-1. Most of the pores 

KJ600 fall in the average 4 nm region with narrow pore size distribution (Figure 6-3b). Pore 

diameter are large enough for the channelization platinum and sulfur precursor solution, while 

large surface area and pore volume favors uniform dispersion and guarantee large number of 

nucleation sites. This will also result in easy diffusion of solvent and reactant to the active sites. 

Figure 6-3b shows pore size distribution of KJ600 and Pt@Sin/KJ600, and correspondingly there 

was no shift in peak position observed. However, the sharp decrease in peak area with narrower 

pore size distribution indicates the filling carbon nanopores with Pt and S atoms. Pore size of 

KJ600 is adequate enough to confine and effectively immobilize Pt@S nanoparticle.  

To further interrogate nanopore filling, pore volume and BET surface area of KJ600 and 

synthesized catalysts was compared quantitatively. When only Pt was deposited inside pore of 

KJ600 (Pt@KJ600), BET surface area was decreased to the 860 m2 g-1. However, when both sulfur 

doping and Pt nanoparticle was deposited inside pore of KJ600 (Pt@Sin/KJ600), BET surface was 

decreased to 649.32 m2 g-1. In addition, pore volume was decreased to 1.62 cm3 g-1 for Pt@KJ600, 

while it was further drop down to 1.49 cm3 g-1 for Pt@Sin/KJ600. These results have clearly shown 

that surface area and pore volume was further reduced when both sulfur and Pt were deposited 

inside pore, while trivial decrease in pore volume from Pt@KJ600 to Pt@Sin/KJ600 is due to 

comparatively much smaller size of sulfur atom. Pt@Sin/KJ600, Pt@KJ600 and KJ600 N2 

adsorption desorption isotherm maintained similar shape of isotherms curve, except decrease in 
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surface area and pore volume (Figure 6-5). All these results imply the confinement of sulfur doped 

Pt nanoparticles inside pore of KJ600. 

 

 

Figure 6-6: Full range XPS spectra of Sin/KJ600, Pt@KJ600 and Pt@Sin/KJ600 respectively.   

 Elemental composition and electronic configuration of the synthesized materials were 

studied using X-ray photoelectron spectroscopy (XPS). Full range XPS spectra of Sin/KJ600, 

Pt@KJ600 and Pt@Sin/KJ600 are presented in Figure 6-7. High resolution S2p spectrum was 

captured to understand the sulfur electronic structure when sulfur was doped inside pore of support 
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material KJ600 (SinKJ600) and Pt@SinKJ600 catalyst (Figure 6-7). For Sin/KJ600, high resolution 

S2p peaks are deconvoluted into two major peaks at 163.79 and 164.96 eV and attributed to the 

C-S-C bonds, while one minor peak appears at the 168.15 eV and related to -SOx functional group. 

The minor -SOx group peaks observed around 168 eV can be formed due to oxidation of sulfur in 

oxygen environment. In addition, two major S2p peaks in SinKJ600 were separated by 1.17 eV, 

which are developed from the S2p spin-orbit doublet at S2p1/2 and S2p3/2 respectively.143  

 

Figure 6-7: High-resolution full range S2p XPS spectra of (a) Sin/KJ600 and (b) Pt@Sin/KJ600. 
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Figure 6-8: High-resolution full range Pt4f XPS spectra of (a) Commercial Pt/C, (b) Pt@/KJ600, 

(c) Pt@Sin/KJ600 and (d) peak shift comparison of Pt@Sin/KJ600, Pt@/KJ600 and Pt/C 

respectively. 
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Figure 6-9: High-resolution full range C1s XPS spectra of (a) Sin/KJ600 and (b) Pt@Sin/KJ600. 

 These pairs of characteristic peaks in Sin/KJ600 are attributed to the thiophene and 

validate the use of flash heat treatment to incorporate sulfur directly into the carbon matrices and 

there was no elemental sulfur observed in XRD peaks.147,148 Pt@Sin/KJ600 catalyst S2p peaks are 

also deconvoluted in two major peaks at 164.05 and 165.15eV and corresponds to the C-S-C bond, 

while a minor peak obtained at 168.14 eV are due to SOx group (Figure 6-7b). There is a positive 

S2p peak shift of 0.26 eV in Pt@Sin/KJ600 compared to Sin/KJ600 (Figure 6-3c). The positive 

shift in S2p peaks clearly indicate the change in electronic structure due to Pt interaction with 

sulfur in -C-S-C- groups. To further analyze the change in Pt electronic structure and oxidation 

state high resolution Pt4f spectra of Pt@KJ600 and Pt@Sin/KJ600 was captured and compared 

with commercial Pt/C catalyst (Figure 6-8). High resolution Pt4f was deconvoluted into atomic 

Pt(0) and oxidized Pt(II) peaks. The Pt4f7/2(0) and Pt4f5/2(0) peaks were observed at 75.25 and 
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to Pt/C catalyst and can be due to attributed strong-metal support interaction due to confinement 

of Pt nanoparticles inside carbon pores.185 While, for Pt@Sin/KJ600 catalyst, Pt4f7/2(0) and 

Pt4f5/2(0) peaks are observed at 71.67 and 75.02 eV. Therefore, a further negative shift of 0.23 eV 

observed from Pt@KJ600 to Pt@Sin/KJ600, which is due to Pt interaction with doped sulfur inside 

carbon nanopores (Figure 6-8d). The negative shift indicates improved interaction between Pt and 

support material, and further complements with positive shift of 0.26 eV observed in S2p peaks 

positions for Pt@Sin/KJ600 compared to Sin/KJ600. Metallic Pt(0) takes part in catalyzing oxygen 

reduction, therefore, ratio of metallic Pt(0) to the oxidized Pt(II) at initial condition will indicate 

about number of active site present in the catalyst. The Pt(0)/Pt(II) ratio for Pt@Sin/KJ600, 

Pt@/KJ600 and Pt/C are calculated as 1.55, 1.75 and 1.85 respectively (Figure 6-3d). Higher ratio 

can be an indication of higher oxygen reduction activity of the synthesized catalyst.187,188 It can be 

concluded till this point as deposition Pt inside pore improve metal support interaction due spatial 

confinement effect (Pt@KJ600) and was further improved due to Pt interaction with sulfur doped 

inside pore (Pt@Sin/KJ600). The high resolution C1s spectra of Sin/KJ600 and Pt@Sin/KJ600 was 

also captured and shown C-C (284.30 eV), C=C (284.68 eV), C=O (289.39 eV) and C-S (285.2, 

286.17 eV) peaks for Sin/KJ600. While, C-C (284.27 eV), C=C (284.67 eV), C=O (289.27 eV) and 

C-S (285.31, 286.67 eV) peaks are observed for Pt@Sin/KJ600 (Figure 6-9). Existence of C-S 

peaks indicate successful incorporation of sulfur inside carbon pore, while there was slight change 

in C1s (C-S) peak position indicate change in carbon electronic structure due to metal (Pt) sulfur 

interactions. These results successfully resonate with previous finding throughout this work. 
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Figure 6-10: HR-TEM image of (a) Pt@Sin/KJ600, (b) Pt@KJ600, (c) Commercial Pt/C; Particle 

size distribution of (d) Pt@Sin/KJ600, (e) Pt@/KJ600, (f) Commercial Pt/C; HRTEM image of (g) 

Pt@Sin/KJ600, corresponding elemental mapping (h) Carbon, (i) Sulfur, (j) Platinum, (k) 

Superimpose image of Pt and sulfur and (l) Line scan of platinum and sulfur. 

 Transmission electron microscopy (TEM) was performed to enquire physical 

morphology of the synthesized catalyst. HR-TEM image of Pt@Sin/KJ600, Pt@KJ600 and Pt/C 

are presented in Figure 6-10(a-c) respectively. Pt nanoparticles of uniform size found to be 

uniformly distributed over their respective support materials in Pt@Sin/KJ600 and Pt@KJ600 

catalyst. There was no evidence of Pt nanoparticle agglomeration due to successful encapsulation 

of Pt nanoparticle inside pore of KJ600 (Pt@KJ600) and Sin/KJ600 (Pt@Sin/KJ600) respectively. 

As proposed due pore-confinement effect, catalyst should possess narrow and uniform particle size 
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distribution in Pt@KJ600, and this phenomenon should be further enhanced due to strong metal-

support interaction in sulfur doped carbon pore (Pt@Sin/KJ600). Therefore, to analyze 

quantitatively particle size distribution was performed on more than 200 nanoparticles of 

individual catalysts and compared with commercial Pt/C. Average particle size of Pt@Sin/KJ600, 

Pt@KJ600 and Pt/C was calculated as 1.74 ± 0.235 nm, 1.98 ± 0.436 nm and 2.81 ± 0.60 nm 

respectively (Figure 6-10d-f). Such a small particle size with narrow size distribution was attained 

due to pore-confinement effect and can be seen further reduced in Pt@Sin/KJ600. High angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) image of 

Pt@Sin/KJ600 and their corresponding elemental mapping of carbon, sulfur and platinum was also 

performed and shown in Figure 6-10(g-k). Uniform distribution of sulfur was realized in the 

skeletal of KJ600 and have not affected Pt nucleation on the site. Line-scan was also performed 

over the region and uniform signal of Pt and sulfur was realized over the surface (Figure 6-10l). 

In addition, d-spacing of Pt@KJ600 and Pt@Sin/KJ600 and were compared to KJ600 (carbon 

support) in the literature. KJ600 carbon support exhibits a typical C (002) facet of average d-

spacing around 0.337 nm,44 while d-spacing for Pt@KJ600 (average ~398 nm), whereas largest in 

Pt@Sin/KJ600 (~ 450 nm) due successful incorporation of both Pt and S within carbon skeleton 

(Figure 6-11).202 
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Figure 6-11: HR-TEM image of (a) Pt@KJ600 and (b) Pt@Sin/KJ600. 

 

Hitherto, the results and analysis performed have demonstrated the size of Pt nanoparticles in the 

synthesized catalyst is in the region of carbon support pore-size distribution. Pore-size distribution 

plot form BET have shown the filling of Pt nanoparticles and sulfur inside pore of carbon. 

Furthermore, we have realized change in electronic structure of Pt due to both pore-confinement 

and metal-support interaction in Pt@Sin/KJ600, while change in Pt@KJ600 was only due pore-

confinement. All the exhibited features have great potential for of an exceptionally durable oxygen 

reduction catalyst. 
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Figure 6-12: (a) Initial CV curves, (b) Initial ORR polarization of Pt@Sin/KJ600, Pt@KJ600 and 

Pt/C respectively; (c) Initial ECSA and half-wave potential and (d) Initial mass activity and 

specific activity of Pt@Sin/KJ600, Pt@KJ600 and Pt/C respectively. 

Electrochemical characterization and performance of Pt@Sin/KJ600 and Pt@KJ600 were 

investigated in three cell electrochemical system using rotating disc electrode (RDE) and 

compared with commercial Pt/C (TKK, 28 percent). Inductively coupled plasma (ICP) test were 

performed to establish the Pt weight percentage in the synthesized catalyst. Catalyst activation, Pt 

characteristic peaks and electrochemical active surface area (ECSA) was explored using 

Potentiodynamic electrochemical measurement technique “Cyclic Voltammetry”. Catalyst 
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activation of Pt@Sin/KJ600 and Pt@KJ600 catalysts have taken few more cycles than Pt/C, as Pt 

nanoparticles were inside nanopore compared to surface in commercial Pt/C catalyst. Few more 

cycles were taken as wettability of Pt nanoparticles inside the proximity of pore were taken extra 

time, but as catalyst were activated there were no evidence of any obstruction in catalyst activity.45 

This distinctiveness can also explained as wettability of porous network and carbon channel took 

more time compared to when nanoparticle was only deposited on the surface. Initial CV curves 

were recorded in 0.1 M HClO4 solution in N2 saturated environment at a scan rate of 20 mV s-1 

(Figure 6-11a). The two peaks were observed at 0.146 and O.21 V for Pt@Sin/KJ600, 0.14 and 

0.21 V for Pt@KJ600 in adsorbed hydrogen region respectively. ECSA was calculated for 

hydrogen underpotential desorption (HUPD) region between 0.05 to 0.4 V vs RHE and charge 

density under HUPD were taken as 210 µC cm-2 to normalize electrode surface area. ECSA of 

Pt@Sin/KJ600, Pt@KJ600 and Pt/C was calculated as 124.11, 113.40 and 68.78 m2/g respectively 

(Figure 6-11c). Higher ECSA of synthesized catalyst can be correlated to smaller particle size and 

narrow particle size distribution due to pore confinement effect. Higher ECSA indicates no 

obstruction in electrolyte and reactant accessibility on nanoparticle placed in pores, while further 

slight improvement of ECSA in Pt@Sin/KJ600 suggest no negative impact of sulfur doping. 

Although particle size distribution was further narrowed in case Pt@Sin/KJ600 due to further 

strengthening in metal-support interaction in doped carbon. The ORR polarization curve of 

Pt@Sin/KJ600, Pt@KJ600 and Pt/C was recorded at a scan rate of 10 mV s-1 in oxygen saturated 

0.1 M HClO4 solution at 1600 rpm. Half-wave potential of Pt@Sin/KJ600 is 0.917 V and around 

37 mV higher than commercial Pt/C catalyst (Figure 6-11b). Initial mass activity of Pt@Sin/KJ600 
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is 0.654 A mg-1 at 0.9 V vs RHE, which had crossed the Department of Energy (DOE) 2020 targets 

(0.44 A mg-1). Mass activity of Pt@Sin/KJ600 is 3.87 times higher than commercial Pt/C catalyst 

(0.169 A mg-1) (Figure 6-11d). Specific activity of Pt@Sin/KJ600, Pt@KJ600 and Pt/C are 5.27, 

4.92 and 2.45 A m-2 respectively. Higher mass activity of the Pt@Sin/KJ600 catalyst is due ultrafine 

nanoparticle of average diameter of 1.74 nm, optimized electronic structure, higher Pt(0)/Pt(II) 

ratio as seen in XPS results and high current density due to change in surface electronic structure 

which are conditioned by the combination of synthetic and chemical factors due to sulfur 

doping.203 Pt@KJ600 catalyst have also shown a mass activity of 0.558 A mg-1, as synthesized 

with similar route and deposited inside nanopore. Successful synthesis of ultrafine Pt nanoparticles 

are due pore-confine effect, higher Pt(0)/Pt(II) ratio, while porous interconnected carbon network 

with high surface area suites large number of active sites which diminishes any reaction kinetics 

limitations.45,47 All these factors led to higher ECSA and initial activity of Pt@/KJ600 and 

Pt@Sin/KJ600 compared to Pt/C catalyst. Whereas, slightly higher ECSA and ORR activity of 

Pt@Sin/KJ600 compared to Pt@KJ600 are due to further smaller nanoparticles, narrow particle 

size distribution due to enhanced metal support interaction and change in surface electronic 

property due to sulfur doping inside pore of KJ600. 
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Figure 6-13: Initial and after 20K cycle CV curve comparison, (a) Pt@Sin/KJ600, (b) Pt/KJ600, 

(c) Pt/C, and (d) Mass activity percentage loss and Half-wave potential loss comparison. 

Ultrafine nanoparticles are vulnerable to agglomeration and dissolution and one of the most 

important factors for the loss in activity for ORR. Therefore, stability of the synthesized catalysts 

was checked by cycling between 0.6-1.1 V vs RHE at a scan rate of 50 mV s-1 up to 20000 cycles 

in N2 saturated 0.1 M HClO4 solution. To compare ECSA, CV curve before and after 20K cycles 

were recorded and compared (Figure 6-12). ECSA after 20K cycles were 25.80, 78.96 and 108.36 

m2 g-1 for Pt/C, Pt@KJ600 and Pt@Sin/KJ600 catalyst respectively (Figure 6-13d). Pt@KJ600 
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lost 30 percent of initial ECSA compare 63 percent in Pt/C catalyst, and this can be attributed to 

pore-confinement effect which kept Pt nanoparticles intact. Whereas, Pt@Sin/KJ600 catalyst lost 

only 13 percent of initial ECSA, this improvement is due interaction between ultrafine Pt 

nanoparticle and sulfur doping inside pore of carbon (Sin/KJ600) which further improved 

nanoparticles stability. ORR polarization curve was also recorded after 20K cycle and compared 

with initial curve (Figure 6-13a-c). There was merely 1 mV negative loss in half-wave potential 

for Pt@Sin/KJ600 compared to 9mV and 52 mV loss for Pt@KJ600 and Pt/C catalyst respectively. 

Mass activity of Pt@Sin/KJ600, Pt@/KJ600 and Pt/C are 0.640, 0.373 and 0.0619 A mg-1 

respectively after 20K cycles (Figure 6-13e). Pt@Sin/KJ600 lost 2 percent while Pt/C have lost 63 

percent of their initial mass activity, and mass activity of former was more than 10 times higher 

than later after 20K cycle respectively (Figure 6-13d). Similarly, Pt@/KJ600 also shows great 

improvement over commercial Pt/C and have lost only 33 percent of its initial activity. Specific 

activity of Pt@Sin/KJ600 is 5.92 A m-2 after 20K cycle, which is 12 percent increase compared 

initial value and almost 2.60 times higher compared Pt/C specific activity after 20K cycle (Figure 

6-13f). We ascribed excellent ECSA and activity retention of Pt@/KJ600 catalyst due pore-

confinement effect which kept Pt nanoparticles intact and reduces nanoparticles agglomeration 

and dissolution during durability cycle. 
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Figure 6-14: (a-c) ORR polarization curve before and after 20K cycles for Pt@Sin/KJ600, 

Pt@KJ600 and Pt/C respectively; (d) ECSA, (e) mass activity, (f) specific activity, before and after 

20K cycles for Pt@Sin/KJ600, Pt@KJ600 and Pt/C respectively. 

While ECSA and activity retention further improved when pore of KJ600 were doped with 

sulfur (Sin/KJ600) and followed Pt nanoparticle nucleation within nanopores (Pt@Sin/KJ600), 

which led to improved Pt-support interaction where sulfur act as a linking agent. Therefore, 

Pt@Sin/KJ600 catalyst due combined effect sulfur doping and pore-confinement shown 

remarkable long-term stability for ORR.  
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Figure 6-15: HR-TEM image and corresponding particle size distribution of (a-b) Pt/C, (c-d) 

Pt@KJ600 and (e-f) Pt@Sin/KJ600 respectively. 

The structural stability of the tested catalysts was assessed with TEM imaging and particle 

size distribution. Catalyst ink were collected from glassy carbon electrode and preserved in DDI 

before taken for imaging. TEM image of Pt@Sin/KJ600, Pt@KJ600 and Pt/C catalyst and 

corresponding particle size distribution histogram is presented in the Figure 6-14. There was no 

substantial particle agglomeration or size changes in Pt@Sin/KJ600 catalyst (1.975 ± 0.351 nm), 

while there is a noticeable size increase due to particle agglomeration observed in Pt/C catalyst 

(4.05 ± 0.791 nm). These results concluded that pore-confinement with doping kept particle intact 

and provide spatial protection during long-term stability test.  
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6.4 Conclusion 

In this work, we have designed, and successfully synthesized sulfur doped inside pore of KJ600 

(Sin/KJ600) support and then selectively embedded ultrafine Pt nanoparticles inside pore of support 

(Pt@Sin/KJ600) catalyst. Altogether XRD, BET and TEM results confirmed the uniform 

dispersion of sub 2 nm Pt nanoparticle deposition with narrow particle size distribution across 

Sin/KJ600 pores. This catalyst realizes excellent mass activity (0.654 A mg-1) due to improved Pt 

utilization (124.11 m2 g-1) and optimized electronic structure of Pt due pore confinement and sulfur 

doping. Moreover, pore-confinement when complemented with sulfur doping it further enhanced 

metal support interaction with spatial protection within pore effectively suppressed Pt dissolution 

and aggregation. Pore-confinement controls overgrowth of Pt nanoparticles while sulfur doping 

increase tethering effect. As a result, Pt@Sin/KJ600 catalyst demonstrated excellent stability with 

loss of 1 mV in half-wave potential and only 2 percent loss of initial mass activity after 20K cycles, 

compared to Pt/C which lost 52 mV in E1/2 potential and 73 percent of initial mass activity. The 

structural characterization after long-term stability test confirmed unique catalyst design 

maintained uniform particle size even after 20K cycles. This catalyst synthesis design has great 

potential other than ORR and are not limited to Pt based catalyst.  
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Chapter 7: Conclusion and Future work 

7.1 Conclusions 

The purpose of this thesis was to investigate and develop new catalyst material to improve 

ORR activity and long-term stability in PEMFCs. The long-term stability of the Pt based catalyst 

is mostly affected due to agglomeration, Ostwald ripening and dissolution on support material 

which led to activity decay in addition to loss of a precious metal responsible for the majority 

PEMFCs cost. We have investigated into new catalyst design to improve Pt utilization and at the 

same time improve long-term stability of the synthesized catalysts. 

In chapter 4, Sulfur doped graphene was synthesized as a support material using flash heat 

treatment. Polyol method was used to synthesize PtPd core-shell structure as an active catalyst 

material and was supported on the sulfur doped graphene (PtPd/SG). The synthesized catalyst 

material was thoroughly characterized physiochemically and their electrochemical activity and 

stability towards ORR was investigated. Based on TEM, HR-TEM, EDAX line scan core-shell 

structure of Pt-Pd nanoflower anchored on the SG support material was established. While EELS 

mapping confirms the interaction between Pt and sulfur doped on graphene, the XPS techniques 

identified the presence of sulfur as -C-S-C- group embedded in the graphene structure as well as 

change in electronic structure of sulfur and platinum due to interaction between them. The presence 

sulfur induced strong metal-support interaction and helps in improvement of long-term 

electrochemical stability towards ORR. Whereas, the use of Pd alters d-band center, surface atomic 

arrangement which decreases the chemisorption of oxygen containing species (-OH adsorption 

considered rate determining step) and positively impact ORR kinetics. Additionally, Pd also acted 
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as a sacrificial element by turning into anode in Pt-Pd system and exhibits better durability of the 

synthesized catalyst as observed experimentally. We have demonstrated higher mass and specific 

activity of 0.371 A mg-1 and 4.91 A m2 respectively. While mass and specific activity of PtPd/SG 

catalyst after 10K cycles is 25 and 18 folds higher than commercial Pt/C catalyst.  

Herein, we have observed increase in mass activity but was still lacking DOE 2025 target of 

0.44 A mg-1. In addition, complexity of polyol procedure which require PVP as a reducing agent, 

capping agent and DEG as a solvent required rigorous washing step, large size of cores-shell 

structure (10-20 nm), lack of technology to synthesize graphene on large scale, led to our next two 

projects where we worked to reduce nanoparticle below 2 nm to improve Pt utilization and  

optimize Pt-C system to improve ORR activity and durability. 

In chapter 5, we have a developed a new facile catalyst design to synthesis ultrafine Pt 

nanoparticles. A facile one-step strategy is easy for adaptation in scale-up production and 

duplication as use of organic solvent such as EG/DEG, capping agent and reducing agent was 

avoided. Uniform size ultrafine Pt nanoparticles with average size below 2 nm which increased Pt 

atom utilization and was embedded inside nanopore of carbon support to suppress agglomeration 

and Ostwald ripening through pore-confinement effect. This novel strategy endows resultant Pt 

nanoparticles with an optimized electronic structure which further accelerated ORR kinetics. 

Synthesized Ptinside/KJ600 catalyst shown remarkable initial activity 0.558 A mg-1 at 0.9 V vs RHE 

(DOE target 0.44 A mg-1), which is 3.30 times higher than Pt/C catalyst and outperforms most of 

the reported sole Pt based catalyst.  To compare Ptoutside/KJ600 (Pt nanoparticle deposited on the 

surface of carbon support) was also synthesized and compared with Ptinside/KJ600 and there was 
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no significant difference observed in ECSA and ORR activity. High ECSA (113.4 m2 g-1) and 

ORR activity of Ptinside/KJ600 validates catalyst design as there as was no mass transfer and 

reaction kinetics limitations observed when Pt nanoparticles was seeded inside carbon nanopore. 

Moreover, Ptinside/KJ600 exhibits 9 mV negative shift in half-wave potential after 20K cycles, a 

significant improved over commercial Pt/C catalyst which undergoes 52 mV decays. Mass activity 

of Ptinside/KJ600 was 6 times higher than Pt/C after 20K cycles, as former lost 31 percent while 

Pt/C lost 64 percent of initial activity. The structural characterization after durability tests confirms 

the pore-confinement design effectively inhibit particle agglomeration and kept Pt nanoparticles 

intact. These results motivate us to further investigate, as this catalyst design is not limited to Pt 

based catalyst but can easily applicable to the synthesis of Pt based alloy (with transition metal), 

doping of heteroatoms to further improve Pt nanoparticle stability in ORR conditions. This led us 

to our next project where we had investigated effect of heteroatoms doping combined with 

ultrafine Pt nanoparticles deposited inside the pore of carbon support. 

Finally, in chapter 6, we have synthesized Pt@Sin/KJ600 catalyst, where first sulfur was 

doped inside the nanopore of carbon support (Sin/KJ600) followed with Pt nucleation inside pore 

of Sin/KJ600 results in final catalyst (Pt@Sin/KJ600). Sulfur doping improved the catalytic activity 

by improving conductivity of support material and favors the metal support interaction which 

improves the particle stability. XPS results confirmed sulfur doping within carbon structure as 

Thiophenic form and interacted with Pt atom inside nanopores to strengthen metal-support 

interaction. Ultrafine synthesized catalyst Pt@Sin/KJ600 endows exceptional ECSA of 124.11 m2 

g-1 and initial activity of 0.654 A mg-1
Pt at 0.9V vs RHE, which is 3.87 times higher than initial 
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mass activity of commercial Pt/C catalyst. Moreover, after 20K cycles Pt@Sin/KJ600 (0.641 A 

mg-1) catalyst had lost merely 1 mV of half-wave potential compared to 52 mV loss in Pt/C (0.0619 

A mg-1) after 20K cycles, while mass activity was 10 times higher than Pt/C activity. The 

performance improvement without affecting reaction kinetics of the synthesized catalyst have 

clearly demonstrate the sulfur can effectively doped inside pore of carbon support and greatly 

improve long-term stability of the catalyst. To our best knowledge this is the first study where both 

doping and active metal catalyst was deposited inside carbon nanopore. 

Overall in last two projects first it was established the with this unique method ultrafine Pt 

nanoparticles can be effectively deposited inside pore and compared when Pt was deposited on the 

surface. Results have shown improvement in both activity and durability. Secondly, when sulfur 

was doped it further improved activity but most explicitly long-term stability of the catalyst. 

Progress in terms of activity and stability of Pt based catalyst presented in this thesis is compiled 

in table below. 

Table 7-1: Catalyst activity and ECSA of synthesized catalyst.  

Catalyst ECSA Mass Activity Specific Activity 

Pt/C 68.0 m2 g-1 0.169 A mg-1 2.45 A m-2 

Pt0.5Pd0.5/SG 72.0 m2 g-1 0.115 A mg-1 1.60 A m-2 

Pt0.9Pd0.1/SG 76.0 m2 g-1 0.371 A mg-1 4.90 A m-2 

Ptoutside/KJ600 114.0 m2 g-1 0.549 A mg-1 4.77 A m-2 

Ptinside/KJ600 113.4 m2 g-1 0.558 A mg-1 4.92 A m-2 
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Pt@Sin/KJ600 124.4 m2 g-1 0.654 A mg-1 5.26 A m-2 

DOE 2020 target of 0.44 A mg-1. 

7.2 Future Work 

Based on the work presented in this thesis future project should focus on the development 

of catalyst nanoparticle inside pore of carbon support for PEMFCs application. These projects 

should focus in the following directions. As mentioned in last two projects of this thesis, developed 

catalyst design is not limited to only Pt based catalyst, but can be further implemented in for Pt-

transition metal alloy and heteroatoms doping inside support nanopore. Second part include 

integration and optimization of these sole Pt, Pt alloy and Pt with heteroatom doped catalyst inside 

support nanopore catalysts in membrane electrode assembly for full cell testing and optimizations 

for practical PEMFCs applications.  

7.2.1 Electrocatalyst optimization for ORR 

Electrocatalyst confined inside pore have shown promising results and can further be 

investigated for nitrogen doping followed with Platinum deposition inside pore. Nitrogen doped 

carbon coupled with platinum have shown promising results in catalyzing oxygen reduction 

reaction. There are different factors affecting pore-confinement such as solvent volume, precursor 

solubility towards solvent and then solvent affinity (wettability) towards pore nature (hydrophobic 

and hydrophilic). Therefore, by careful screening few organic nitrogen precursors such as 

phenylenediamine, Polyaniline and Pyridine can be investigated for successful incorporation 

inside pore. This can be followed with ultra-low Pt deposition inside pore, procedure has already 

established in this work. Nitrogen doping can improve ORR activity while further improve 
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nanoparticle stability. There are few transition metal (Ni, Co, Fe) known to improve catalytic 

activity tremendously when alloyed with platinum. Pt alloy can be synthesized with similar route 

to deposit metal catalyst inside pore and can be complemented with doping to further strengthen 

metal-support interaction. All these synthesized catalysts can be rigorously screened for their 

physiochemical and electrochemical property. Extensive study needs to be done on long-term 

stability of the catalyst material, as pore-confinement effectively control particle size while provide 

spatial protection from Ostwald ripening, particle agglomeration and dissolution. Initial study 

includes half cell testing for reaction kinetics and activity investigation and then followed with 

different ADT procedure recommended from DOE to study particle stability on carbon support for 

ORR (0.05-1.5 V vs RHE). Physiochemical study will be performed to elucidate change in particle 

size distribution, properties and structure of the catalyst after long-term stability test. Once 

electrocatalyst screened thoroughly they will be taken to MEA assembly for PEMFCs application. 

7.2.2 Membrane electrode assembly integration 

The utmost goal of these project is the integration of ORR catalyst developed in these works 

into membrane electrode assembly to accelerate wide-spread application of PEMFCs. The 

performance and activity test in full cell setup will help in the realization of developed catalyst 

technology into PEMFCs automotive application. Optimization of catalyst layer in MEA setup 

depends on several factors such as catalyst ink composition, catalyst deposition technique, loading 

etc. Catalyst ink preparation required screening of suitable solvent such as ethanol, isopropanol, 

DDI and their mixtures compositions.204 Ionomers (Nafion): solvent ratio, catalyst layer thickness 

need to be controlled to improve Pt utilization in MEA setup. For catalyst deposition, spraying can 
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be done on either Nafion membrane called catalyst coated membrane or deposited on gas diffusion 

layer (GDL). Both methods can be used to improve Pt utilization and impede mass transfer 

limitations to have a positive effect MEA performance. Once the best solvent, ionomers to solvent 

ratio and coating methods is established, the electrode thickness and catalyst loading can be varied 

to determine the impact on PEMFCs performance. All these variables study will give a better 

understanding of MEA performance and can be realized in other Pt-C catalyst system as well.  
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• This Agreement may not be assigned (including by operation of law or otherwise) by you 

without WILEY's prior written consent. 

 

•  Any fee required for this permission shall be non-refundable after thirty (30) days from 

receipt by the CCC. 

 

• These terms and conditions together with CCC's Billing and Payment terms and conditions 

(which are incorporated herein) form the entire agreement between you and WILEY 

concerning this licensing transaction and (in the absence of fraud) supersedes all prior 

agreements and representations of the parties, oral or written. This Agreement may not be 

amended except in writing signed by both parties. This Agreement shall be binding upon 

and inure to the benefit of the parties' successors, legal representatives, and authorized 

assigns. 
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conditions and those established by CCC's Billing and Payment terms and conditions, these 

terms and conditions shall prevail.  
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these terms and conditions and (iii) CCC's Billing and Payment terms and conditions. 

 

• This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type 

was misrepresented during the licensing process. 

 

• This Agreement shall be governed by and construed in accordance with the laws of the 

State of New York, USA, without regards to such state's conflict of law rules. Any legal 

action, suit or proceeding arising out of or relating to these Terms and Conditions or the 

breach thereof shall be instituted in a court of competent jurisdiction in New York County 
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