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Abstract 

Human sustainability and fossil fuel depletion are driving the demand for alternative 

energy sources. Low-temperature fuel cells (LTFCs) can be an alternative sustainable energy 

source owing to their high energy conversion efficiency, environmental friendliness, and ability to 

use renewable fuels. Despite the success, the high cost, poor durability, and susceptibility to fuel 

poison of the Pt-based electrocatalysts limit the widespread applications of LTFCs. Therefore, 

numerous efforts have been devoted to developing novel nanostructured carbon materials as 

electrocatalyst support to address the issues faced by the commercial Pt-based catalysts. This 

research focuses on a unique three-dimensional carbon support in this direction.   

In the first approach, a systematic study has been carried out on oxygen reduction reaction 

(ORR) with ion-beam sputtered Pt catalyst (at Pt loadings of 6.5 – 43.0 μg cm-2) on a vertically 

aligned carbon nanofiber (VACNF) array, consisting of conically stacked graphitic 

microstructures. Rotating disk electrode (RDE) studies reveal that thick 3D architecture of 

VACNFs exhibits enhanced limiting current density that deviates from the Levich equation for 

conventional thin-film catalysts. Nevertheless, useful information can be derived from RDE 

experiments with such systems. Molecular models representing VACNFs have been constructed 

to explore their capability as catalyst supports for ORR. Platinum atoms form strong bonds at the 

open graphitic edges in VACNFs, corroborating the role of VACNF in stabilizing Pt. Density 

Functional Theory (DFT) calculations further elucidate the two-electron and four-electron ORR 

pathways on the bare VACNF and Pt/VACNF catalysts, respectively. Furthermore, the Pt/VACNF 

catalysts show enhanced tolerance to methanol oxidation and a higher ability to recover from 

carbon monoxide poisoning in comparison to the benchmark Pt/C catalysts.  



  

Following the success of VACNFs for the ORR, in the second approach, the role of 

additional nitrogen doping into the three-dimensional VACNF array by NH3 plasma annealing in 

improving the durability of the Pt catalysts towards the ORR has been explored. The additional 

nitrogen present in N-VACNF support enhances the metal-support interaction which helps in 

reducing the Pt particle size from 3.1 nm to 2.3 nm.  Pt/N-VACNF catalyst shows better durability 

when compared to the Pt/VACNF and Pt/C with similar Pt loading. DFT calculations validate the 

increase in stability of the Pt NPs with an increase in pyridinic N and illustrate the molecular ORR 

pathway for Pt/N-VACNF. Moreover, the Pt/N-VACNF catalyst is also found to have an enhanced 

tolerance towards the methanol crossover.  

In the third approach, the role of three-dimensionally architectured in-situ N-doped 

VACNFs as a catalyst support for methanol oxidation reaction (MOR) has been studied in acidic 

and alkaline media. The abundant graphitic edge sites at the sidewall of N-doped VACNF strongly 

anchor the deposited platinum group metal (PGM) catalysts and induce a partial electron transfer 

between the PGM catalysts and support. DFT calculations reveal that the strong metal-support 

interaction substantially increases the adsorption energy of OH, particularly near the N-doping 

sites, which helps to compete and remove the adsorbed intermediate species generated during 

MOR. The PGM catalysts on N-doped VACNF support exhibit CO stripping at lower potentials 

comparing to the commercial Vulcan carbon support and present an enhanced electrocatalytic 

performance and better durability for MOR. 
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Human sustainability and fossil fuel depletion are driving the demand for alternative 

energy sources. Low-temperature fuel cells (LTFCs) can be an alternative sustainable energy 

source owing to their high energy conversion efficiency, environmental friendliness, and ability to 

use renewable fuels. Despite the success, the high cost, poor durability, and susceptibility to fuel 

poison of the Pt-based electrocatalysts limit the widespread applications of LTFCs. Therefore, 

numerous efforts have been devoted to developing novel nanostructured carbon materials as 

electrocatalyst support to address the issues faced by the commercial Pt-based catalysts. This 

research focuses on a unique three-dimensional carbon support in this direction.   

In the first approach, a systematic study has been carried out on oxygen reduction reaction 

(ORR) with ion-beam sputtered Pt catalyst (at Pt loadings of 6.5 – 43.0 μg cm-2) on a vertically 

aligned carbon nanofiber (VACNF) array, consisting of conically stacked graphitic 

microstructures. Rotating disk electrode (RDE) studies reveal that thick 3D architecture of 

VACNFs exhibits enhanced limiting current density that deviates from the Levich equation for 

conventional thin-film catalysts. Nevertheless, useful information can be derived from RDE 

experiments with such systems. Molecular models representing VACNFs have been constructed 

to explore their capability as catalyst supports for ORR. Platinum atoms form strong bonds at the 

open graphitic edges in VACNFs, corroborating the role of VACNF in stabilizing Pt. Density 

Functional Theory (DFT) calculations further elucidate the two-electron and four-electron ORR 

pathways on the bare VACNF and Pt/VACNF catalysts, respectively. Furthermore, the Pt/VACNF 

catalysts show enhanced tolerance to methanol oxidation and a higher ability to recover from 

carbon monoxide poisoning in comparison to the benchmark Pt/C catalysts.  



  

Following the success of VACNFs for the ORR, in the second approach, the role of 

additional nitrogen doping into the three-dimensional VACNF array by NH3 plasma annealing in 

improving the durability of the Pt catalysts towards the ORR has been explored. The additional 

nitrogen present in N-VACNF support enhances the metal-support interaction which helps in 

reducing the Pt particle size from 3.1 nm to 2.3 nm.  Pt/N-VACNF catalyst shows better durability 

when compared to the Pt/VACNF and Pt/C with similar Pt loading. DFT calculations validate the 

increase in stability of the Pt NPs with an increase in pyridinic N and illustrate the molecular ORR 

pathway for Pt/N-VACNF. Moreover, the Pt/N-VACNF catalyst is also found to have an enhanced 

tolerance towards the methanol crossover.  

In the third approach, the role of three-dimensionally architectured in-situ N-doped 

VACNFs as a catalyst support for methanol oxidation reaction (MOR) has been studied in acidic 

and alkaline media. The abundant graphitic edge sites at the sidewall of N-doped VACNF strongly 

anchor the deposited platinum group metal (PGM) catalysts and induce a partial electron transfer 

between the PGM catalysts and support. DFT calculations reveal that the strong metal-support 

interaction substantially increases the adsorption energy of OH, particularly near the N-doping 

sites, which helps to compete and remove the adsorbed intermediate species generated during 

MOR. The PGM catalysts on N-doped VACNF support exhibit CO stripping at lower potentials 

comparing to the commercial Vulcan carbon support and present an enhanced electrocatalytic 

performance and better durability for MOR. 
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Preface 

The dissertation focuses on understanding the role of vertically aligned carbon nanofibers with 

three-dimensional architecture as an electrocatalyst support for the oxygen reduction and methanol 

oxidation reactions in low-temperature fuel cells.  The dissertation comprises of the following 

sections: 

Chapter 1: This chapter gives an overview of the fuel cells and discusses the working principle,  

importance, and challenges of proton exchange membrane fuel cells and direct methanol fuel cells. 

This is followed by the introduction of oxygen reduction and methanol oxidation reaction, and 

emphasizing on the PGM electrocatalysts employed, reaction mechanism for the PGM catalysts, 

and advantages and disadvantages of PGM electrocatalysts. In addition, the use of nanostructured 

carbon materials and the importance of vertically aligned carbon nanofibers as electrocatalyst 

support is introduced. 

Chapter 2: This chapter describes the methodology and procedures employed to grow vertically 

aligned carbon nanofibers and deposit catalyst particles. The electrochemical experimental setup 

and techniques such as cyclic voltammetry, linear sweep voltammetry, rotating disk electrode, 

rotating ring disk electrode, and chronoamperometry are briefly discussed.  

Chapter 3: An accepted paper published in The Journal of Electrochemical Society. This chapter 

is a report on the systematic study on oxygen reduction reaction with Pt catalyst deposited on 

vertically aligned carbon nanofibers. The resulting Pt/VACNF catalysts catalyze oxygen reduction 

through a four-electron pathway and exhibit enhanced tolerance to methanol oxidation in a mixed 

environment and a higher ability to recover from carbon monoxide poisoning in comparison to the 

benchmark Pt/C catalyst. This work provides new insights into the roles of 3D architectured carbon 
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supports and their graphitic microstructures on the fundamental electrocatalytic properties of the 

catalyst.  

Chapter 4: In this chapter, we demonstrate a NH3 plasma annealing approach to introduce 

additional nitrogen into vertically aligned carbon nanofibers (N-VACNF) and explore its role as 

an electrocatalyst and electrocatalyst support. The additional nitrogen content alters the electronic 

structure of the VACNF support and improves the interaction between metal nanoparticles and 

VACNF support. The resulting Pt/N-VACNF shows better durability after 5000 accelerated stress 

cycles and better tolerance to methanol oxidation in a mixed environment when comparing to the 

benchmark Pt/C catalyst.  

Chapter 5: A manuscript submitted to ChemCatChem. This chapter is a report on the role of in-

situ nitrogen-doped vertically aligned carbon nanofibers as an electrocatalyst support for the 

methanol oxidation reaction in acidic and alkaline media. The resulting Pt/VACNF and 

PtRu/VACNF catalysts have strong metal-support interaction and exhibit enhanced 

electrocatalytic performance and better durability for the methanol oxidation reaction. This work 

provides new insights into the role of nitrogen-doped three-dimensional graphitic carbon supports 

in enhancing the MOR catalytic activity.  

Chapter 6: This chapter provides a short discussion of the current ongoing projects.  

Chapter 7: This chapter summarizes the main findings of three major studies presented in the 

dissertation and draws overarching conclusions.  
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Chapter 1 - Introduction 

 1.1 Motivation 

The global population continues to grow and is predicted to increase by 2.0 billion over the 

next three decades1. Rising population, developing economies, and improving standards of living 

will drive an increase in the global energy demand. The world’s energy demand is projected to 

have a 50% increase by 20502. Fossil fuels continue to play a dominant role in the global energy 

supply and around 80% of the present global energy comes from oil, natural gas, and coal. As a 

result, an increase in energy demands will eventually lead to the depletion of fossil fuels. Also, 

higher consumption of energy from fossil fuels results in global warming, increased pollution, and 

affecting public health3. To meet the future energy needs alongside addressing environmental 

challenges and climate change, clean and sustainable energy is required4. Renewable energy 

continues to grow and is predicted to supply the majority of the global energy usage by 20502. 

However, renewable energy sources are intermittent and highly dependent on geographic 

locations. Because of the intermittency of the renewable energy sources such as wind and solar 

irradiation, it requires additional energy storage systems like batteries for backup, which makes 

the overall system more expensive. Therefore, a sustainable energy future requires a change in the 

way we produce, deliver, and consume energy5. Fuel cells are identified as a potential solution to 

the energy crisis and a promising alternative to standard energy sources6. Fuel cells can provide 

clean, reliable, and consistent energy with high efficiency. In addition, they are significantly 

lighter, more compact, environmentally beneficial with little to no harmful pollutant emissions and 

can serve as both primary and standby power sources. It’s clear that fuel cells have several 

advantages over conventional fossil fuel systems, however, they have challenges that must be 

overcome to be a successful and competitive alternative.  
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Figure 1.1: Global primary energy consumption by region (2010-2050). Source: U.S. Energy 

Information Administration, International Energy Outlook 20192. 

 1.2 Fuel Cells 

Fuel cells are electrochemical devices that convert chemical energy into electrical energy. 

Fuel cells operate like batteries, but they do not need recharging and can provide electricity as long 

as a continuous supply of the fuel and the oxidizer is available. Fuel cells have high energy density 

and are more efficient than current means of energy conversion. In general, a fuel cell consists of 

two electrodes-a negative electrode (anode) and a positive electrode (cathode) and an electrolyte. 

The fuel gets oxidized at the anode and the generated ions migrate through the polymer electrolyte 

membrane (PEM) where they react with oxygen and the electrons that go through the external 

circuit to produce heat and electricity. The PEM also serves as a barrier to prevent the mixing of 

products generated at the electrodes. Fuel cells can operate in a wide range of temperatures which 

makes them suitable for a variety of portable devices, transportation, and stationary systems.  
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 1.3 Types of Fuel Cells 

Based on the operating temperature, nature of electrolyte, fuel required, and kind of 

catalysts required fuel cells can be classified into six different types. These six different types of 

fuel cells can be broadly divided into low-temperature and high-temperature fuel cells. The 

different types of fuel cells with their operating temperature, electrolyte, anode fuel, oxidation 

agent, and reaction by-product are illustrated in Figure 1.27.  

 

Figure 1.2: Illustration of the different types of fuel cell technologies (Reproduced from 2nd 

European PV-Hybrid and Mini-Grid Conference, Kassel, Germany, 2003, pp 232-239. © 

OTTI Energie Kolleg. All rights reserved) 

 Low-temperature fuel cells (LTFCs), i.e. alkaline fuel cell (AFC), polymer electrolyte 

membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC), and phosphoric acid fuel cell 

(PAFC) operate at a temperature range between 20-200 oC. LTFCs are small and light weighted 

which enables them to be more suitable for transport and portable applications. Also, they have a 

quick start-up or shut-down time. However, the downside is that they require highly active noble-

metal catalysts to decrease the activation energy of the half-cell electrochemical reactions. High-
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temperature fuel cells (HTFCs), i.e. molten carbonate fuel cell (MCFC) and solid oxide fuel cell 

(SOFC) operate at temperature range between 600-1000 oC. HTFCs have high fuel flexibility such 

as reformed hydrocarbon, gasified biomass, or gasified coal as fuel on the anode side. In addition, 

they don’t require noble metal-based catalysts. However, their high operating temperature results 

in longer start-up time and breakdown of cell components. The range of fuel cell technologies, 

possible fuels, and different applications are given in Figure 1.3.  

 

 
 

Figure 1.3: Different fuel cell technologies with its possible fuels and applications8. 

 1.3.1 Polymer Electrolyte Membrane Fuel Cells 

 1.3.1.1 Working Principle 

The PEMFC employs hydrogen as a fuel on the anode side and oxygen on the cathode side 

which is electrochemically oxidized and reduced to generate heat and electricity. Figure 1.4 

presents the schematic illustration of a PEMFC. Platinum (Pt) and Pt-alloy nanoparticles 

supported on the high surface area carbon support catalysts facilitate the electrochemical reactions 

on both anode and cathode. Nafion is the most commonly used electrolyte in PEMFC. As shown, 
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the electrolyte is a proton exchange membrane that allows only H+ to pass through and blocks H2 

from entering into the cathode side. Among the LTFC technologies, PEMFC is the cleanest and 

economically viable power source.  

 

Figure 1.4: Schematic illustration of a PEMFC. (Reproduced with permission from Elsevier: 

2018; pp 751-767. © 2017 Elsevier Inc. All rights reserved.)  

The electrochemical half-cell reactions and the overall reaction in the PEMFC are given as 

follows: 

Anode:      2𝐻2 → 4𝐻+ +  4𝑒−        Eo
a = 0.0 V             (1.1) 

Cathode:   𝑂2 + 4𝐻+ +  4𝑒−  →  2𝐻2𝑂               Eo
c = 1.23 V           (1.2) 

Overall:     2𝐻2 + 𝑂2 →   2𝐻2𝑂         Eo
Cell = 1.23 V        (1.3) 

Alkaline PEMFC involving anion exchange membrane is the new class of fuel cells as the 

reaction kinetics can be improved in alkaline medium and it offers flexibility in using non-noble 

metal catalysts9. These fuel cells are similar to acidic-PEMFC, and the only difference is the OH- 

ions pass through the electrolyte from cathode to anode where they react with hydrogen to 
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produce water. The electrochemical half-cell reactions and the overall reaction in the alkaline 

PEMFC are given as follows: 

Anode:      2𝐻2 +  4𝑂𝐻− → 4𝐻2𝑂 +  4𝑒−             Eo
a = 0.40 V         (1.4) 

         Cathode:   𝑂2 + 2𝐻2𝑂 +  4𝑒−  →  4𝑂𝐻−              Eo
c = -0.83 V         (1.5) 

Overall:     2𝐻2 + 𝑂2 →   2𝐻2𝑂          Eo
Cell = 1.23 V         (1.6) 

 1.3.1.2 Challenges with PEMFC 

 In principle, the oxidation of hydrogen happens when the anode potential is above 0.0 V, 

with respect to the standard hydrogen electrode (SHE). Similarly, the oxygen is reduced 

spontaneously when the cathode assumes a potential below 1.23 V vs. SHE. Hence, the 

thermodynamic potential for the operation of PEMFC is 1.23 V vs SHE. However, a real PEMFC 

has a cell voltage less than that due to various losses which could be attributed to the fuel crossover, 

poor cathode reaction kinetics, slow mass transport, and ohmic loss due to the electrical resistance 

of different components10. The typical polarization curve indicating the different overpotential 

sources is shown in Figure 1.5. At lower current densities, the drop in cell voltage is rapid due to 

the activation loss. At moderate current densities, the cell voltage drops linearly due to the ohmic 

loss. At higher current densities, the cell voltage drops faster due to the mass transport loss.  

 The proton conductivity in PEMFC decreases with a lower humidification content and it 

causes the increase in cell resistance11. So, the electrolyte needs to be in a hydrated condition to 

maintain the overall performance. At the same time, an excess amount of water on the cathode 

side can cause water flooding which limits O2 transportation through the gas diffusion layer12. This 

limits the PEMFCs to operate at a temperature below 100 oC. The performance of the PEMFC is 

affected by the presence of CO. As hydrogen is generated from the reforming of hydrocarbons or 

alcohol fuels which invariably introduce carbon monoxide (CO). Even at a very low CO 
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concentration of 5-10 ppm, CO present in the anode can preferentially adsorb on the Pt surface 

and block the active sites13.  In addition, the hydrogen storage pose severe challenge as the 

conventional storage methods are expensive, inefficient, bulky, and pose safety concerns14.  

 

Figure 1.5: Polarization curve of PEMFC. (Adapted from Electrochem. Soc. Interface 

2004, 13 (3), 17-19. © The Electrochemical Society. All rights reserved.) 

Despite the advantages of alkaline PEMFC, there are still some challenges associated with 

it. The OH- ions diffusion coefficient is lower than the H+ ions and they suffer from low anionic 

conductivity15. As a result, the alkaline PEMs require a higher ion exchange capacity, but this can 

lead to polymer swelling and affect the mechanical properties16. The alkaline PEM degrades faster 

due to its instability at higher pH and higher temperature and this results in the performance decline 

of alkaline PEMFC16. In addition, water is one of the major reactants in alkaline PEMFC, and if it 

suffers from low water retention, there will not be enough water available to react at the cathode 

which will result in decreased fuel cell performance17.  
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1.3.2 Direct Methanol Fuel cell 

 1.3.2.1 Working Principle 

DMFC uses methanol and oxygen from the air to produce electricity. They tend to have 

lower efficiency than PEMFC due to the longer startup time and poor anode and cathode reaction 

kinetics. However, it is highly attractive towards application in portable electronic devices as it 

employs methanol, a liquid fuel that is easy to transport, store, and distribute. Methanol has a 

volumetric energy density of 4.82 kWh/L and a gravimetric energy density of 6.1 kWh/kg18. 

DMFC operates at a low and intermediate temperature up to (150 oC). In the DMFC, a methanol 

/water mixture should be fed as the fuel input and platinum group metals (PGM) are employed as 

electrocatalysts. The methanol gets oxidized by a bimetallic, usually platinum/ruthenium catalyst 

at the anode producing carbon dioxide which leaves the cell in the direction of the fuel reservoir, 

6e- which travel along the external circuit to the cathode, 6H+ which migrate through the PEM and 

react with oxygen supplied at the cathode side to produce water and heat.  

 

Figure 1.6: Schematic illustration of DMFC. (Reproduced with permission from Elsevier: 

2018; pp 751-767. © 2017 Elsevier Inc. All rights reserved.)  
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The electrochemical half-cell reactions and the overall reaction in the acidic DMFC can be 

given as follows: 

Anode:     𝐶𝐻3𝑂𝐻 + 𝐻2𝑂  →  𝐶𝑂2 ↑  + 6𝐻+  +  6𝑒−       Eo
a = 0.02 V        (1.7) 

            Cathode:  
3

2
𝑂2  +  6𝐻+  +  6𝑒−  →   3𝐻2𝑂          Eo

c = 1.23 V        (1.8) 

Overall: 𝐶𝐻3𝑂𝐻 +  
3

2
𝑂2  →  𝐶𝑂2 ↑  + 2𝐻2𝑂                      Eo

Cell = 1.21 V    (1.9) 

 

In the case of alkaline DMFC, the reactions can be given by the following equations: 

Anode:     𝐶𝐻3𝑂𝐻 +  6𝑂𝐻−  →  𝐶𝑂2 ↑  + 5𝐻2𝑂 +  6𝑒−   Eo
a = -0.81 V      (1.10) 

            Cathode:  
3

2
𝑂2  + 5𝐻2𝑂 +  6𝑒−  →   3𝐻2𝑂                   Eo

c = 0.40 V       (1.11) 

 Overall: 𝐶𝐻3𝑂𝐻 +  
3

2
𝑂2  →  𝐶𝑂2 ↑  + 2𝐻2𝑂                      Eo

Cell = 1.21 V     (1.12)  

 1.3.1.2 Challenges with DMFC 

In principle, the oxidation of methanol happens when the anode potential is above  0.02 V 

vs. SHE. Similarly, the oxygen reduction occurs at a potential below 1.23 V vs. SHE. So, the 

overall cell voltage of DMFC is roughly about 1.21 V vs. SHE.  But in reality, it is impossible to 

attain the ideal cell voltage and poor electrode kinetics cause the electrode reaction to deviate from 

the ideal thermodynamic values which result in the reduction of the overall cell voltage19. The real 

behavior of the DMFC in practical conditions is shown by the polarization curve in Figure 1.6. In 

Practice, a far more positive potential is required to oxidize methanol and a more negative potential 

to reduce oxygen. The polarization curve of DMFC can be divided into three regions. Region 1 is 

called activation polarization and the voltage loss is due to the reaction kinetics. Region 2 is called 

ohmic polarization and the voltage loss is due to the internal resistance from the fuel cell. Region 

3 is called concentration polarization and the voltage loss is due to the depletion of the reactant 
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species. Hence, the overall output of the DMFC is lower than that of the ideal cell voltage at any 

current rating.  

 

Figure 1.7: Polarization curve of DMFC. (Reproduced with permission from J. Electrochem. 

Soc. 2003, 150 (9), A1231-A1245. © The Electrochemical Society. All rights reserved.) 

In the present hydrogen-fueled PEMFC, the kinetics of hydrogen oxidation reaction at the 

anode is relatively fast and most losses occur at the cathode. This enables the PEMFC to attain a 

very high power density of roughly 500 to 600 mW/cm2 at an efficient cell voltage between 0.6 to 

0.7 V. Due to the additional poor kinetics of the DMFC anode, it gets harder to achieve a very 

high-power density (closer to that of PEMFC) at a practical cell voltage. Using a fuel reformer 

may convert the methanol to hydrogen fuel and use the normal, but it accounts for the volume and 

efficiency losses. In general, there is a trend to remove the fuel reformer and develop DMFCs. It 

is believed that the overall performance of DMFC can be competitive with the hydrogen-fueled 

PEMFC. In the actual system, the electrochemical reactions are much more complex than the 

reaction scheme given by equations 1.7, 1.9, 1.10, 1.11 which results in the poor electrode kinetics 
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at the anode and cathode and causes the formation of intermediates. These intermediates get 

adsorbed on the Pt surface and block the active site which reduces the overall catalytic activity of 

platinum towards the methanol oxidation. Therefore, these intermediates need to be removed by 

using advanced catalyst materials. 

The major technical barrier with DMFC is the methanol crossover. Methanol has a very 

high solubility in water and the Nafion membrane used in DMFC can easily absorb the methanol 

and water mixture which results in the methanol transport from the anode to the cathode20. Once 

the methanol reaches the cathode, it starts to get oxidized, partially cancel the oxygen reduction 

current and results in a mixed potential, leading to a significant decrease in the performance of 

DMFC21. To reduce methanol crossover, methanol can be diluted to a very low concentration of 

about 1M-2M.22 But the lower concentration of methanol suffers from the mass transfer limitations 

and cannot obtain current density beyond a certain value. The dilution of methanol makes it not 

possible to utilize the high energy density of methanol. As a result of methanol crossover, not all 

the methanol is converted to electrical current and the overall chemical to electrical conversion 

efficiency is roughly about 40%23. DMFC produces CO2 as a by-product and CO2 build-up in the 

fuel cell system should be avoided with an effective ventilation system. Otherwise, the CO2 can 

dissolve in the water and form carbonic acid which can cause corrosion in the fuel cell 

components24. In alkaline DMFCs, the carbonation due to CO2 can cause a decrease in the anionic 

conductivity leading to a further drop in the DMFC performance25.  

 1.4 Electrochemical Reactions 

 1.4.1 Oxygen Reduction Reaction 

The oxygen reduction reaction (ORR) occurring at the cathode is one of the limiting factors 

in PEMFC due to its slow reaction kinetics. The thermodynamic redox potential of the ORR is 
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1.23 V vs. SHE. However, the ORR has an onset potential of about 1.0 V vs. SHE. with around 

230 mV overpotential due to the fuel crossover and internal currents26. The ORR process is 

complex, and it involves the formation of several intermediates depending on the pH, type of 

electrolyte, and employed catalyst material. The reaction can either proceed through a four electron 

(4-e-) or a two-electron (2-e-) or a one-electron (1-e-) reduction pathway. Based on the applications, 

these different pathways have unique significance. The 4-e- reduction pathway is highly preferred 

in fuel cells. The 2-e- reduction pathway is used in industry to produce H2O2. The 1-e- reduction 

pathway is the main process in lithium-air batteries. In an aqueous acidic environment, the reaction 

pathways can be given by equations 1.13-1.1627, 28 

1) 4-e- reduction pathway 

𝑂2 + 4𝐻+ +  4𝑒−  →  2𝐻2𝑂                    Eo
 = 1.23 V              (1.13) 

2) 2-e- reduction pathway 

  𝑂2 + 2𝐻+ +  2𝑒−  →  𝐻2𝑂2                     Eo
 = 0.70 V              (1.14) 

followed by either 2-e- reduction: 

  𝐻2𝑂2 + 2𝐻+ +  2𝑒−  →  2𝐻2𝑂               Eo
 = 1.76 V              (1.15) 

or a decomposition reaction: 

  2𝐻2𝑂2  →  2𝐻2𝑂 + 𝑂2                            (1.16) 

In an aqueous alkaline environment, the reaction pathways can be given by equations 1.17-   

1.2027, 28.  

1) 4-e- reduction pathway 

  𝑂2 + 2𝐻2𝑂 +  4𝑒−  →  4𝑂𝐻−                      Eo  =  0.401 V              (1.17) 

2) 2-e- reduction pathway 

  𝑂2 + 𝐻2𝑂 +  2𝑒−  →  𝐻𝑂2
− +  𝑂𝐻−          Eo

 = - 0.065 V              (1.18) 
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followed by either 2-e- reduction: 

  𝐻𝑂2
− + 𝐻2𝑂 +  2𝑒−  →  3𝑂𝐻−                  Eo

 = 0.867 V              (1.19) 

or a decomposition reaction: 

  2𝐻𝑂2
−  →  2𝑂𝐻− + 𝑂2                            (1.20) 

In a non-aqueous aprotic solvent, the ORR happens through a 1-e- reduction pathway 

forming superoxide followed by a 1-e- reduction to 𝑂2
2− as expressed by equations 1.21 and 1.2228. 

The thermodynamic potentials of these reduction reactions are highly dependent on the employed 

solvent.  

   𝑂2 + 𝑒−  →  𝑂2
−               (1.21) 

   𝑂2 + 𝑒−  →  𝑂2
2−               (1.22) 

 1.4.2 Methanol Oxidation Reaction 

The methanol oxidation reaction (MOR) requires 6-e- to be completely oxidized to CO2. 

The thermodynamic potential of the reaction (0.02 V) is very close to the hydrogen oxidation 

reaction. However, in reality, it’s not possible to get all the 6-e- at once and the reaction kinetics 

of MOR is several orders of magnitude slower than the HOR. So, the reaction occurs through 

several steps with generating a number of intermediate species. The MOR mechanism can be given 

by the parallel pathway shown in Figure 1.8. The indirect oxidation pathway involves the oxidation 

of methanol through the formation of poisoning COads species29. The direct oxidation pathway 

involves oxidation of methanol through the formation of soluble intermediates such as 

formaldehyde, formate, and methyl formate29. These intermediate species can either diffuse into 

the electrolyte or re-absorb onto the catalyst surface to form CO2.  

The CO can be adsorbed onto the catalyst surface through a linear-bonded or bridge bonded 

models30. The COads species react with the O-containing species on the adjacent surface to form 
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CO2 following a Langmuir-Hinshelwood mechanism31. The O-containing species are produced 

from the dissociation of water molecules at the electrode surface. The formation of OHads is limited 

to a few sites at lower potentials, and therefore the dissociation of water molecules to generate 

OHads species is the rate-determining step (RDS). The reaction mechanism for converting COads to 

CO2 can be given by equations 1.23-1.2532.  

  𝐻2𝑂 +  * ⇔  𝑂𝐻𝑎𝑑𝑠 +  𝐻+  +  𝑒−                                (1.23) 

   𝐶𝑂𝑎𝑑𝑠 + 𝑂𝐻𝑎𝑑𝑠  →  𝐶𝑂𝑂𝐻𝑎𝑑𝑠                                (1.24) 

 
   𝐶𝑂𝑂𝐻𝑎𝑑𝑠  →  𝐶𝑂2 + 𝐻+ + 𝑒− +  2∗                         (1.25) 
 
 
where * denotes an adjacent free site on the catalyst surface.  

 

Figure 1.8: Simplified reaction mechanism of methanol oxidation showing the parallel 

pathway. (Reproduced with permission from J. Power Sources 2018, 375, 320-334. © 2017 

Elsevier B.V. All rights reserved.) 

d
if

f



 15 

 1.5 Electrocatalysts for LTFCs 

 1.5.1 Electrocatalysts for ORR 

Platinum is recognized as the more efficient electrocatalyst for the ORR in both acidic and 

alkaline environments. The ORR catalyzed by Pt usually proceeds through a 4-e- reduction 

pathway with multi-step protonation process. Initially, the O2 gets adsorbed on the catalyst surface 

followed by hydrogenation of the adsorbed species which can happen through either an associative 

or a dissociative mechanism. An associative mechanism involves the adsorption of O2 molecule 

followed by a direct proton and electron transfer to produce OOH, which breaks into O and OH. 

In a dissociative mechanism, the O2 adsorption splits the O-O bond and forms adsorbed atomic O, 

which gets further hydrogenated to form OH and then H2O. The ORR mechanism on Pt electrode 

can be given by the modified Wroblowa et al. scheme in Figure 1.933.  

 

Figure 1.9: ORR mechanism on Pt surface in (a) alkaline and (b) acidic environment. 

(Adapted from J. Electroanal. Chem., 1976, 69 (2), 195-201. © 1976 Elsevier B.V. All rights 

reserved.) 
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As shown in Figure 1.9, the ORR can produce the 4-e- product by a direct (k1) or a series 

(k2+k3) pathway. The H2O2, ads/ HO2
-
, ads can chemically decompose on the electrode surface (k4) 

or diffuse into the electrolyte (k5).  Experimental results suggest that on Pt surface the majority of 

the ORR product is either H2O/OH- or H2O2, ads/ HO2
-
, ads. However, a small amount of H2O2/HO2

- 

could be observed during ORR with the electron transfer number still close to 4. The reaction 

kinetics and mechanism of ORR on Pt surface get affected by the anions in the electrolyte, Pt 

particle sizes, and crystal structure34-38.  

The RDS of the ORR depend on the active sites, pH of the electrolyte, and reaction 

temperature. Even though, the complete mechanism of ORR is still not clear, it is widely accepted 

that the O2 adsorption on to the metal surface is the crucial step for ORR39-41.  Nørskov et al. 

proposed a method for calculating the adsorption energy of ORR intermediates using electronic 

structure calculations. They employed Density Functional Theory (DFT) calculations to calculate 

the bond energies of oxygen and hydroxyl for different metals and generated a volcano plot as 

shown in Figure 1.10a.  

 

Figure 1.10: (a) Trends in oxygen reduction activity plotted as a function of the oxygen 

binding energy; (b) Trends in oxygen reduction activity plotted as a function of both oxygen 

and hydroxyl binding energy. (Reproduced with permission from J. Phys. Chem. B 2004, 108 

(46), 17886-17892. © 2004 American Chemical Society. All rights reserved.) 
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As it appears, pure Pt(111) is at the top of the plot, making it the most effective ORR 

catalyst. However, if a metal binds O2 too strong, the reaction is limited by the removal of adsorbed 

O and OH species and if a metal binds O2 too weak, the reaction is limited by the transfer of 

electrons and protons to adsorbed O2. So, an efficient ORR catalyst must bind O2 strongly enough 

for the reaction to take place, but weakly enough that the product will dissociate, and the catalyst 

surface will not be poisoned by either the reactant or intermediates. As seen from Figure 1.10a, 

the metal that binds O2 slightly weaker than Pt will have a higher activity. Apart from the O2 

binding energy, the OH binding energy also plays a significant role in determining the ORR 

activity. As presented in Figure 1.10b the binding energy of O2 and OH are roughly linearly 

correlated for the elemental surfaces39. It is found that the better electrocatalyst proceeding a 

through a 4-e- reduction pathway should have oxygen binding energy lower than Pt by 0.2 eV and 

hydroxyl binding energy lower than Pt by 0.1 eV42.  

 

Figure 1.11: Current representative class of Pt-based catalysts for LTFCs. (Reproduced 

from Sustain. Energy Fuels 2020, 4 (1), 15-30 with permission from The Royal Society of 

Chemistry. All rights reserved.) 

Several efforts have been made to find alternatives for Pt catalysts, however, the other 

precious or non-precious metal-based catalysts cannot match the performance of Pt catalyst in 

practical applications43-45. A significant improvement has been made to the Pt single-atom 
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electrocatalysts by employing different carbon supports, employing hetero atom doping, forming 

Pt alloys, and forming shape and structure controlled Pt alloys41-47. The representative class of Pt-

based catalysts for LTFCs can be illustrated in Figure 1.11. 

 1.5.2 Electrocatalysts for MOR 

Pt is the most involved metal in catalyzing the MOR. On Pt surface dehydrogenation of  

methanol happens through dissociating the C-H bond and involves the formation of multiple 

intermediates as shown in Figure 1.1248, 49. 

 

Figure 1.12: MOR reaction pathways on Pt surface in acidic medium. 

  The reaction on Pt surface can happen through COads or COOHads involved reaction routes 

and it has been accepted that COads is the primary intermediate poisoning the active surface of Pt, 

which ultimately results in sluggish reaction kinetics for MOR in acidic electrolyte. The strongly 

attached COads intermediate species can be removed by OHads species on the neighboring Pt site 

that was generated from the dissociation of water molecules. However, the water dissociation 

happens at a higher potential (0.6 V vs RHE) on Pt surface50. In alkaline electrolyte, the presence 

of additional OH- species in the electrolyte enables relatively easier removal of COads when 

CH3OH

CH2OHads

CHOHads COHads

COads

COOHads

CO2

-H
+ ,-e

-

-H
+,-e

-
-H

+,-e
-

-H +,-e -

-H
+ ,-e

-

-H +,-e -

-H+,-e-

+P
t

+P
t

(Strong)

+OH
ads

+Pt
+OH

ads

(Weak)



 19 

compared to the acid electrolyte. The strongly adsorbed intermediates affect further adsorption of 

methanol and thus limiting the activity. Therefore, an ideal catalyst should not only assist in 

breaking the C-H bond, but it should also facilitate the dissociation of water molecules at a lower 

potential to remove the strongly adsorbed CO species. 

A more interesting alternative to the Pt catalysts can be created by combining Pt with 

secondary metals such as ruthenium (Ru), copper (Cu), cobalt (Co), tin (Sn), and a few more. 

These secondary metals should be hydrophilic so that they can generate OHads species at a lower 

potential which helps in removing the adsorbed intermediates such as COads. Among the secondary 

metals, Ru is by far considered to be the most effective hydrophilic metal in facilitating the MOR 

effectively through a bifunctional mechanism51 expressed by equation 1.26 and 1.27. The water 

activation on Ru surface occurs at much lower potential (0.2 V vs RHE). Currently, Pt-Ru with an 

atomic ratio of 1:1 is found to be the most promising catalyst for efficient methanol and COads 

oxidation.52 

                𝑅𝑢 +  𝐻2𝑂 ⟶  𝑅𝑢𝑂𝐻𝑎𝑑𝑠 + 𝐻+  +  𝑒−                 (1.26) 

    𝑃𝑡𝐶𝑂𝑎𝑑𝑠 +  𝑅𝑢𝑂𝐻𝑎𝑑𝑠 ⟶  𝐶𝑂2 + 𝐻+  +  𝑒− + 𝑃𝑡 + 𝑅𝑢          (1.27) 

 1.5.3 Challenges with PGM Electrocatalysts 

Generally, Pt and PtRu nanoparticles (NPs) supported on amorphous carbon support such 

as carbon black (Pt/C) is the most widely used catalyst in LTFC. Due to the sluggish reaction 

kinetics, a large amount of Pt is required to accelerate the oxygen reduction process and the 

methanol oxidation process and meet the performance requirement of LTFCs. The cost of the fuel 

cell is the most important factor affecting the widespread commercialization of the technology and 

undoubtedly, the cost of PGM catalysts is the major component contributing to the overall fuel 

cell cost. In small-scale production, the cost of the catalysts is around 26% and 41% for PEMFC 
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and DMFC, respectively assuming 1000 PEMFC systems and 200 DMFC systems produced per 

year53, 54. The majority of the fuel cell cost comes from components like bipolar plates and gas 

diffusion layers as they are produced in small-scale which makes them expensive. So, when a large 

number of systems are produced, the mass production of these components can bring down their 

cost. However, the cost of the catalysts is not significantly reduced, and it increases when a larger 

number of systems are produced per year as the catalyst cost comes from the material cost, it’s 

processing and availability. Figure 1.13 presents the fuel cell stack cost for PEMFC and DMFC. 

 

Figure 1.13: Fuel cell stack cost by component for (a) PEMFC at 500,000 systems per year 

manufacturing rate55 and (b) DMFC at 10,000 systems per year manufacturing rate53. 

(Adapted from Current Opinion in Electrochemistry 2019, 16, 90-95 and Energies 2016, 9 (12), 

1008. All rights reserved.) 

As presented in Figure 1.13a, the Pt catalysts have a major contribution of around 41% in 

the total fuel cell cost assuming a total production of 500,000 systems per year55. In DMFC due to 

the high PGM loading, the catalysts contribute to 57% of the total DMFC cost assuming 10,000 

systems produced per year as shown in Figure 1.13b53. Hence, lowering the catalyst loading while 

a b
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maintaining the performance is important. The DOE 2020 target for the Pt loading of 0.025 mg/cm2 

and < 0.1 mg/cm2 for the anode and cathode, respectively. In DMFC, the anode catalyst loading is 

significantly high, and the DOE 2020 target to bring the overall PGM catalysts loading to < 

4mg/cm2. 

Apart from cost and availability, the Pt-based catalysts suffer from degradation. The 

degradation occurs through dissolution, agglomeration, and detachment of the catalyst NPs56. The 

Pt dissolution happens at a potential of 1.00 V vs RHE57. The Pt dissolution from the catalyst’s 

surface can be given by the equations 1.28-1.3058, 59. The presence of PtO on the catalyst’s surface 

accelerates the degradation of the Pt catalysts60.  

   𝑃𝑡 ⟶  𝑃𝑡2+ +  2𝑒−                       (1.28) 

   𝑃𝑡 +  𝐻2𝑂 ⟶  𝑃𝑡𝑂 + 2𝐻+ +  2𝑒−                    (1.29) 

  𝑃𝑡𝑂 + 2𝐻+  ⟶  𝑃𝑡2+ + 𝐻2𝑂                    (1.30) 

In addition to degradation, the commercial Pt/C suffers from carbon corrosion. The carbon 

black is known to electrochemically oxidize to form surface oxides which finally creates CO2
56, 60. 

The carbon conversion to CO2 can be given by equation 1.31. 

   𝐶 +  𝐻2𝑂  ⟶  𝐶𝑂2 + 4𝐻+ +  4𝑒−              (1.31) 

The standard potential of the carbon oxidation/corrosion is 0.207 V vs SHE, but the kinetics 

of the reaction is slow and the carbon shows little corrosion at low voltage61. However, when the 

potential raises above 1.0 V vs. SHE the carbon corrosion rate increases. Carbon corrosion is more 

dominating when the cell potential may rise as high as 1.5 V during start-up/shut down cycle due 

to fuel starvation, H2/air boundary at the anode, and slower ORR kinetics60, 62, 63. Even for a shorter 

period of time, this high potential can further accelerate the carbon corrosion.  Also, at such high 

potential, the carbon corrosion is also enhanced by the higher O2 concentrations and elevated 
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temperature60, 64. The presence of oxygen-containing groups on the carbon surface can weaken the 

interaction between the Pt NPs and the carbon support which results in the dissolution or 

agglomeration of the weakly attached Pt NPs60, 65. It is also found that the Pt NPs catalyze the 

carbon corrosion at high potential66. So, the Pt degradation and carbon corrosion or somewhat 

interrelated. Also, the Pt/C is susceptible to the methanol crossover in the DMFCs and poisoned 

by the CO present in the H2 fuel in the PEMFCs. As a result of methanol crossover and CO 

poisoning, the overall performance decreases. Hence, an ideal catalyst support should mitigate all 

these problems.  

 1.6 Nanostructured Carbon Supports 

Nanostructured carbon materials are the ideal electrocatalysts support owing to their high 

electrical conductivity, high porosity, high electrochemical stability, resistance to carbon 

corrosion, ability to strongly support catalysts particles, flexibility for surface modification, and 

accelerated electron transfer at the electrode-electrolyte interface62, 67-69. The nanostructured 

carbon supports can help to reduce the Pt loading and improve the overall catalytic performance 

and enhance the catalyst’s tolerance to methanol crossover and CO poisoning. Nanostructured 

carbon materials such as carbon nanotubes70, 71, carbon nanofibers72-74, graphene75-77, graphene 

nanoribbons78, 79, reduced graphene oxide80, 81, carbon aerogels82, carbon nanohorns83, carbon 

nanocoils84, carbon nanocages85, ordered mesoporous carbon spheres86 have been widely 

employed as electrocatalyst supports. Introducing heteroatoms, such as N, S, B, and P into the 

nanostructured carbon materials can further improve the performance of the resulting 

electrocatalyst towards various electrochemical reactions in low-temperature fuel cells.  
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 1.7 Vertically Aligned Carbon Nanofibers 

Vertically aligned carbon nanofibers (VACNF) is a special type of multi-walled carbon 

nanotube (MWCNT) distinct by its internal morphology consisting of conically stacked graphitic 

layers rather than cups as shown in Figure 1.1487-90. The stacked conical structure is often referred 

to as herringbone or fishbone structure. The angle () between the fiber axis and the graphitic 

sheets at the sidewall can distinguish the nanofibers and nanotubes. The carbon nanotubes (CNTs) 

have  = 0o  and the carbon nanofibers (CNFS) have  > 0o88. As a result, they possess different 

mechanical, electrical, and chemical properties. The VACNF with herringbone structure, has both 

“in-plane” and “interplane” charge transport components, which slightly reduces the electron 

conductivity along the axis to σ = 2.5x105 S/m, compared to multi-walled CNTs with σ = 106-107 

S/m88, 91. They also have good electrochemical stability and high mechanical strength due to the 

internal graphitic microstructures. The VACNF array forms a brush-like structure with each 

nanofiber vertically aligned and free standing on the surface of the substrate. The diameter of the 

fibers can be varied between ~50 to 300 nm and the length can also be varied from a few hundreds 

of nanometers to well over 20 microns, through varying the growth time and several other 

parameters. In addition, the fibers are well separated from each other on the order of  ~100 to 300 

nm which allows the uniform deposition of catalyst particles. VACNF contains numerous broken 

graphitic edges around the sidewall and these exposed graphitic edges act as nucleation sites for 

other active materials to bind with CNFs, unlike the smooth basal plane surface of a CNT92, 93. The 

graphitic edges in the side wall of the VACNFs is ideal for improving the catalyst particles 

interactions due to the intrinsic nature of the carbon supports which is found to be critical in carbon 

corrosion and NPs detachment. The catalyst particles deposited on the graphitic edge sites of the 
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VACNFs will have better utilization and hence VACNFs can help in reducing the overall catalyst 

loading.  

 

Figure 1.14: Schematic illustration of (a) carbon nanofibers with herringbone structure and 

(b) carbon nanotubes. (Reproduced with permission from J. Appl. Phys. 2005, 97 (4), 041301. 

© AIP Publsihing. All rights reserved.) 
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Chapter 2 - Experimental Methods and Characterization 

 2.1 Overview of PECVD Growth Process 

VACNFs were grown on the graphite paper (0.2 mm thick) substrate using a Black Magic 

DC-biased Plasma Enhanced Chemical Vapor Deposition (PEVCD) system manufactured by 

Aixtron, CA. The kinetics of VACNF growth, ratio of feedstock, plasma chemistry, growth 

conditions, and the impact of different growth parameters have been discussed thoroughly in the 

previous reports1-3. The major advantage of the PECVD system over the conventional thermal 

CVD is that the plasma enhancement controls the direction of the growth of nanostructures and 

reduces the activation energy required for the deposition process. The vertical alignment of the 

CNF is a result of uniform tensile stress created across the entire catalyst/CNF interface by its 

interaction with the high electric field. The growth of VACNF arrays requires a catalyst and Fe, 

Ni, Co are found to be efficient in breaking the bonds in the carbon precursor. For all our studies, 

we used a Ni thin film as a catalyst for CNF growth as Ni catalyst is found to create the herringbone 

type structure and the Fe and Co catalysts create nanotubes4. The deposited catalyst thin film needs 

to be sintered to form discrete Ni nanoparticles (NPs) to grow fibers when the carbon source is 

introduced. The resulting fiber diameter and distribution of fibers are determined by the Ni NPs 

which depends on the catalyst film thickness. A thinner catalyst film results in smaller fiber 

diameter. We kept the thickness of Ni catalyst film to 22 nm in all our studies to get an optimized 

uniform growth of VACNFs. The Ni NPs are pushed upwards once the carbon flux is introduced 

and it becomes elongated. As the growth continues, the Ni NPs forms a teardrop shape, and this 

results in the deposited graphitic layers being conically stacked. During the growth process, we 

used ammonia (NH3) as a reducing agent and an etchant gas to remove the amorphous carbon 

deposited during the growth, hence achieving better growth. The fibers resulting from each Ni NP 
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is well separated and hence creating an open-3D brush-like structure. This open space allows an 

easy deposition of active materials and hence finding its application as catalyst support. Figure 2.1 

shows the PECVD reactor.  

 

Figure 2.1: PEVCD reactor (Blackmagic, Aixtron, Germany). 

 2.2 Procedure for the VACNF Growth 

The procedure for the growth of VACNFs was modified based on the previously reported 

procedure1, 2, 5. The growth chamber was purged with UHP N2 (1000 sccm) for 600 s and the 

chamber was vacuumed to 13 mTorr before starting the recipe. At first, the Ni coated graphite 

paper substrate was heated to 500oC in 250 sccm NH3 at a pressure of 3.9 Torr for 150 s and then 

followed by a 40 W DC plasma treatment for 60 s. This pretreatment procedure has combined 

effects of thermal dewetting and NH3 plasma etching which helped to break down the 22 nm Ni 

film into randomly distributed Ni NPs that catalyzed the growth of VACNFs in a tip growth mode. 

F
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After the initial pretreatment, a mixture of acetylene (63 sccm) and NH3 (250 sccm) was introduced 

at a pressure of 6.2 Torr as the precursors for the growth of VACNFs at a substrate temperature of 

750 oC. The plasma power was kept at 45 W for 30 min to grow the VACNFs with an average 

length of 5 m, 60 min to grow the VACNFs with an average length of 8 m, and 90 min to grow 

the VACNFs with an average length of 11 m. Finally, the substrate with VACNFs was allowed 

to cool until 140 oC in the presence of N2 (1000 sccm), and they are removed from the vacuum 

once the temperature reaches 90 oC. Figure 2.2 illustrates the schematic of the VACNF growth 

process. For a 30 min growth, the system yields VACNF arrays with an areal density of 1.0 x 109 

CNF/cm2 and average diameter of ~150 nm6. 

 

Figure 2.2: Schematic illustration of the VACNF growth process. 

The mass of carbon on the VACNFs can’t be reliably measured by weighing the sample 

before and after growth due to various factors. So, the mass of VACNFs can be estimated using 

equation 2.1: 
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                                                 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑉𝐴𝐶𝑁𝐹𝑠 = 𝐷𝑥 𝑉                                                (2.1) 

where D and V are the density and volume of the CNFs. D = 2.26 g/cm3 assuming that the fibers 

are graphitic in nature. For a 5 μm, 8 μm, and 11 μm long VACNF array, the mass of carbon was 

estimated to be 177, and 283, and 389 μg/cm2, respectively. It needs to be noted that this method 

is quite conservative and likely the carbon mass can be less. The mass of VACNFs is used to 

calculate the wt% of metal catalysts after sputter deposited.   

 2.3 Catalysts Deposition 

There are multiple ways to deposit catalyst particles on the substrate/support material and 

we have employed ion beam sputtering technique for the preparation of pure and highly effective 

catalysts film/particles. Ion beam sputtering has advantages such as the ease of sputtering any 

material with high purity, good adhesion to the substrate, controlled sputtering rate, and an accurate 

estimation of metal loading. Ion beam sputtering uses an ion source (Ar+) to generate a focused 

ion beam that sputters a target material (metal or dielectric) onto a substrate. An inert gas like 

argon is introduced into the system at a pressure of 2.0 x 10-4 Torr to purge the two penning ion 

guns. Then, the high electric field at the penning ion causes the introduced Ar gas to get ionized, 

creating a plasma. The resulting Ar+ ions are accelerated towards the target, and via momentum 

transfer between the ion and target, the target material gets sputtered towards the substrate. Figure 

3.3 presents the schematic illustration of ion beam sputtering.  

The Ni catalyst film was sputtered at a rate of 0.5 Å/s by applying an 8 keV beam energy. 

The substrate holder was set and a rock angle of 7o with 8 rocks/sec and rotated at a constant speed 

of 30 rpm. For the sputtering of Pt/PtRu NPs, the sputtering rate was maintained at 0.5 Å/s by 

applying a 4.5 keV beam energy, and the substrate holder was fixed at an angle of 5o and rotated 

at a constant speed of 15 rpm. Due to the shadow effect, the sample stage can’t be tilted at any 
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angle >5o for after growth depositions. All the sputtering was done under a system pressure 

between 8.0 x 10-5 and 1.0 x 10-4 Torr. 

 

Figure 2.3: Schematic illustration of ion beam sputtering. 

 2.4 Experimental Setup for Electrochemical Characterization 

All the electrochemical characterizations were performed in a three-electrode 

electrochemical cell using a rotating disk electrode (RDE) with a glassy carbon (GC) disk of 0.078 

cm2 embedded in PEEK surface or a rotating ring disk electrode (RRDE) with a GC disk of 0.125 

cm2 and a Pt disk (O.D. 7.0 mm and I.D. 5.0 mm) of 0.189 cm2 in PEEK surface controlled by a 

CHI 760D electrochemical workstation. Figures 2.4a-2.4c displays the schematic of an RDE, 

RRDE, and CHI 760D potentiostat. The RDE or RRDE is controlled by the RRDE-3A Rotating 

Ring Disk Electrode Apparatus Ver.2.0. (Figure 2.4d) when using in the hydrodynamic conditions. 

The working electrode involved in this thesis is either a VACNF based catalyst modified RDE or 

a catalyst thin film formed on RDE/RRDE from the catalyst powders. For any VACNF based 

catalyst, the working electrode was prepared by punching out a 6.0 mm disk and mounting it on 

the RDE using a silver conductive epoxy paste. The modified RDE electrode was dried at 70 oC 
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for 2 hours prior to use. For any powder catalysts, the required amount of catalysts powder was 

mixed with a mixture of organic/water/Nafion solution and sonicated for 1 hour. Then a few L 

of the formed ink solution was deposited to get a thin catalyst film. The deposited electrode was 

dried at RT prior to use. Before drop casting the catalyst ink, the glassy carbon surface was 

polished using an alumina slurry with 50 nm particles to get a mirror finish. A coiled Pt wire with 

surface area 10 times higher than the working electrode was employed as a counter electrode. A 

silver-silver chloride (Ag/AgCl) dipped in 1.0 M KCl or 4.0 M KCl was used as the reference 

electrode in acidic condition, and a mercury-mercuric oxide (Hg/HgO) dipped in 1.0 M NaOH was 

used as the reference electrode in alkaline condition. We used different electrolytes such as 0.10 

M KOH, 0.50 M H2SO4, and 0.10 M HClO4 to study the activity of the catalysts.  

 

Figure 2.4: (a) Rotating disk electrode, (b) Rotating ring disk electrode; (c) CHI 760D 

electrochemical workstation from CH Instruments, and (d) RRDE-3A Rotating ring disk 

electrode apparatus from ALS, Japan. 

The measured potentials versus the reference electrode were converted versus the 

reversible hydrogen electrode (RHE) for easy comparison with the literature. The electrode 
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potential values versus the Hg/HgO reference electrode (in experiments carried out in 0.10 M KOH 

solution, pH = 13.00) are converted to the values versus the reversible hydrogen electrode (RHE) 

using the following equation:  

             E(vs. RHE) = E(vs. Hg/HgO) + EHg/HgO vs. NHE + 0.059 pH = E(vs. Hg/HgO) + 0.907 V           (2.2) 

where E(vs. Hg/HgO) is the experimentally measured potential versus the Hg/HgO reference electrode 

(with 1.0 M NaOH filling solution), and EHg/HgO vs. NHE = 0.140 V is the Hg/HgO reference electrode 

potential versus the NHE. 

Similarly, the electrode potential values versus the Ag/AgCl reference electrode (in 

experiments carried out in 0.50 M H2SO4 solution, pH = 0.00) are converted to the values versus 

the RHE using the following equation: 

            E(vs. RHE) = E(vs.Ag/AgCl) + EAg/AgCl vs. NHE + 0.059 pH  = E(vs. Ag/AgCl) + 0.200 V      (2.3) 

   

where E(vs. Ag/AgCl)  is the experimentally measured potential versus the Ag/AgCl reference 

electrode (with 4.0 M KCl filling solution), and EAg/AgCl vs. NHE = 0.200 V is the Ag/AgCl reference 

electrode potential versus the NHE. 

Similarly, the electrode potential values versus the Ag/AgCl reference electrode (in 

experiments carried out in 0.10 M HClO4 solution, pH = 1.00) are converted to the values versus 

the RHE using the following equation: 

            E(vs. RHE) = E(vs.Ag/AgCl) + EAg/AgCl vs. NHE + 0.059 pH  = E(vs. Ag/AgCl) + 0.281 V      (2.4) 

where E(vs. Ag/AgCl)  is the experimentally measured potential versus the Ag/AgCl reference 

electrode (with 1.0 M KCl filling solution), and EAg/AgCl vs. NHE = 0.222 V is the Ag/AgCl reference 

electrode potential versus the NHE. 

The experimental setup for all the electrochemical characterizations is illustrated in Figure 

2.5. We modified the purging system by using a bottom purge that has a glass porous frit at the 
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bottom of the electrochemical cell which breaks the gas bubbles into smaller ones. This ensures 

effective purging in a short time. Before evaluating the electrochemical properties of the prepared 

catalyst, the solution was bottom purged with Ar/O2 depending on the measurements for 5 to 10 

minutes or until its completely saturated. All the initial purging mentioned in this thesis was done 

by bottom purging unless and until its mentioned. During electrochemical measurements, the 

respective gas was purged from the top through Teflon tube to maintain a particular atmosphere. 

The gas flow rate was 60 sccm for both the bottom and top purge.  

 

Figure 2.5: Schematic representation of the three-electrode electrochemical experiment setup. 

 2.5 Electrochemical Characterization Techniques  

The catalysts were evaluated using different electrochemical techniques such as cyclic 

voltammetry (CV), linear sweep voltammetry (LSV), amperometric i-t curve, CO-stripping 

voltammetry, and electrochemical impedance spectroscopy (EIS). The catalyst activity towards 

the ORR was studied using the RDE and RRDE technique. All these techniques were performed 

using a CHI-760D electrochemical workstation controlled by a CHI electrochemical software. The 

electrodes were not rotated while performing steady-state measurements.  
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 2.5.1 Cyclic Voltammetry 

 

Figure 2.6: Applied potential waveform for the CV. 

Cyclic Voltammetry is a useful technique to obtain both qualitative and quantitative 

information about the catalysts being tested and the involved electrochemical reactions in the 

applied potential range. In general, CV is performed by sweeping the potential between two 

defined points where the catalyst is repeatedly oxidized or reduced, and the current responses are 

recorded against the applied potential. Figure 2.6 shows the applied potential waveform as a 

function of time. The sign of the recorded current tells if the occurring electrochemical reaction is 

a reduction or oxidation reaction. Apart from oxidation or reduction, there are some other 

electrochemical reactions that occur on Pt-based catalysts, which acts as a signature characteristic 

feature for it. Figure 2.7 shows a typical CV of Pt/C recorded at a scan rate of 50 mV/s between 

0.00 and 1.20 V (vs. RHE). The recorded CV can be divided into different regions as denoted. 

Integrating the hydrogen adsorption or desorption peak area can lead to the estimation of 

electrochemical active surface area (ECSA) which is a quantitative measure of the catalyst surface 

area available for electron transfer.  
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Figure 2.7: A typical Cyclic Voltammetry of 20 % Pt/C recorded in Ar-saturated 0.10 M 

HClO4 solution with a scan rate of 50 mV/s. 

ECSA can be calculated by using the following formula: 

                                                                               

                                                               𝐸𝐶𝑆𝐴 =  
𝑄𝐻𝑎𝑑𝑠

𝑄𝐶* 𝑚𝑃𝑡
                                                      (2.5)    

 

where QHads is the charge for one monolayer of hydrogen adsorption on the metal surface, 

QC = 210 C/cm2
 is the charge associated with forming a close-packed monolayer of hydrogen 

atoms on 1 cm2 of Pt surface and mPt is the mass of platinum.  

 2.5.2 Linear Sweep Voltammetry 

In LSV, the current is recorded as a function of potential by scanning the potential between 

two different points. The potential is scanned from a lower limit to a higher limit for an oxidation 

reaction and scanned vice versa for the reduction reaction. Figure 2.8 shows the applied potential 

waveform as a function of time. 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-3.0

-2.0

-1.0

0.0

1.0

2.0

J
 (

m
A

/c
m

2
)

E (V vs. RHE)

hydrogen desorption 

region
Pt oxidation region

PtO reduction region

hydrogen 
ads orption region

double layer

region

hydrogen 

evolution region



 41 

 

Figure 2.8: Applied potential waveform for the LSV. 

 2.5.3 Rotating Disk Electrode 

The newly developed catalysts need to be evaluated to identify its electrochemical 

performance towards a particular electrocatalytic reaction. However, testing the prepared 

catalysts by assembling an MEA every single time requires abundant materials and time-

consuming, and also the full cell testing can be affected by various factors which makes it difficult 

to evaluate the catalytic activity. Therefore, a rapid screening technique is required to evaluate 

the catalysts without any complications. RDE is the commonly used electrochemical technique at 

lab scale for testing the ORR activity of the catalysts in a half-cell setup. It can give detailed 

information about the kinetics and mechanism of the electrode reaction (i.e. ORR). Diffusion and 

convection are the two major processes for material transport in the electrochemical cell. When 

the RDE is rotated in the solution, the spinning disk drags a steady stream of solution from the 

bulk to the surface of the electrode and the resulting centrifugal force flings the solution away 

from the electrode surface as shown in Figure 2.9. The fluid at the surface is constantly 

replenished by the fresh solution flowing up perpendicular to the surface. As a result of 

convection, a thin layer of the solution near the electrode surface tends to rotate with the electrode. 

The convection velocity of the solution is improved as the rotation rate increases, and more flux 
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of reactant reaches the electrode surface. The diffusion layer gets thinner as the rotation rate 

increases. The electrode rotation rate can be precisely controlled by RDE through which the 

quantitatively control of diffusion layer thickness can be realized, resulting in feasible quantitative 

analysis of the electrode reaction kinetics. In the absence of convection, the thickness of diffusion 

layer near the electrode surface will keep increasing which prolongs the reaction time, resulting 

in non-steady-state current density.  

 

Figure 2.9: Schematic illustration of the solution flow pattern near the RDE surface. 

The RDE experiment is done by recording a series of LSV at different rotation speeds 

between 500 and 3000 rpm and a scan rate of 10 mV/s. The resulting LSV curves have a sigmoidal 

shape as presented in Figure 2.10a. The current is controlled by the reaction kinetics at the initial 

potential and as the potential is increased or decreased, the current measured is now controlled by 

both the kinetics and mass transport. Finally, when the potential is high enough, the measured 

current is completely controlled by the mass transport.  Beyond this point, any further increase in 

the potential does not change the current and it creates a diffusion-controlled current plateau as 
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shown in Figure 2.10a. The measured diffusion-controlled current is described by the following 

Levich equation7: 

                                              𝐼𝑑 = 0.20𝑛𝐹𝐴𝑔𝑒𝑜[𝑂2]𝐷𝑂2

2/3ν−1/61/2                                    (2.6)                              

where n is the electron transfer numbers in ORR, F is the Faraday constant (96,485 C mol-1), A is 

the geometric electros area,  [O2] is the concentration of dissolved O2,  𝐷𝑂2
 is the diffusion 

coefficient of O2,  is the kinematic viscosity of the electrolyte solution, and  is the angular 

rotation rate. 

 

Figure 2.10: ORR polarization curve for 20% Pt/C in 0.10 M HClO4 and (b) A model of 

KL plot derived from the RDE voltammogram. 

 The overall measured current density in the entire potential region can be given by the 

Koutecky-Levich equation as below7:  
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where Jk is the kinetic-controlled current density and B is the Levich constant. From the set of 

LSVs recorded at different rpm, a Koutecky-Levich (KL) plot can be constructed between the 

inverse of measure current density versus the inverse of the square root of  as shown in Figure 
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2.10b. From this plot, we can extract the slope (1/B) and inverse of kinetic-controlled current 

density. From the slope (1/B) of the KL plot, the n value can be calculated as given in equation 

2.8. The determined n number can help in identifying the reaction mechanism of the ORR. 

                                                                  𝐵 = 0.20𝑛𝐹[𝑂2]𝐷𝑂2

2/3ν−1/6                                   (2.8)       

 2.5.4 Rotating Ring Disk Electrode 

RRDE can be used to analyze the nature of the electrode reaction products generated. In 

RRDE the product generated by the electrode reaction at the disk electrode is transported into the 

ring electrode by centrifugal force and it is detected at the ring electrode. Overall a reduction occurs 

reaction occurs at the disk electrode and an oxidation reaction occurs at the ring electrode. The 

electrochemical reaction at the ring and disk electrode is mentioned as below: 

At disk electrode,         𝑂𝑥 ⟶  𝑅𝑒𝑑 +  𝑒−             (2.9) 

At ring electrode,         𝑅𝑒𝑑 +  𝑒−  ⟶  𝑂𝑥           (2.10) 

During ORR reaction if the catalysts are not effective in the direct reduction of O2, it may 

generate some amount of peroxide or peroxide ion as intermediates. This peroxide or peroxide ion 

is transported to the ring electrode where they get oxidized back to O2 which leads to a ring current. 

Therefore, the ring electrode is always kept at a constant potential (1.20 V vs RHE) to ensure 

complete oxidation of the transported reduced species. However, in an RRDE not all the products 

generated at the disk electrode will make its way to the ring electrode. The percentage of material 

detected/collected at the ring electrode is called the collection efficiency (N), and it can be 

calculated as expressed in equation 2.11. The obtained collection efficiency is the same for the 

particular RRDE irrespective of the electrode reaction being studied and can be given in terms of 

disk current (ID) and ring current (IR) as below: 

                                                      𝑁 =
|𝐼𝑅|

|𝐼𝐷|
                                                             (2.11) 
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The collection efficiency was calculated by using a well-behaved electrochemical system 

like ferrocyanide/ferricyanide system. The RRDE electrode was dipped into 0.10 M KOH solution 

containing 10 mmol/L of K3[Fe(CN)6]. The electrode was rotated from 500 to 2000 rpm, and the 

disk electrode was scanned from 0.65 V to -0.50 V (vs. Hg/HgO) at a scan rate of 20 mV/s. The 

ring electrode was kept at a constant potential of 0.65 V (vs. Hg/HgO). The ratio of |IR|/|ID| is 

almost constant under various  Using equation 2.11, the collection efficiency N was calculated 

to be 0.44. The LSV curves recorded for the Pt RRDE in 0.10 M KOH with K3[Fe(CN)6] is 

presented in Figure 2.11. The percentage of peroxide or peroxide ion generated from the ORR can 

be determined from the RRDE measurements by using equation 2.12. Equation 2.13 can be used 

to calculate the electron transfer number, n from the RRDE voltammogram. 

                               𝐻2𝑂2 𝑜𝑟 𝑂𝐻2
−% = 100 𝑥 

2
𝐼𝑅
𝑁

𝐼𝐷+
𝐼𝑅
𝑁

                                  (2.12) 

                                                         𝑛 =
4𝐼𝐷

𝐼𝐷+
𝐼𝑅
𝑁

 
                                                      (2.13) 

 

Figure 2.11: LSV curves of the disk and ring electrode recorded for the calculation of 

collection efficiency (N) at a Pt RRDE in 0.10 M KOH with 10mM K3[Fe(CN)6 ] at a scan 

rate of 20 mV/s. 
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2.5.5 Amperometric i-t curve 

In the amperometric i-t curve, the current is recorded by applying a constant potential on 

the working electrode as a function of time. Figure 2.12 displays the potential waveform applied 

as a function of time. A quiet time of 10 s is always employed before recording the current. For 

measuring the methanol tolerance ability of the catalyst, a small volume of methanol solution is 

added in steps to see its impact in the recorded current.   

 

Figure 2.12: The applied potential waveform for the amperometric i-t curve. 

2.5.6 CO Stripping Voltammetry 

CO stripping voltammetry is an effective method for calculating the ECSA of the catalyst. 

In this method, the catalyst being tested is initially poisoned with CO by purging the electrolyte 

with 100% pure CO under a constant potential. As the electrolyte is purged with CO, a monolayer 

of CO gets adsorbed on the electrode surface and is electrochemically oxidized between 0.50 and 

0.90 V (vs. RHE) depending upon the surface of the catalyst sites, its surface plane, and also on 

the pH of the electrolyte employed8. The CO stripping experiment was done as follows: 1) purge 

the solution with Ar for 600 s to remove any dissolved O2 species and a CV was recorded between 

0.00 and 1.20 V (vs. RHE) for 15 cycles in Ar-saturated solution. 2) adsorb CO by purging 100% 

pure CO for 300 s while holding the potential at 0.10 V or 0.20 V (vs. RHE) using the 

amperometric i-t technique. 3) purge the electrolyte solution with Ar for 1800 s to completely 
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remove any CO present in the electrolyte while still holding the potential. 4) three CV cycles (CO 

stripping curves) were recorded by positively sweeping the potential between 0.00 V and 1.30 V 

(vs. RHE) at a scan rate of 10 mV/s starting from the constant potential at which the electrode was 

held to adsorb CO. The resulting CO oxidation peak was integrated and the ECSA was further 

calculated based on the following equation: 

                                                           𝐸𝐶𝑆𝐴𝐶𝑂 =  
𝑄𝐶𝑂

𝑄𝑎* 𝑚𝑃𝑡
                                    (2.14) 

where QCO is the charge associated with the desorption of CO from the Pt active sites, Qa 

(420 C/cm2) is the charge required to oxidize a monolayer of CO adsorbed on 1 cm2 of Pt surface 

and mPt is the mass loading of platinum. 
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Chapter 3 - Fundamental Electrochemical Insights of Vertically 

Aligned Carbon Nanofiber Architecture as a Catalyst Support for 

ORR 

Reproduced with permission from A. Elangovan,  J. Xu, E. Brown, B. Liu, J. Li, Journal. 

of the Electrochemical Society, 2020, 167 (6), 066523. DOI: 10.1149/1945-7111/ab86c1 © The 

Electrochemical Society. 

 3.1 Introduction  

Low-temperature fuel cells (LTFCs) are attractive environmentally friendly alternatives to 

fossil fuel powered devices1-3. It directly converts oxygen and fuels into H2O at moderate 

temperatures to release electrical energy. Even though the overall reaction is thermodynamically 

favored, the sluggish kinetics leads to the high electrochemical overpotential and low power 

density2. To enable broader impacts, the power density and durability of LTFCs need to be 

significantly improved while the cost is reduced. Highly efficient electrocatalysts are key to 

achieving these goals. Particularly, the electrocatalytic ORR is one of the important reactions 

occurring in LTFCs2, 4. ORR proceeds either by a direct four-electron (4-e-) reduction pathway to 

form H2O (in acidic media) or OH- (in alkaline media) or by a less efficient two-step two-electron 

(2-e-) reduction pathway involving the formation of corrosive intermediate species H2O2 (in acidic 

media) or HO2
- (in alkaline media)2-5. Platinum (Pt) nanoparticles (NPs) supported on Vulcan 

carbon, denoted as Pt/C, is the most effective ORR catalyst2, 4-6. However, the high cost and limited 

supply of Pt poses severe challenges for broader applications. In addition, the current Pt/C catalyst 

suffers from poor durability, CO poisoning, and methanol crossover reactions (in DMFC – a type 

of LTFC)7-9. As a result, there is a strong demand to improve these properties2, 3, 10, 11. This study 

https://iopscience.iop.org/article/10.1149/1945-7111/ab86c1
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focuses on exploring vertically aligned carbon nanofiber (VACNF) arrays as a unique carbon-

based catalyst support for Pt catalyst, with an emphasis on understanding its fundamental 

electrochemical properties in ORR using a rotating disk electrode (RDE) and its capability in 

improving Pt catalyst’s tolerance to methanol crossover.  

Vulcan carbon support in commercial Pt/C catalyst is so far quite successful. However, in 

the presence of oxygen at high electrode potentials, carbon corrosion occurs, leading to the 

detachment of Pt NPs from the carbon support and decline in fuel cell performance12-14. One of the 

approaches in solving these issues is to develop highly graphitic carbon materials as novel catalyst 

supports, such as graphene15-17, carbon nanotubes (CNTs)18, 19, carbon nanofibers (CNFs)20-22 and 

carbon NPs23. These carbon materials exhibit higher chemical stability, high specific surface area, 

large structural variety, tailorable surface chemistry, wide potential window, and high electrical 

conductivity19, 24, which can reduce carbon corrosion and improve the durability of Pt NPs. Some 

studies indicated that Pt deposited on CNT or CNF supports also show higher CO tolerance25, 26. 

In most studies, these CNT or CNF supports are in the form of randomly stacked dense networks. 

A few studies explored vertically aligned organic whiskers as catalysts support in so-called 

nanostructured thin-film (NSTF) catalysts27-29. Such vertically aligned structures allow the 

deposition of a low Pt mass (at ~0.1-0.22 mg/cm2) via simple ion sputtering27-29, which has been 

found to present higher activity than the commercial Pt/C catalyst. Tian et al.30 further explored 

vertically aligned CNTs sputtered with ~ 35 µg/cm2 Pt in membrane electrode assemblies (MEAs) 

and the hydrogen fuel cell made of such MEAs matched the performance of the Pt/C catalyst with 

10 times of Pt loading. In another direction, Gong et al.7 reported that vertically aligned nitrogen-

doped CNT arrays can serve as a metal-free catalyst with superior catalytic activities.  
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While the above results are encouraging, it still lacks a good understanding of the 

fundamental electrochemical properties of such 3D electrodes in ORR. This is challenging because 

the large thickness and the porous 3D structure are substantially different from the conventional 

thin-film RDE electrodes (< 200 nm in thickness) in ORR studies. It is noteworthy that 

voltammetry measurements with RDE are an essential technique for evaluating ORR 

electrocatalysts due to the low O2 solubility in electrolytes (~ 1.2 mM) and sluggish kinetics. The 

well-defined hydrodynamic conditions based on the Levich equation in thin-film RDE 

measurements enable deconvolution of mass transport and kinetic effects and thus allow 

determination of the electrochemical kinetics and ORR mechanisms31. These cannot be achieved 

with other electrochemical techniques such as cyclic voltammetry (CV) or full cell studies. Herein, 

we present a systematic study using a well-defined model system, i.e. vertically aligned carbon 

nanofiber (VACNF) arrays, an interesting vertical 3D architecture with conically stacked graphitic 

microstructures. Density functional theory (DFT) calculations further support the electrocatalytic 

properties of Pt/VACNF derived from RDE measurements. We believe that this fundamental 

understanding would provide important insights to guide the design and characterization of future 

3D architectured catalyst supports.   

In this study, we prepared VACNF arrays using a DC-biased plasma-enhanced chemical 

vapor deposition (PECVD) system32, 33 and used it as a 3D architectured support for ion-beam 

sputtered Pt catalysts. The overall ORR catalytic activity, tolerance to methanol crossover, and 

recovery from CO poisoning were evaluated. It is noteworthy that many studies in literature 

reported similar materials such as vertically aligned CNTs7 or MWCNTs7, 30, refer to as 

“VACNTs”. Here we use the terminology “VACNFs” following the relevant previous studies32-34 

to stress two important differences from those CNT materials.  First, in a typical VACNF array, 
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each nanofiber freely stands on the conductive substrate with an areal density of 1.0 x 109 

CNFs/cm2 (corresponding to an average inter-fiber distance of ~340 nm). Such an open structure 

allows Pt to be sputter-deposited from above and spread along the full length of individual 

nanofibers, hence enabling effective utilization of the Pt catalyst. In contrast, the VACNTs have 

about 4 to 10 times higher areal density, smaller diameter (20-30 nm) and larger length (10s to 

1000s m). Thus, VACNTs are wavy and heavily entangled, giving much smaller open spaces that 

can be accessed directly from above. Second, VACNFs consist of graphitic cones stacked on top 

of each other along the fiber axis and present a high density of graphitic edge sites at the sidewall32, 

33, 35. This is critically different from the graphite basal plane-like sidewall in CNTs or amorphous 

structure in common carbon nanofibers by pyrolysis. These exposed graphitic edges act as the 

active sites and are expected to improve the durability of Pt catalysts as demonstrated with 

materials of similar structures22, 36, 37. DFT calculations based on the atomic model of conically 

stacked VACNF structure successfully validates the stronger binding between Pt and graphitic 

edges and illustrates the molecular ORR pathways. Furthermore, the 3D architectured Pt/VACNF 

catalyst presents interesting new phenomena in RDE studies and displayed a notable resistance to 

methanol oxidation reaction and a higher capability to recover from CO poisoning 

 3.2 Experimental 

 3.2.1 Preparation of Pt/VACNFs 

A graphite paper (GP) of 1 x 1 inch2 was coated with a nominal thickness (equivalent to 

the film thickness on a flat surface) of 22 nm nickel film as the catalyst for VACNF growth using 

a high-resolution ion beam coater. VACNFs were grown on the graphite paper using a PECVD 

system following the procedure mentioned in Chapter 2 for 30, 60, and 90 min to obtain VACNFs 

with an average length of 5, 8, and 11 µm, respectively. Pt of 99.99% purity was deposited on the 
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as-grown VACNFs using the high-resolution ion beam coater. The deposition was precisely 

controlled to the nominal thickness of 3, 5, 10, and 20 nm, respectively, using an in-situ quartz 

crystal microbalance (QCM) and was further validated with scanning electron microscopy (SEM). 

The error of the nominal thickness is generally lower than 5%. 

 3.2.3 Materials Characterization 

The surface morphology of the as-grown VACNF arrays was characterized by a Field-

emission scanning electron microscope (FESEM) (Versa 3D Dual Beam, FEI, Hillsboro, OR) at a 

15-kV accelerating voltage. The microstructure of the Pt/VACNF was analyzed using field-

emission scanning/transmission electron microscopy (S/TEM, FEI Tecnai F20 XT, Hillsboro, OR) 

at a 200-kV accelerating voltage. Elemental analysis and mapping were done using energy-

dispersive X-ray spectroscopy (EDS) in the S/TEM. Raman spectra were obtained using a DXR 

Raman microscope (Thermo Scientific, Waltham, MA) at an excitation laser wavelength of 532 

nm.  

 3.2.3 Working Electrode Preparation 

A RDE with a glassy carbon disk of 0.078 cm2 in a 12 mm diameter polyether ether ketone 

(PEEK) shroud was used for characterizing the catalysts. The Pt/VACNF on graphite paper was 

punched into 6.0 mm diameter discs and attached on the RDE using a conductive silver paste 

followed by drying at 70 oC before use. The Pt/VACNF electrode with 3, 5, 10, and 20 nm nominal 

Pt thicknesses have a Pt mass loading of 6.5, 10.8, 21.5, and 43.0 µg/cm2, respectively. For 

comparison, the commercial Pt/C catalyst was deposited onto the RDE as a conventional thin-film 

electrode from a catalyst ink. The standard ink solution consisted of 5.0 mg of the commercial 

Pt/C catalyst dispersed in 2.5 ml water, isopropanol and Nafion (at 200:49:1 volume ratio) mixture 

and was sonicated for 1 h before use. About 5.0 µL of this ink solution was drop cast on the RDE 
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electrode to give a Pt loading of 25.6 µg/cm2. After drying at room temperature, it forms a uniform 

thin catalyst film. For other Pt loadings, the concentration of the Pt/C ink was adjusted 

proportionally. 

 3.2.4 Electrochemical Measurements 

The electrochemical properties and the catalytic activity of the Pt/VACNFs were studied 

using a CHI 760D electrochemical workstation (CH Instruments, Austin, TX) and a rotating ring 

disk electrode controller (RRDE-3A, ALS Co., Ltd, Japan). For comparison, the commercial Pt/C 

catalyst was also examined under the same conditions. The electrochemical tests were done in a 

three-electrode configuration consisting of the catalyst-coated RDE as the working electrode, a 

coiled Pt wire as the counter electrode, and a mercury-mercuric oxide (Hg/HgO) electrode with 

1.0 M NaOH filling solution as the reference electrode. The electrolyte for most studies were 0.10 

M KOH solution. For direct comparison with literature, the measured electrode potential (vs. 

Hg/HgO) in this electrolyte at 25 oC is converted to the value versus the reversible hydrogen 

electrode (RHE), by adding 0.907 V. Cyclic voltammetry (CV) was conducted between 0.30 V 

and -0.90 V (vs. Hg/HgO) at a scan rate of 50 mV/s. Linear sweep voltammetry (LSV) from 0.20 

V to -0.50 V (vs. Hg/HgO) at a scan rate of 10 mV/s was carried out with the RDE at the rotation 

speed from 500 to 3,000 rpm. The details in converting potentials versus different reference 

electrodes are mentioned in Chapter 2. The derivation of the limiting current density Jlim, the half-

wave potential E1/2 and electrochemical surface area (ECSA) are described in Section 1 and 

Figures A.1 and A.2 in the Appendix-A. The accelerated stress test (AST) was carried out by 

performing continuous potential cycling between 0.293 V and -0.307 V (vs. Hg/HgO), i.e., 

between 1.20 V and 0.60 V versus RHE as used in the literature38, at a scan rate of 100 mV/s for 

5,000 cycles. Ar or O2 was purged into the solution depending upon the type of measurements. 
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CV curves and ORR polarization curves were collected at various cycle intervals during the AST 

to record the degradation of the electrocatalysts.    

 3.2.5 Computational Methods 

Computation work done by our collaborators Dr. Bin Liu and Mr. Jiayi Xu in the Tim 

Taylor Department of Chemical Engineering of Kansas State University was used to gain insights 

into the experimental work. Spin-polarized density functional theory (DFT) calculations were 

performed using the Vienna Ab initio Simulation Package (VASP).39 The Generalized Gradient 

Approximation (GGA) Perdew-Burke-Ernzerhof (PBE) functional was used to account for the 

Kohn-Sham electron exchange-correlation interactions40. The projector augmented wave (PAW) 

method was used to represent the ionic cores41. A cut-off for the plane wave basis set expansion 

up to 400 eV was used for all calculations. The break condition for the self-consistent iteration was 

set to be 1 × 10-6 eV. Ionic relaxation was stopped when the forces on all atoms are smaller than 

0.05 eV/Å. Monkhorst-Pack-based k-point meshes42 were employed. The relaxed lattice constants 

for bulk graphite obtained from this setting are a = b = 2.47 Å and c = 6.80 Å, and in very good 

agreement with reported literature values of 2.46 Å, and 6.78 Å, respectively43. Moreover, 

Grimme’s DFT-D3 method was used to account for the dispersion interactions44. 

 3.2.6 DFT Models 

         The semi-periodic fishbone models (periodic along the carbon edge) were built by cleaving 

the graphite layers to represent the VACNF architecture. Given the large diameter of the VACNF 

(~50 to 250 nm), the small curvature of the VACNF was neglected in this model45. The dangling 

bonds at the broken graphitic edges at the VACNF sidewall were passivated by OH groups, which 

are energetically favorable in alkaline conditions. The deposited Pt NPs are located at the graphitic 

edge sites. The Pt atoms interact with the open-edge C atoms directly. Furthermore, Pt structures 
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with different numbers of atoms, from Pt4 to Pt20, were constructed. It was shown that the 

formation energies (per Pt atom) converged (within 0.06 eV) at Pt12, which was thus selected for 

the modeling of ORR pathways. 

 3.3 Results and Discussion 

 3.3.1 Catalyst/Support Design 

Scheme 3.1 shows the design of the ORR catalyst, where the hierarchical architecture of 

VACNFs is used as the catalyst support. This open vertically aligned 3D structure is significantly 

different from the commercial Pt/C catalyst in which the catalyst nanoparticles and carbon supports 

are tightly packed in a random fashion and bound through Nafion ionomer. Moreover, the 

microstructure of the VACNFs consists of a stack of conical graphitic cups on top of each other, 

providing abundant broken graphitic edges at the sidewall. The vertical array feature and the 

internal graphitic stacking of the VACNFs are illustrated by FESEM and TEM images in Figure 

3.1. The red lines in Figure 3.1c are the visual guide of the stack of a few representative graphitic 

sheets. The broken graphitic edges at the sidewalls are known to be the active ORR catalytic sites,46 

which helps to anchor the Pt nanoparticles (NPs (Figures 3.1d and 3.1f).  

Panels (c) and (d) of Scheme 3.1 illustrate the atomic cross-sections of the proposed 

conically stacked VACNF architectures that are generated by cutting graphite crystal along the 

(1̅ 1 10) facet. After sputtering Pt atoms onto the VACNF arrays, it formed Pt NPs firmly attached 

to the exposed edge sites (as pointed by the red arrows in Figure 3.1e). The large spacing (~ 300 

nm) between the neighboring VACNFs allows the Pt NPs to spread along the fibers and reach till 

the bottom. The catalytic activities of the bare VACNFs and Pt/VACNFs have been studied 

systematically to reveal the contributions of each component. It is noteworthy that this vertically 

aligned architecture is free of Nafion binder, which facilitates a faster mass transport of O2 via 
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diffusion into the open structure during RDE measurements as shown in Scheme 3.1. In contrast, 

in conventional ORR catalysts, O2 molecules have to diffuse through the Nafion binder to reach 

Pt/C catalyst inside the film, thus requiring very thin films (< 200 nm). These differences make it 

necessary to modify the algorithm to extract useful information from RDE experiments with the 

thick 3D catalyst architectures comparing to conventional thin-film catalysts. To make it clear, the 

methods to calculate electrochemical surface area (ECSA) and to derive critical ORR catalytic 

parameters such as the limiting current density (Jlim) and half-wave potential (E1/2) are defined in 

Section 2.5.1, Section 1 in Appendix-A, and Figures A.1 and A.2. 

 

Scheme 3.1: Schematic illustration of the catalyst structure: (a) bare VACNFs, (b) 

Pt/VACNF, (c) the atomic cross-sections of the conically stacked VACNF architectures that 

are generated by cutting graphite crystal along the (�̅� 𝟏 𝟏𝟎) facet, and (d) Pt nanoparticles 

bound to the graphitic edges of the VACNFs. (Reproduced with permission from J. 

Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All rights reserved)  
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 3.3.2 Structural Characterization of the Pt/VACNF Catalysts 

The FESEM images of the as-grown VACNFs presented in Figures 3.1a and 3.1b show 

that the VACNFs are firmly attached to the surface of the graphite paper (GP) in a uniform vertical 

alignment and are fully separated from each other. The VACNFs are randomly distributed with 

the average inter-fiber spacing of ~340 nm (corresponding to an areal density of ~1x109 

CNFs/cm2). The diameter of VACNFs spreads from 50 nm to 250 nm with the average value of 

~150 nm and the length ranges from 5 µm to 11 µm depending on the growth time as shown by 

the cross-sectional FESEM images in Figure A.3. This unique brush-like structure is different from 

the dense and entangled vertically aligned CNTs in other studies7, 30, 47. In VACNF arrays, each 

CNF consists of a stack of conical graphitic cups under the Ni catalyst NPs as shown in Figure 

6.1c. The basal planes of the graphitic layers are stacked and buried inside the VACNFs leaving 

mainly the edge sites exposed at the sidewall. The Ni catalyst presents in the form of an ‘inverse 

teardrop’ at the tip of each VACNF and acts as a cap to the bamboo-like hollow core. The Ni NPs 

were found to have no effects on the ORR catalysis in control experiments after removing them 

by soaking in 0.10 M HNO3. The TEM image in Figure 3.1d shows the tiny Pt NPs deposits on 

the sidewall of the VACNF array by ion-beam sputtering at a nominal thickness of 5.0 nm 

(corresponding to 10.8 µg/cm2 Pt loading relative to the geometric surface area). The enlargement 

of the indicated region (in red rectangle) is given in Figure 3.1e, which together with the histogram 

in Figure A.4a indicate that the Pt NPs have an average diameter of ~1.1 nm. The high 

magnification TEM image shown in Figure 3.1f shows the lattice fringes of d=0.34 nm, which 

confirms the graphitic nature of the VACNFs. 

Since the individual fibers are well separated, the sputtered Pt can reach deep into the 3D 

structure. Tilting the substrate surface normal at an angle of 5o off from the incoming Pt flux was 
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found to give the most effective Pt deposition onto the VACNF array. Increasing the nominal 

thickness of the Pt deposition was found to increase the Pt nanoparticle size on the VACNF 

sidewall, as confirmed by the TEM images in Figure A.4. The average diameter of the Pt NPs is 

1.14 ± 0.25, 1.69 ± 0.50, and 3.10 ± 0.43 nm for the 5, 10, and 20 nm nominal thickness 

(corresponding to the Pt loading of 10.8, 21.5, and 43.0 µg/cm2), respectively. These sizes are in 

the right range for highly active Pt catalysts48. Above 20 nm nominal Pt thickness, the deposited 

Pt NPs start to extend into secondary nanowhiskers anchored on the VACNFs. The high-angle 

annular dark-field scanning transmission electron microscope (HAADF-STEM) and the EDS elemental 

mapping in the selected region of a sample deposited with 5.0 nm nominal thickness of Pt (Figure A.5) 

further reveal the uniform distribution of Pt NPs on the VACNF surface. The wt% of Pt on the 

Pt/VACNF can be calculated by estimating the mass of carbon present in the VACNFs and the 

amount of Pt deposited on the VACNFs. The mass of carbon in the VACNFs can be calculated from 

the average structure observed by FESEM (Figures 6.1a, 6.1b and A.3b), giving ~177 µg/cm2 for a 

VACNF array with 5 µm average length and 150 nm average fiber diameter. As the Pt loading 

increases, the wt% of Pt on VACNF increases. The Pt wt% on VACNFs are estimated to be ~3.5, 5.8, 

10.8, and 19.8 wt% for the Pt loading of 6.5, 10.8, 21.5, and 43.0 µg/cm2, respectively. It needs to 

emphasize that the internal microstructure of VACNFs are critically different from multi-walled 

carbon nanotubes (MWCNTs) in literature7, 30, which is reflected by the drastically different 

Raman spectra in Figure A.6. The VACNF array shows a much stronger D-band peak at 1341 cm-

1, whose intensity is close to that of the G-band peak at 1580 cm-1. The 2D band shifts up to ~2850 

cm-1 and becomes much broader. These evidences indicate that more sp3 carbon present in the 

VACNFs, most likely at the broken graphitic edges on the sidewall of VACNFs, which is 

consistent with the conical stacked graphitic structure revealed by the TEM images in Figures 3.1c-
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3.1f. The uniform vertical alignment, much lower areal density and free of entanglement between 

the neighbors make it possible to deposit Pt more uniformly along the VACNFs instead of  

accumulating near the tips30. 

 

Figure 3.1: FESEM images of VACNF at (a) low magnification and (b) high magnification; 

(c) a low-magnification TEM image of a bare VACNF; TEM images of Pt/VACNF (10.8 

µg/cm2) at (d) low magnification, (e) high magnification, and (f) high magnification showing 

the lattice fringe of the graphitic layers. The red boxes in panels (d) and (e) indicate the area 

in the next enlarged TEM images. (Reproduced with permission from J. Electrochem. Soc. 

2020, 167, 066523. © The Electrochemical Society. All rights reserved.)  
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CVs of the commercial Pt/C catalyst with a Pt loading of 25.6 µg/cm2 (denoted as 25.6 Pt/C) and 

in-house prepared Pt/VACNF catalyst with a Pt loading of 21.5 µg/cm2 (denoted as 21.5 

Pt/VACNF), respectively. The current density is relative to the geometric area of the working 

electrode. In Figure 3.2a, the reduction peak at -0.20 V (vs. Hg/HgO) in Ar corresponds to reducing 

Pt oxide to Pt whereas the reduction peaks between -0.45 V and -0.75 V correspond to the 

hydrogen underpotential deposition (UPD) on the Pt surface. The increased reduction current 

observed at potentials below 0.0 V (vs. Hg/HgO) in O2–saturated solution is attributed to ORR. 

The 21.5 Pt/VACNF catalyst in Figure 3.2b shows similar ORR and hydrogen adsorption features, 

but they are superimposed on a higher baseline current due to the larger capacitive current. The 

CVs for Pt/VACNF at other Pt loadings in Figure A.7 show similar features. As the Pt loading 

increases, the oxygen reduction and hydrogen UPD current density increases.  

The CV curves indicate that the Pt/VACNF has about 50% higher capacitance contribution 

compared to the Pt/C catalyst. The high capacitive contribution of Pt/VACNF catalysts arises 

mainly from the graphite paper that is used as the substrate to grow VACNFs. Figure A.8a presents 

the CV curves in Ar-saturated 0.1 M KOH for bare GP alone and those of VACNFs grown on GP 

with PECVD growth time of 30, 60 and 90 min. The capacitance relative to the geometric surface 

area of these electrodes is summarized in Figures A.8b and A.8c. The bare 200 µm thick graphite 

paper has a very high capacitance of 10080 ± 105 µF/cm2, which is about 50% higher than the 

capacitive background of Pt/C catalyst. After the VACNFs are grown on the substrate, the 

capacitance is slightly higher, and it increases with the VACNF length. With 11 µm long VACNFs 

(90 min growth time), the capacitance increases by ~11% compared to the bare graphite paper.  
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Figure 3.2: CV curve of (a) Pt/C (25.6 µg/cm2) and (b) Pt/VACNF (21.5 µg/cm2) recorded in 

Ar-saturated (black line) and O2-saturated (blue line) 0.10 M KOH solution at a scan rate of 

50 mV/s ; LSV curves recorded at a scan rate of 10 mV/s and a rotation speed of 1,600 rpm 

in O2-saturated 0.10 M KOH solution for (c) various VACNF catalysts (with a Pt loading of 

0, 6.5, 10.8, 21.5 and 43.0 µg/cm2) and (d) bare graphite paper, bare VACNF, Pt on graphite 

paper (43.0 µg/cm2) , Pt/VACNF (43.0 µg/cm2) and Pt/C (51.2 µg/cm2). The purple dash lines 

mark the zero current density. (Reproduced with permission from J. Electrochem. Soc. 2020, 

167, 066523. © The Electrochemical Society. All rights reserved.)  

Table A.1 summarizes the length and capacitance for just VACNFs after correcting the 

contribution from bare graphite paper. The baseline of the CV in Pt/VACNF shows a slope about 

two times of that of the Pt/C catalyst (see Figures 3.2a and 3.2b), indicating a smaller ohmic 

resistance of the Pt/VACNF electrode due to the larger surface area and absence of Nafion coating.  

It is noted that the graphite paper substrate obscures some details of CVs and it gets difficult to 
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extract the ECSA for low Pt loadings. But for 20 nm nominal thickness of Pt (43.0 µg/cm2) on the 

VACNFs, the ECSA was estimated to be 23.5 m2/g as shown in Figure A.2. This is lower than the 

28.6 m2/g obtained with commercial Pt/C, which is mainly due to the larger Pt NPs on the VACNF 

tip surface which approximately accounts for about ~20% of the deposited Pt in proportion to its 

geometric surface area. More uniform Pt distribution and higher ECSA can be achieved in the 

future using other deposition techniques like atomic layer deposition (ALD).  

The linear sweep voltammetry (LSV) curves of the bare VACNF and Pt/VACNF catalysts 

(at 6.5, 10.8, 21.5, and 43.0 µg/cm2 Pt loading) recorded with the RDE from +0.20 V to -0.50 V 

(vs. Hg/HgO) at a rotating speed of 1,600 rpm in O2-saturated 0.10 M KOH is shown in Figure 

3.2c. All LSVs in the O2-saturated solution present the characteristic sigmoidal curves indicating 

the formation of the steady-state. However, compared to the commercial Pt/C catalyst, the baseline 

in the diffusion-controlled region is slanted downward to the negative potential. Nevertheless, the 

limiting current density Jlim and the half-wave potential E1/2 can be derived from each LSV curve 

by extrapolating the linear segments as described in Figure A.1 of the Appendix-A. Table 3.1 

summarizes the Jlim (background-corrected) and E1/2 (vs. both Hg/HgO and RHE) for different 

catalysts. Quantitatively, the capacitive current arising from the VACNF structure and the GP in 

Pt/VACNF is similar in both CV and LSV measurements and can be calculated from the total 

capacitance derived from Figure A.8a. It was found to be only about -0.1 mA/cm2 in the LSV 

curve in Figure 3.2c, which is negligible compared to the measured ORR limiting current density 

(~6.0 mA/cm2). The LSV of 43.0 Pt/VACNF recorded in the absence of O2 (in Ar-saturated 

solution) shows only a small maximum current density of -0.2 mA/cm2 at -0.50 V (vs. Hg/HgO) 

(indicated by the orange solid line), which accounts for the total contribution from surface redox 

reactions, ohmic current, and capacitive current. This is subtracted from the ORR LSVs in data 
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analyses. It is clear that the LSV curves of Pt/VACNF samples slightly vary with the Pt loadings 

at low values but almost superimpose on each other when the Pt loading is above 21.5 µg/cm2.   

Interestingly, the bare VACNF/graphite paper alone also shows a sigmoidal curve, but the much 

lower Jlim and > 120 mV negative shift of E1/2 than the Pt/VACNF catalysts indicates that the bare 

VACNF arrays act as an inefficient ORR catalyst, possibly through the 2-e- reduction pathway.  

Table 3.1: Summary of the limiting current density Jlim (background-corrected) and half-

wave potential E1/2 for different catalysts. The LSVs in Ar-saturated electrolyte is subtracted 

from the ORR LSVs measured in O2-saturated electrolyte before quantitative analyses. (© 

The Electrochemical Society. (Reproduced with permission from J. Electrochem. Soc. 2020, 

167, 066523. © The Electrochemical Society. All rights reserved.)  

 

It is noteworthy that the Jlim values (6.3 – 6.7 mA/cm2) of all the Pt/VACNF catalysts are 

higher than the value of ~5.7 mA/cm2 by Levich equation at 1,600 rpm for the benchmark system, 

i.e. the conventional ultrathin Pt/C catalyst films. To reveal the reasons, systematic LSV 

experiments were performed with the bare graphite paper (GP), bare VACNFs grown on GP, and 

VACNFs on GP sputter-coated with 43.0 µg/cm2 Pt. The LSV data in RDE experiments are 

Catalyst
Jlim

(mA/cm2)
E1/2

(V vs. Hg/HgO)
E1/2

(V vs. RHE)

Bare GP 1.2 -0.291 0.616

Bare VACNF 3.5 -0.247 0.660

6.5  Pt/VACNF 6.3 -0.118 0.789

10.8 Pt/VACNF 6.5 -0.102 0.805

21.5 Pt/VACNF 6.6 -0.091 0.816

43 Pt/VACNF 6.7 -0.086 0.821

43 Pt/GP 5.8 -0.131 0.776

51.2 Pt/C 5.7 -0.045 0.862
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systematically compared with the commercial Pt/C thin film catalyst at 51.2 µg/cm2 Pt loading. As 

shown in Figure 3.2d, the 51.2 µg/cm2 Pt/C catalyst shows an ORR Jlim = 5.7 mA/cm2 which 

matches the theoretical value and exhibits an expected E1/2 = -0.045 V vs Hg/HgO (i.e. 0.862 V 

vs. reversible hydrogen electrode (RHE)). These benchmark characteristics validate that the 

experimental conditions are appropriate.  

Interestingly, even the bare GP shows a low ORR activity (Jlim = 1.2 mA/cm2) at lower 

potentials with E1/2 = -0.291 V vs Hg/HgO (0.616 V vs. RHE). After the growth of VACNF arrays 

on the GP, the ORR current substantially increases to Jlim = 3.5 mA/cm2 and the LSV curve 

positively shifts to E1/2 = -0.247 V vs Hg/HgO (0.660 V vs. RHE). After sputtering 43.0 µg/cm2 

Pt onto the VACNF array, the ORR Jlim value jumps up to ~ 6.7 mA/cm2, exceeding the theoretical 

value for thin-film Pt/C catalyst by ~18%.  In the meantime, the LSV curve significantly shifts to 

higher potentials with E1/2 = -0.086 V vs. Hg/HgO (0.821 V vs. RHE). The E1/2 value of Pt/VACNF 

with 43.0 µg/cm2 Pt loading is only 41 mV lower than the commercial Pt/C catalyst with 51.2 

µg/cm2 Pt loading. For comparison, the bare GP (without VACNFs) sputtered with 43.0 µg/cm2 Pt 

gives much more negative E1/2 = -0.131 V vs. Hg/HgO (0.776 V vs. RHE). It is noteworthy that 

the current density at E < -0.2 V is much higher than the theoretical limiting current density (~5.7 

mA/cm2 at 1,600 rpm) given by the Levich equation and the LSV is slanted. Using the linear 

extrapolating method in Figure A.1, the Jlim value is determined to be 5.8 mA/cm2 matching well 

with the theoretical value. The more positive E1/2 value of Pt/VACNF in comparison with Pt/GP 

confirms that the VACNFs are able to support the majority of the Pt NPs, leading to the ORR 

activity comparable to the well-dispersed commercial Pt/C system. However, it is surprising that 

both Pt/GP and Pt/VACNF (grown on GP) give high Jlim values exceeding the diffusion limited 

theoretical value obtained for Pt/C thin films. Understanding the fundamental principles behind 



 65 

this phenomenon is critical for design and electrochemical studies of future 3D catalyst supports. 

So far, little efforts have been made to reveal the unique RDE features of the 3D catalyst films. 

 

Figure 3.3: (a) Schematic illustration of the working electrode set up; (b) LSV curves of 43.0 

µg/cm2 Pt on GP disks (solid lines) and 43.0 µg/cm2 Pt/VACNF on GP disks (dashed lines) 

recorded in O2-saturated 0.10 M KOH solution with a scan rate of 10 mV/s in the negative 

direction and at a rotation speed from 500, 1600 & 3000 rpm, respectively; (c) The plot of yh 

(left scale)) and o (right scale) of a flat thin-film RDE vs. the rotation speed (rpm). The black 

horizontal lines indicate the thickness of the GP substrate (left scale) and the average length 

of VACNF arrays produced by different growth time (right scale) for comparison with yh 

and o, respectively; (d) LSV curves of bare VACNF arrays on the GP substrate with 

different growth time in O2-saturated 0.10 M KOH solution at a scan rate of 10 mV/s and a 

rotation speed of 1600 rpm. (Reproduced with permission from J. Electrochem. Soc. 2020, 

167, 066523. © The Electrochemical Society. All rights reserved.)  

-0.6 -0.4 -0.2 0.0 0.2

0.3 0.5 0.7 0.9 1.1

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

E (V vs RHE)

J
 (

m
A

/c
m

2
)

E (V vs Hg/HgO)

 500 rpm

 1600 rpm

 3000 rpm

 500 rpm

 1600 rpm

 3000 rpm

-0.4 -0.2 0.0 0.2

0.5 0.7 0.9 1.1

-4.5

-3.0

-1.5

0.0

E ( V vs RHE)

J
 (

m
A

/c
m

2
)

E ( V vs Hg/HgO)

 VACNF GT-30 min

 VACNF GT-60 min

 VACNF GT-90 min

500 1000 1500 2000 2500 3000
100

200

300

400

500

 yh

 o

 (rpm)

y
h
 (


m

)

2

4

6

8

10

12

VACNF GT-30 min

VACNF GT-60 min


o
 (


m

)

VACNF GT-90 min

Graphite Paper

dc

a
b

Graphite paper (200 μm)
VACNFs (5 μm)

Glassy Carbon 
PEEK body



 66 

ORR catalysts are normally studied by drop-casting a uniform thin film (< 200 nm) of the 

catalyst material onto the inlaid RDE. The vertically aligned 3D catalyst support is much thicker 

(5-11 µm) and poses a highly porous open structure. Thus, it is substantially different from the 

conventional Pt/C system. Also, as shown in Figure 3.3a, it is necessary to mount the VACNF 

arrays along with the GP substrate onto the RDE to retain the intact vertically aligned structure. 

Similar methods have been reported in other studies using polymer transferring films7, 47, 49, but 

the processes were not easy to control and it was hard to quantify the RDE voltammetry data. 

Alternatively, some studies use recessed RDEs for the non-conventional porous materials31, 50. 

However, this approach also has its limitations such as larger ohmic resistance and altered 

hydrodynamics due to the large recessing depth (typically > 500 m). Hence it is necessary to 

explore RDE studies using the raised VACNF array electrodes as illustrated in 3.3a. 

Here we systematically link the observed RDE voltammetry results with all the possible 

structural factors illustrated in Figure 3.3a. First, the silver paste used for mounting the 

VACNF/GP disk onto RDE was found to have a negligible contribution towards the ORR. There 

is no measurable difference in LSV curves between the bare glassy carbon RDE and that applied 

with the Ag paste. Second, the bare GP substrate did increase the baseline current. A peak current 

of ~1.2 mA/cm2 is observed with the bare GP disk in Figure 3.2d, which increases with the rotation  

rate. This low ORR is at rather negative potentials. Third, after growing VACNFs on the GP disks, 

LSV shows a tilt sigmoidal curve with substantially higher ORR current at slightly higher 

potentials than the bare GP disk. Fourth, Pt/VACNF samples show LSVs approaching that of the 

commercial Pt/C catalyst but with a higher Jlim than the theoretical value by Levich equation. The 

control experiment using 43.0 g/cm2 Pt directly deposited on a GP also shows higher Jlim than the 

theoretical value but with a negative shift in E1/2 than Pt/VACNF (Figure 3.3b). 
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As shown in Figure 3.3a, when the GP disks are mounted on the RDE, the electrode surface 

is raised above the surrounding PEEK insulator by about 200 µm due to the GP thickness. This is 

considerably larger than the thickness of the catalyst film ( 0.2 µm)51 in traditional thin-film RDE 

experiments. Therefore, the resulted hydrodynamic conditions need to be re-examined. The raised 

GP edge is expected to give a Reynolds number larger than the critical Reynolds number52
 and 

thus will induce turbulent flow at the GP disk edge. Accordingly, the mass transfer of O2 is larger 

than the ideal linear diffusion described by the Levich equation. This effect becomes more evident 

at higher rotation rates, as revealed by the larger tilt of the LSV curves in Figure A.9b.  

The fundamental hydrodynamics of a thin-film RDE can be further illustrated with two 

parameters, namely the hydrodynamic boundary layer thickness yh and the steady-state diffusion 

layer thickness o, which are given as following52: 

                                                               yh = 3.6(ν
ω⁄  )1/2                                            (3.1)  

                  δo = 1.61Do

1

3 ω−
1

2ν−
1

6             (3.2) 

where  is the angular frequency in s-1 and Do is the diffusion coefficient in cm2/s. The 

values of these two parameters are plotted versus the rotation rate in Figure 3.3c. The 

hydrodynamic boundary layer thickness yh indicates the thickness of the solution rotating with the 

RDE. In 0.10 M KOH ( = 0.01 cm2/s) at  = 1600 rpm or 167.5 s-1, yh is roughly 278 µm using 

Equation (3.1). In this study, the 200 µm thick GP substrate is close to yh. Therefore, the deviation 

from the Levich equation is expected. This explains the slanted LSVs in the diffusion-controlled 

regime, which can be partially corrected by the linear extrapolating method illustrated in Figure 

A.1. 
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The second parameter o describes the steady-state diffusion layer thickness of a thin-film 

RDE in the diffusion-controlled regime in RDE LSVs. Based on Equation (3.2), o is 1.55 µm at 

1600 rpm, which is considerably larger than the conventional 200 nm catalyst film thickness. In 

contrast, the average thickness of the VACNF arrays at different growth times in this study is 5, 8 

and 11 µm, respectively, much larger than o. Hence, the open 3D structure of VACNF poses a 

secondary effect causing the LSVs in RDE experiments to deviate from the Levich model. Figure 

3.3b indeed show that Pt/VACNFs on GP exhibit slightly higher Jlim than the Pt/GP catalyst and 

the difference increases with the rotation rate. Interestingly, the LSVs of the bare VACNF/GP 

samples (Figure 3.3d) only show slight changes versus the VACNF length, clearly not in a 

proportional relationship. It is likely that the diffusion layer is mainly disturbed by the roughness 

at the outer surface (~0.5-1.0 µm) rather than the full 3D brush-like VACNF structures.  

Overall, the obtained high limiting current density and the tilt LSV curves of the  

Pt/VACNF catalysts can be rationalized with the deviation from the Levich equation by the 

turbulent flow at the raised GP substrate edge and the disturbance to the stagnant diffusion layer 

by the surface roughness of the VACNF arrays. The linear extrapolating method (see Figure A.1) 

can partially correct the tilt of LSVs. Thus, the general principles of RDE measurements are still 

applicable to such complicated 3D systems. We just need to be cautious in quantitative 

interpretation of the enhanced limiting current density comparing to the thin-film Pt/C catalyst. In 

the Pt/VACNF system, even though the ORR catalytic activity is primarily attributed to Pt NPs, 

the VACNF array not only provides the 3D open architecture to support Pt catalyst but also 

presents the synergistic ORR catalytic activity at more negative potentials.  

3.3.4 Analyses of the Rotating Disk Electrode Measurements 

The RDE polarization curves (after background correction) at a series of rotation speed 
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from 500 to 3,000 rpm for the commercial Pt/C catalyst at 25.6 µg/cm2 Pt loading and the 

Pt/VACNF catalyst at 21.5 µg/cm2 Pt loading are displayed in Figures 3.4a and 3.4b, respectively. 

The Jlim for ORR increases with the rotation speed while the steady-state diffusion layer thickness 

o is reduced. The RDE polarization curves (after background correction) for the Pt/C and 

Pt/VACNF catalysts (with Pt loadings of 6.5, 10.8 and 43.0 µg/cm2) are displayed in Figure 

A.9.Clearly, all Pt/VACNF catalysts show consistent higher Jlim values than the benchmark Pt/C 

catalyst, but the tilt of the curve in the diffusion-controlled region becomes smaller as the Pt 

loading increases.  

 

Figure 3.4: Rotating disk electrode voltammogram with background-corrected for (a) Pt/C 

(25.6 µg/cm2) and (b) Pt/VACNF (21.5 µg/cm2) recorded in 0.10 M KOH solution with a scan 

rate of 10 mV/s at a series of rotation speed from 500 to 3,000 rpm. The purple dash line 

marks the zero current density; (c) KL plot derived using background-corrected Jlim at -0.4 

V (vs. Hg/HgO) for Pt/C (25.6 µg/cm2) and Jlim calculated as described in supplementary 

information for Bare VACNF, Pt/GP (21.5 µg/cm2) and Pt/VACNF (21.5 µg/cm2). 

(Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  

The Koutecky-Levich (KL) equation has been commonly used to evaluate the kinetic 

parameters of the ORR reaction with conventional catalysts and is adopted for the Pt/VACNF 

system here. Figure A.10 shows the KL plots (i.e. 1/j vs. 1/1/2) for various catalysts derived at 

different potentials based on Equation (3.3): 
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1

𝐽 
=  

1

𝐽𝑘
+ 

1

𝐵1/2                                                            (3.3) 

where J is the measured current density (mA/cm2), Jk is the kinetic limited current density 

(mA/cm2) and  is the electrode rotation speed (rpm). The KL plots within the potential range 

from -0.2 V to -0.5 V (vs. Hg/HgO) presented in Figure A.10 exhibit linear lines nearly parallel to 

each other for each catalyst, confirming the reaction is diffusion-controlled. From the slope (1/B) 

of the KL plots, the overall electron transfer number (n) can be calculated using the Levich 

equation:  

                                                      𝐵 = 0.20𝑛𝐹[𝑂2]𝐷𝑂2

2/3ν−1/6                                          (3.4) 

where n is the electron transfer numbers in ORR, F is the Faraday constant (96,485 C mol-1), [O2] 

= 1.2 x 10-6 mol cm-3 is the dissolved O2 concentration in 0.10 M KOH,  𝐷𝑂2
 = 1.90 x 10-5 cm2 s-1 

is the diffusion coefficient of O2 in 0.10 M KOH and  = 0.01 cm2 s-1 is the kinematic viscosity of 

0.10 M KOH solution. Figure 3.4c shows the KL plot derived using the Jlim at -0.4 V (vs. Hg/HgO) 

for 25.6 Pt/C and Jlim derived from the linear extrapolation method (see Figure A.1) for bare 

VACNF, 21.5 Pt/GP and 21.5 Pt/VACNF. The derived n values are 2.9, 3.9, 4.7 and 5.1, 

respectively. The 25.6 µg/cm2 Pt/C catalyst gives n = 3.9, close to the benchmark value of 4.0 for 

the direct reduction of O2 through the 4-e- pathway. This validates the experimental conditions and 

the algorithm of the KL analyses. However, the as-derived value n = 2.9 for the bare VACNF array 

is greater than n = 2 for the 2-e- ORR pathway while n = 4.7 for 21.5 Pt/GP and n = 5.1 for 

Pt/VACNF are greater than n = 4 for the 4-e- pathway. As discussed above, this is associated with 

the enhanced Jlim by the thick GP substrate, which causes the LSV to deviate from the Levich 

equation. Modification to the Levich equation is needed to apply the KL analyses on 3D catalyst 

structures. The contribution of the 3D morphology53 and their effects on KL analyses of carbon-
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based electrocatalysts54 have indeed received attention recently. While more accurate algorithms 

need to be developed in the future, here we hypothesize that the Pt catalysts on the 3D VACNF 

support follow the direct 4-e- transfer ORR pathway similar to traditional Pt/C catalyst.  

 3.3.5 DFT Simulation of the ORR Mechanism of the VACNF Catalyst Support 

The dissociative and associative 4-e- ORR mechanisms on Pt (111) in alkaline solutions 

are adopted in this study.55-58 As shown by Equations (3.5-3.8), the dissociative ORR pathway 

follows a direct O–O bond cleavage of 𝑂2
∗. For each dissociated O*, one H is abstracted from liquid 

H2O(l), coupled with the charge transfer of one electron to form OH- ion and OH* (Equation 3.8). 

The combination of OH* coupled with a second charge forms a second OH- ion.  

 𝑂2(𝑔) + ∗ →  𝑂2
∗                                                                                                     (3.5) 

 𝑂2
∗ + ∗ →  2𝑂∗                                                                   (3.6) 

 𝑂∗  + 𝐻2𝑂(𝑙) +  𝑒− →  𝑂𝐻∗  +  𝑂𝐻−(𝑎𝑞)                                                       (3.7) 

 𝑂𝐻∗  +  𝑒− → ∗ + 𝑂𝐻− (aq)                                                                            (3.8) 

In the associative mechanism shown in Equations (3.9-3.10), O2* first abstracts one H atom 

from H2O (l) producing OOH* and an OH- ion (first charge transfer), followed by the O–O bond 

cleavage to produce OH* and O*. Both O* and OH* proceed to form OH- by following steps as 

in Equations (3.7-3.8).  

 𝑂2
∗  + 𝐻2𝑂(𝑙) +  𝑒− →  𝑂𝑂𝐻∗  + 𝑂𝐻−(𝑎𝑞)                                                         (3.9) 

𝑂𝑂𝐻∗ + ∗ → 𝑂𝐻∗  + 𝑂∗                                                                                        (3.10) 

Over the Pt-free VACNF, both 2-e- and 4-e- pathways were also considered. According to 

Choi et al.59, it has been shown that O2 adsorption is not crucial because the charge transfer 

initiating ORR may occur in the outer Helmholtz plane. Thus, the process involving OOH* 

formation can be summarized by Equation (3.11). In the 2-e- pathway, OOH* will desorb upon 
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receiving the second electron, as in Equation (3.12). In the 4-e- pathway, OOH- further undergoes 

the O–O bond cleavage to form OH* and O*. At the OH-passivated VACNF edge, the formation 

of O* is likely to result in H2O formation from the passivating OH groups, as described by 

Equation (3.13 -3.14), where 𝑂𝐻𝑒𝑑𝑔𝑒 and 𝑂𝑒𝑑𝑔𝑒 denote the passivating OH and O species at the 

graphitic edge. 

𝑂2(𝑔) + ∗ +𝐻2𝑂(𝑙) + 𝑒− →  𝑂𝑂𝐻∗ + 𝑂𝐻−                                                       (3.11) 

 𝑂𝑂𝐻∗ +  𝑒− → ∗  +𝑂𝑂𝐻−(𝑎𝑞)                                                                             (3.12) 

             𝑂𝑂𝐻∗ + 3𝑂𝐻𝑒𝑑𝑔𝑒 →  3𝑂𝑒𝑑𝑔𝑒 + 2𝐻2𝑂(𝑎𝑞)                                                           (3.13) 

             𝑶𝒆𝒅𝒈𝒆 +  𝑯𝟐𝑶(𝒍)  + 𝒆− → ∗  +𝑶𝑯−(𝒂𝒒)                                                                  (3.14) 

Analogous to the Computational Hydrogen Electrode (CHE) model under acidic 

condition56, the elementary charge transfer step in an alkaline environment is represented by 

Equation (3.15). In the same way, the step involving OOH-(aq) is represented by Equation (3.16). 

𝑂𝐻−(𝑎𝑞) +
1

2
𝐻2(𝑔) →  𝐻2𝑂(𝑙) +  𝑒−                                                                   (3.15) 

𝑂𝑂𝐻−(𝑎𝑞) +  
1

2
𝐻2(𝑔) →  𝐻2𝑂(𝑙) +  

1

2
𝑂2(𝑔) +  𝑒−                                             (3.16) 

Both zero-point energy (ZPE) corrections and entropic contributions were estimated based on the 

simple harmonic approximation60. For liquid phase water, H2O(l), the solvation energies (the free 

energy difference between their gas-phase and aqueous-phase states) were taken from the 

handbook by Dean61.  

As shown in Figure A.11, the dangling bonds at the graphitic edges are passivated with OH 

groups. Free energy diagrams corresponding to the 2-e- and 4-e- ORR pathways over bare 

VACNFs, along with the configurations of reaction intermediates, are presented in Figure 3.5. As 

indicated in Figure 3.5, the formation of OOH* from O2 (g) via the first charge transfer in Equation 
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(9), is an exothermic process. For the 4-e- process (blue line in Figure 3.4), O* destabilizes the 

passivating OH and converts it into oxygen atoms according to Equation (3.13). This step is highly 

exothermic (-5.19 eV corresponding to the formations of 3 edge sites without the passivating H, 

as indicated by the inset Figure in Figure 3.5). However, the regeneration of passivating OH groups 

in Equation (3.14) will be a highly endothermic step (1.16 eV). Thus, the 2-e- process, simply 

involving the desorption of OOH* (as OOH- indicated by red lines in Figure 3.5) is more 

competitive and is consistent with the experimental results in this work.  

 

Figure 3.5: Free energy diagram comparing the 2-e- associative pathway (red) with 4-e- 

pathway (blue) on as-grown VACNFs. Color code: white - H, red – O, gray – C, purple – O 

from the reactant. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 

066523. © The Electrochemical Society. All rights reserved.)  

DFT calculations based on the Pt/VACNF model confirmed that Pt atoms preferentially 

bind at the edge. The sputtered Pt atoms form strong Pt–C bonds with the C atoms at the graphitic 

edge, which stabilizes the ORR active sites. As shown in Figure A.12, the strong Pt–C interaction 

enables Pt to easily replace the original O species passivating the graphitic edge. Other evidence 

from modeling has been reported by Cheng and coworkers.62, 63 More detailed structures of Pt 

catalysts supported on VACNF models are shown in Figures A.11-A.13. Upon optimization, the 
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Pt structure becomes somewhat corrugated and also compressed due to the mismatch between Pt 

and graphene lattices, i.e. 2.51 Å in graphene versus 2.81 Å nearest neighbor Pt-Pt distance in Pt 

(111) surface.  

 

Figure 3.6: a) Molecular structures of ORR reaction intermediates and (b) free energy 

profiles of the 4-e- pathway for ORR on Pt/VACNF (red) comparing with Pt (111) (blue) by 

both dissociative (dashed lines) and associative mechanisms (solid lines). Color code: white – 

H, red – O, gray – C, blue – Pt. (Reproduced with permission from J. Electrochem. Soc. 2020, 

167, 066523. © The Electrochemical Society. All rights reserved.)  

Here, these Pt atoms are also considered to be the primary site for ORR. The molecular 

configurations of the most stable intermediates associated with the proposed mechanism for 

Pt/VACNF are shown in Figure 3.6a. All ORR intermediates prefer to bind at the Pt site. The free 

energy diagram (Figure 3.6b) shows that O2 adsorption over Pt/VACNF becomes much stronger 

(-1.45 eV) than on Pt (111) (-0.60 eV). Thus, the overall ORR free energy profile for the 
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Pt/VACNF system shifts notably downward. The O–O bond cleavage is also an exothermic step 

(-1.19 eV). Subsequent formation of OH* (a one-electron transfer step, Equation (3.7)) and its 

desorption to form OH-(aq) (Equation (8)) are both exothermic at -1.12 eV and -0.05 eV,  

respectively. In comparison, over Pt/VACNF, the associative mechanism proceeds through the 

formation of OOH* in Equation (3.9), with a free energy change of -0.01 eV. As shown in Figure 

3.6, the formation of atomic O species via the dissociative mechanism would be much more 

thermodynamically favorable. Interestingly, by applying a potential bias of 1.23 V, the free energy 

diagram (Figure A.14) suggests that the OH desorption step becomes strongly endothermic (1.18 

eV) and likely the rate-limiting step. Furthermore, the limiting potential calculated on Pt/VACNF 

is 0.05 V, which is lower than 0.45 V on Pt (111), due to the strong OH binding at the low 

coordinated Pt sites in our Pt/VACNF model (see Figure 3.5). The DFT calculations are consistent 

with the -41 mV shift in E1/2 with Pt/VACNF comparing to the Pt/C (see Figure 3.2d).  

 3.3.6 Evaluation of the Durability of Pt/VACNF Electrocatalysts 

After rationalizing the RDE LSVs, we can now adapt RDE for further studies. One of the 

objectives is to understand whether Pt/VACNF catalysts show better durability due to the strong 

binding of Pt NPs on the graphic edge sites as revealed by the DFT calculations. To evaluate the 

durability of the synthesized Pt/VACNF catalysts in comparison with the commercial Pt/C 

catalysts, low Pt loading (10.0-13.0 µg/cm2) has been studied with the accelerated stress test (AST) 

in O2-saturated 0.10 M KOH between 0.293 V and -0.307 V vs. Hg/HgO (i.e. 1.200 V and 0.600 

V vs. RHE) at a scan rate of 100 mV/s. After every 1,000 cycles of AST, LSV (at 1,600 rpm) is 

recorded with RDE (Figures 3.7a and 3.7b). Two parameters, the shift of the potential (E) to 

maintain the original half-wave current and the % loss in the limiting current density Jlim, are 

derived and shown in Figures 3.7c and 3.7d. 
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Figure 3.7: LSV curves of (a) Pt/C (12.8 µg/cm2) and (b) Pt/VACNF (10.8 µg/cm2) after every 

1000 AST cycles in O2-saturated 0.10 M KOH solution at a scan rate of 10 mV/s and a 

rotation speed of 1600 rpm ; (C) Changes in the potential in the LSV curves across the 

original half-wave current level vs. the number of AST cycles for both the catalysts; (d) The 

percentage loss in Jlim measured with LSVs using a RDE at 1600 rpm in 0.10 M KOH vs. the 

number of AST cycles for both the catalysts. Jlim for the Pt/VACNF is calculated as shown in 

Figure A.1. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  

 As presented in Figures 3.7a and 3.7b, the Pt/VACNF catalyst with 10.8 µg/cm2 Pt loading 

shows much more stable LSV curves than the commercial Pt/C catalyst with a slightly higher Pt 

loading of 12.8 µg/cm2. The potential shift E after 5,000 AST cycles is about -140.0 mV with the 

Pt/VACNF whereas it is -250 mV for the commercial Pt/C catalyst. The percentage loss of Jlim in 

the Pt/VACNF catalyst is only ~18% after 5,000 AST cycles in contrast to 50% in Pt/C catalyst. 
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The average sizes of the Pt nanoparticles in Pt/VACNF catalyst and Pt/C catalyst are about 1.1 nm 

and 3.5 nm, respectively. Even the smaller Pt NPs on the VACNF exhibit better durability than 

the Pt/C catalyst. This could be likely attributed to the strong interactions between Pt NPs and the 

graphitic edges. The durability can be further improved by increasing the Pt loading as shown in 

Figure A.15, and it is clear that 43.0 µg/cm2 Pt/VACNF is still better than 51.2 µg/cm2 Pt/C. The 

TEM images before and after 5,000 AST cycles in Figure A.16 further shows the severe dissolution 

and agglomeration of Pt in Pt/C whereas much smaller changes were observed in Pt/VACNFs. 

 3.3.7 Tolerance to Methanol Crossover Reaction 

For DMFCs, the ideal ORR catalyst should exhibit higher tolerance to methanol crossover 

from the anode. These have been investigated by a side-by-side comparison of the Pt/VACNF 

catalyst (at 10.8 and 21.5 µg/cm2 Pt loadings) with the commercial Pt/C catalyst (at 12.8 and 25.6 

µg/cm2 Pt loadings). The methanol tolerance was evaluated by performing amperometric 

measurements and record j-t curves while adding 3.0 M methanol into 0.10 M KOH in 20 steps at 

0.2 ml/step followed by 8 steps at 2.0 ml/step. The final methanol concentration was 0.75 M in the 

electrolyte solution. Two fixed potentials, -0.30 V and -0.10 V (vs. Hg/HgO), were chosen for the 

amperometric measurements, corresponding to the diffusion-controlled and mixed kinetic-

diffusion controlled ORR regions of the LSV curves in Figure 3.2c. As shown in Figure 3.8a, at -

0.30 V, the commercial Pt/C is very sensitive to methanol, with the current density dropping from 

about -5.0 mA/cm2 to -2.0 mA/cm2 after adding methanol. In contrast, the current density of 

Pt/VACNF only drops from -6.5 mA/cm2 to -4.4 mA/cm2, retaining 67% of the original ORR 

current. At -0.1 V (Figure 3.8b), where there is stronger methanol oxidation, the difference 

between the commercial Pt/C and the Pt/VACNF is even more evident. For the commercial Pt/C, 

the current density changes from -4.4 mA/cm2 (dominated by ORR) to +3.6 mA/cm2 (dominated 
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by methanol oxidation). In contrast, with the Pt/VACNF, the current density is dominated by ORR 

even after reaching the final methanol concentration of 0.75 M though the magnitude is reduced  

by ~50%, from -3.4 mA/cm2 to -1.7 mA/cm2. This demonstrates that the VACNF support can 

significantly improve the tolerance to methanol crossover. 

 

Figure 3.8: Amperometric j-t curves of Pt/C (25.6 µg/cm2) and Pt/VACNF (21.5 µg/cm2) 

recorded at 1,600 rpm in O2-saturated 0.10 M KOH solution with successive addition of 3.0 

M methanol to give the final concentration of 0.75 M at the potential of  (a) -0.3 V (vs. 

Hg/HgO) and (b) -0.1 V (vs. Hg/HgO); (c) LSV curves recorded at a scan rate of 10 mV/s and 

1,600 rpm in 0.10 M KOH with and without the presence of 0.75 M MeOH for Pt/C (25.6 

µg/cm2) and Pt/VACNF (21.5 µg/cm2). The purple dash lines mark the zero current density 

and black dot lines mark the potential at which amperometric j-t curve was recorded. 

(Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  
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Figure 3.8c presents the LSV curves at 1600 rpm for the two types of catalysts in the 

presence and absence of 0.75 M methanol. For the Pt/C catalyst with 25.6 µg/cm2 Pt loading, the 

LSV curve in presence of methanol is dominated by methanol oxidation at the potential above -

0.23 V (vs. Hg/HgO). In contrast, the Pt/VACNF catalyst with 21.5 µg/cm2 Pt loading exhibits a 

reduction current in the full ORR potential range (up to 0.0 V vs. Hg/HgO) and the methanol 

oxidation is significantly suppressed even up to 0.0 V (vs. Hg/HgO), which explains why a large 

ORR current density can be observed at -0.1 V even after reaching 0.75 M methanol concentration 

(as shown in Figure 3.8b). Figures A.17 and A.18 show similar results for Pt/VACNF catalysts 

with 10.8 and 43.0 µg/cm2 Pt loading, respectively. The methanol oxidation is suppressed in both 

amperometric j-t and LSV curves compared to the Pt/C catalysts at similar Pt loadings. Not 

surprisingly, as the Pt loading increases, the methanol crossover reactions become more dominant 

in the Pt/C catalyst. The observed high tolerance to methanol oxidation could be related to the 

stronger O2 binding on Pt/VACNF than on Pt (111) as revealed by the DFT calculations in Figure 

3.6. The presence of O species on the VACNF-supported Pt NPs hinders the methanol 

chemisorption in the mixed environment of O2 and methanol. Overall, the adsorption of methanol 

on active Pt sites in Pt/VACNF is weaker than that of Pt/C. Thus, the Pt/VACNF catalysts show 

higher selectivity for ORR.  

 3.3.8 Resistance to CO Poisoning 

An ideal catalyst should be completely immune to CO poisoning or able to rapidly recover 

the activity after desorbing CO. This has been evaluated for the Pt/VACNF catalyst (at 10.8 and 

21.5 µg/cm2 Pt loadings) in comparison with the commercial Pt/C catalyst (at 12.8 and 25.6 µg/cm2 

Pt loadings) by recording LSVs at 1600 rpm in 0.10 M KOH solution at three different conditions: 

(1) the initial system purged with pure O2 for standard ORR; (2) the system purged with 10% CO 
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mixed in 90% O2 for poisoning effects; and (3) the system re-purged with pure O2 for the 

recovering capability. Steps (2) and (3) are alternately repeated 5 times. 

 

Figure 3.9: LSV curves recorded at a scan rate of 10 mV/s and 1,600 rpm in 0.10 M KOH 

initially purged with pure O2, then with 10 % CO and 90% O2 (CO poisoning), and re-purged 

with pure O2 (O2  recovery) for (a) Pt/C (25.6 µg/cm2) and (b) Pt/VACNF (21.5 µg/cm2). (The 

initial and 1st O2 recovery LSV curve is overlapped in Figure 7a). The purging sequence was 

repeated 5 times and only the data from the first and fifth sets are presented.  (c) Plot of the 

negative shift of the half-wave potential (E1/2) vs. the different purging conditions. 

(Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  

As shown in Figure 3.9a and 3.9b, it is clear that the ORR limiting current density drops 

when the system is first exposed to CO and it completely recovers to the initial performance after 
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re-purging with pure O2 for both the 25.6 µg/cm2 Pt/C catalyst and the 21.5 µg/cm2 Pt/VACNF 

catalyst. But after the 5th purge with 10% CO, the limiting current density of the Pt/C catalyst drops 

much more and is not completely recovered after re-purge with O2. In contrast, the limiting current 

of the Pt/VACNF catalyst in 5th CO purge drops by about the same amount as in the first CO purge 

and is nearly fully recovered when re-purged with O2. Figure 3.9c presents the change in half-

wave potential between the initial LSV curve and LSV curves recorded at different purging 

conditions. After the fifth trial of CO poisoning, the E1/2 has only a small shift of -4 mV in the 

Pt/VACNF catalyst whereas it is -40 mV in the Pt/C catalyst. Figure A.19 shows a similar behavior 

observed at lower Pt loading with 12.8 µg/cm2 Pt/C and 10.8 µg/cm2 Pt/VACNF during the CO 

and pure O2 purging cycles. These results indicate that Pt/VACNF has clearly a better recovery 

capability from CO poisoning than the commercial Pt/C catalyst and it can be attributed to either 

the stronger O2 adsorption or the presence of O species on the VACNF-supported Pt NPs which 

help to remove CO. 

 3.4 Conclusions 

In summary, the VACNF array grown by PECVD has been demonstrated as a unique 3D 

architecture to support ion-sputtered Pt catalysts for ORR. The linear sweep voltammetry of ORR 

based on such 3D structures on RDE has been found to deviate from the Levich equation. The 

raised edge and the roughness at the top surface of the nanostructured VACNF array alter the 

hydrodynamic conditions and the stagnant diffusion layer thickness, resulting in a slanted ORR 

curve and an increased limiting current density in the Pt/VACNF system. Despite this 

complication, useful information can be extracted from the RDE measurements. The half-wave 

potential of the Pt/VACNF catalysts is comparable to the benchmark commercial Pt/C catalyst at 

similar Pt loadings following a 4-e- ORR pathway. DFT calculations have validated the strong 



 82 

binding of Pt atoms with the graphitic edge sites in Pt/VACNF catalysts. Based on these models, 

we have concluded that ORR proceeds via a 2-e- pathway on bare VACNFs and a 4-e- pathway on 

Pt/VACNF, respectively. The Pt/VACNF catalyst has shown better durability in accelerated stress 

tests than the commercial Pt/C catalyst at similar loading. Furthermore, the Pt/VACNF catalysts 

have shown enhanced tolerance to methanol oxidation. The ORR is the dominant reaction in the 

full potential range with the Pt/VACNF catalysts in the presence of 0.75 M methanol while 

methanol oxidation surpasses ORR above -0.2 V (vs. Hg/HgO) with the commercial Pt/C catalyst. 

The Pt/VACNF system has also shown improved capability to recover from CO poisoning. These 

results provide new insights into the critical roles of 3D nanostructured carbon supports and their 

graphitic microstructures on the fundamental electrocatalytic properties of the catalyst.  
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Chapter 4 - Evaluation of the Catalyst Activity and Durability 

towards ORR using Nitrogen-doped Vertically Aligned Carbon 

Nanofibers 

 4.1 Introduction 

Platinum NPs supported on amorphous carbon (Pt/C) is still considered to be the effective 

catalyst for catalyzing the ORR with sluggish reaction kinetics. The high-cost Pt and its limited 

reserve seems to be a drawback for Pt-based catalysts. Besides the cost issue, they also suffer from 

long-term durability, which is another technical barrier for the commercialization of fuel cells1. 

The performance of the Pt/C deteriorates when operated for a longer time due to the agglomeration 

of Pt NPs and dissolution of Pt from the carbon support1, 2. The other factor that affects the long-

term performance is the oxidation of the underlying carbon support, i.e. carbon corrosion3. The 

fuel cells are operated under harsh conditions and sometimes during startup/shutdown cell voltage 

can rise as high as 1.5 V to counter effect the hydrogen starvation which can result in increasing 

the potential of the cathode reaction4, 5. At very high cathode potentials the carbon starts to degrade 

and form CO2, and the corrosion rate increases drastically with the potential6. Also, the presence 

of more Pt on the surface can further catalyze the oxidation of carbon and there may be increase 

in agglomeration and dissolution of Pt as the amount of carbon decreases7. To address these various 

issues with Pt catalysts it is reported to reduce the Pt loading or replace it completely with non-

noble metal catalysts. However, when the Pt loading is reduced or replaced it is very challenging 

to maintain catalytic activity and durability.  

Introducing strain and electronic effects by alloying with other noble/transition metals7-9, 

designing of Pt catalysts in the form of nanowires, nanodendrites and nanotubes10-14, development 
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of new methods for catalyst synthesis15, developing support materials such as TiO2
16, 17, IrO2

18, 19, 

SnO2
20, SiC21, 22, W2C

23, heteroatom-doped carbon materials24-26 are the various methods that have 

been adopted to solve the durability issue with still employing Pt catalysts. However, among these 

different methods, N-doped into carbon nanomaterials such as carbon nanotubes27, carbon 

nanofibers28, 29, carbon nanocages30, graphene31, graphene paper32, reduced graphene oxide33, 

porous carbon34, ordered mesoporous carbon35 as the catalysts support is considered to be a better 

choice for improving the catalyst durability. The role of nitrogen species in carbon materials has 

been investigated and found out that nitrogen doping altered the electronic and structural properties 

of the employed carbon material and created a stronger metal-support interaction, and thereby 

enhancing the catalytic activity and durability with reduced Pt loading3, 24, 36. Nitrogen doping can 

be achieved by using in-situ or ex-situ methods and both resulting in nitrogen doping with different 

N-functionalities24. Previous reports have suggested that, among different N-functionalities, the 

presence of pyridinic N increases the available ORR active sites and hence contributing to the 

improved ORR activity and increasing the Pt stability28, 32, 33, 37. However, there is no report on 

employing pyridinic N rich VACNFs with lower Pt particle size as catalysts support to address the 

durability of the Pt catalyst.  

In this study, we prepared a N-doped three-dimensional VACNF array using a DC-biased 

PECVD system38, 39 coupled with NH3 plasma annealing (PA) and employed it as a catalyst support 

to improve the durability of the Pt catalysts towards the ORR. We previously conducted a series 

of studies to emphasize the role of VACNFs as a catalyst support for ORR as given in Chapter 3. 

The resulting Pt/VACNF catalysts exhibit considerable durability and higher tolerance to methanol 

crossover when compared to the commercial Pt/C catalyst. Herein, we further explore the role of 

additional nitrogen introduced into the VACNF structures and its influence in the catalyst activity 
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and durability. Initially, the VACNF arrays are prepared using PECVD with an average diameter 

between 50 and 250 nm and an average length of ~5 m. Additional nitrogen is introduced into 

the VACNF arrays by using NH3 plasma annealing at 550 oC for different time intervals. After 

plasma annealing, the surface morphology of the resulting N-VACNF changes, and with the 

assistance of HRTEM and EDX mapping we verified that the plasma annealing creates NiO 

particles as the secondary nanostructures on the catalyst surface. The change in the nature of the 

carbon surface is characterized using Raman analysis. The % of Nitrogen increases with the plasma 

annealing time and the increase in nitrogen content alters the electronic structure of the VACNF 

support. As a result, when the N-VACNF is sputtered with Pt, the nitrogen present in the support 

reduces the Pt particle size, modifies the Pt binding energy, and improves the interaction between 

Pt NPs and the VACNF support. In addition, the nitrogen doping leads to a partial electron transfer 

between the carbon support and Pt NPs, as verified by XPS analysis. As a result, Pt/N-VACNF 

catalyst is found to have better durability when compared to the Pt/VACNF and counterpart Pt/C 

with similar loading. Density Functional Theory (DFT) calculations validate the increase in 

stability of the Pt NPs with an increase in pyridinic N and illustrate the molecular ORR pathway 

for Pt/N-VACNF. Moreover, the resulting Pt/N-VACNF catalyst is also found to have an enhanced 

tolerance towards the methanol crossover and its highly selective to the ORR in a mixed 

environment.  

 4.2 Experimental Section 

 4.2.1 N-VACNF Growth 

Graphite paper with 1 x 1 inch2 was coated with the nickel catalyst for a nominal thickness 
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of 22 nm using a high-resolution ion beam coater and VACNFs with an average length of 5 m 

was grown on the graphite paper substrate using DC-biased PECVD by following the procedure 

mentioned in Chapter 2.   

The N-VACNFs was prepared by introducing nitrogen-doping into the as-grown VACNF 

samples in two different ways: thermal and plasma annealing. Thermal annealing was done by 

heat treating the as-grown samples in the presence of NH3 (400 sccm) at a temperature range 

between 600-800 oC for 1 h. Plasma annealing was done by treating the as-grown samples in NH3 

(400 sccm) plasma with 45 W power at temperatures of 550, 600, and 650 oC for a time period of 

5, 15, and 30 min. Both the annealing was done immediately after preparing the VACNFs  

 4.2.2 Preparation of Pt/N-VACNF 

            Among different N-VACNF samples, the one that was plasma annealed at 550 oC 

for 5 min was used as the catalyst support for Pt. Pt was deposited on the N-VACNFs from a Pt 

target of 99.99% purity using the high-resolution ion beam coater under a pressure of 1.5 x 10-4 

Torr. The sample stage was inclined at an angle of 5o and rotated at a constant speed of 15 rpm to 

ensure uniform deposition of Pt along the fibers. The deposition was maintained at a constant rate 

of 0.5 Å/s and was precisely controlled to a nominal thickness of 20 nm using an in-situ quartz 

crystal microbalance with less than 5% error to get the desired Pt mass loading. The Pt/N-VACNF 

with a nominal thickness of 20 nm has a Pt loading of 43.0 g/cm2 and an overall wt % of ~19.8 

%.  

 4.2.3 Materials Characterization 

The surface topography of the N-VACNF catalysts was obtained using the DS 130F 

FESEM (Topcon, Tokyo, Japan) at a 15 KV accelerating voltage. The microstructure of the N-

VACNF and Pt/N-VACNF was analyzed using a CM 100 transmission electron microscope 
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(TEM) (FEI, Hillsboro, OR) at a 100 kV accelerating voltage and Tecnai F20 XT high-resolution 

TEM (HRTEM) (FEI, Hillsboro, OR) at a 200 kV accelerating voltage. Elemental mapping and 

analysis were obtained using EDS in the Tecnai Osiris S/TEM (FEI, Hillsboro, OR) at a 200 kV 

accelerating voltage and Tecnai F20 XT field-emission S/TEM (FEI, Hillsboro, OR). Raman 

spectra were obtained using a DXR Raman microscope (Thermo Scientific, Waltham, MA) at an 

excitation laser wavelength of 532 nm. Surface composition and chemical environments of the 

catalysts were obtained using a K-Alpha X-ray photoelectron spectrometer system (Thermo 

Scientific, Waltham, MA) with a monochromated Al K source (1486.7 eV). All the X-ray 

photoelectron spectroscopy (XPS) measurements were obtained using a 400 m spot size. Survey 

spectra were recorded using a pass energy of 200.0 eV, a step size of 1.00 eV, and a dwell time of 

10 ms. The high-resolution spectra were recorded using a pass energy of 50.0 eV, a step size of 

0.10 eV, and a dwell time of 50 ms. The high-resolution XPS spectra were deconvoluted using 

OriginPro and the peak fitting was done using Gaussian-Lorentzian curves and a Shirley 

background subtraction. 

 4.2.4 Electrochemical Characterization 

The study of the electrochemical properties and the catalytic activity towards the ORR 

were performed by a three-electrode setup using a CHI 760D electrochemical workstation (CH 

Instruments, Austin, TX) and a rotating ring disk electrode controller (RRDE-3A, ALS Co., Ltd, 

Japan). The commercial Pt/C catalyst was studied under the same conditions to make a fair 

comparison. A coiled Pt wire and a mercury-mercuric oxide (Hg/HgO) electrode (0.198 V vs 

Hg/HgO) with 1.0 M NaOH filling solution was used as the counter and reference electrode, 

respectively. The working electrode for the N-VACNF and Pt/N-VACNF catalysts were prepared 

by punching out a 6.0 mm disks, pasting it on the RDE using a conductive silver paste, and drying 
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at 70 oC for 2 h. For Pt/C, the working electrode was prepared by drop casting 5.0 µL of the catalyst 

ink on a glassy-carbon RDE (3.15 mm diameter) and drying the electrode at RT to get a uniform 

thin film. The catalyst ink was prepared by dispersing 10.0 mg of the catalyst in a 2.5 ml mixture 

of water, isopropanol, and 5 wt% Nafion followed by sonication for 1 h. The amount of Pt/C on 

the RDE was optimized to match the Pt loading on Pt/N-VACNF. The electrolyte for most of the 

studies was 0.10 M KOH solution saturated with Ar or O2. CV was conducted between 0.30 V and 

-0.90 V (vs. Hg/HgO) at a scan rate of 50 mV/s. The RDE polarization curves were obtained using 

LSV technique in a potential range of 0.20 V to -0.70 V (vs. Hg/HgO) at different rotation speeds, 

from 500 to 3000 rpm, and at a scan rate of 10 mV/s. The details in converting potentials versus 

the RHE is mentioned in Chapter 2. The derivation of the limiting current density (Jlim) and the 

half-wave potential (E1/2) electrochemical are described in Sections 1 and 2 and Figures A.1 and 

A.2 in Appendix-A. The durability of the catalysts were evaluated using AST carried out for both 

Pt/N-VACNF and Pt/C in O2-saturated 0.10 M KOH solution by performing continuous potential 

cycling between 0.293 V and -0.307 V (vs. Hg/HgO), i.e., between 1.20 V and 0.60 V versus RHE, 

for 5,000 cycles with a scan rate of 100 mV/s. CV curves and LSV curves at a rotation speed of 

1600 rpm were collected at every 1000 cycles interval during the AST to record the degradation 

of the electrocatalysts. The methanol tolerance ability was evaluated by performing amperometric 

measurements and record j-t curves at -0.1 V (vs. Hg/HgO) while adding 3.0 M methanol into 0.10 

M KOH in 20 steps at 0.2 ml/step followed by 8 steps at 2.0 ml/step. LSV was recorded between 

-0.20 and -0.50 V (vs. Hg/HgO) at 1600 rpm after completely addition of 20 ml of 3.0 M methanol 

to identify the ORR activity in a mixed environment.  
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 4.2.5 Computational Methods 

Computation work done by our collaborators Dr. Bin Liu and Mr. Jiayi Xu in the Tim 

Taylor Department of Chemical Engineering of Kansas State University was used to gain insights 

into the experimental work. Spin-polarized density functional theory (DFT) calculations were 

performed using the Vienna Ab initio Simulation Package (VASP).40 The Generalized Gradient 

Approximation (GGA) Perdew-Burke-Ernzerhof (PBE) functional was used to account for the 

Kohn-Sham electron exchange-correlation interactions41. The projector augmented wave (PAW) 

method was used to represent the ionic cores42. A cut-off for the plane wave basis set expansion 

up to 400 eV was used for all calculations. The break condition for the self-consistent iteration was 

set to be 1 × 10-6 eV. Ionic relaxation was stopped when the forces on all atoms are smaller than 

0.05 eV/Å. Monkhorst-Pack-based k-point meshes43 were employed. The relaxed lattice constants 

for bulk graphite obtained from this setting are a = b = 2.47 Å and c = 6.80 Å, and in very good 

agreement with reported literature values of 2.46 Å, and 6.78 Å, respectively44. Moreover, 

Grimme’s DFT-D3 method was used to account for the dispersion interactions45. 

 4.3 Results and Discussion 

 4.3.1 Structural Characterization 

The morphology of the N-VACNFs prepared by both thermal and plasma annealing is first 

observed by FESEM.  As shown in Figure B.1, the heat treatment to VACNF thus changes the 

morphology of the material based on the temperature. The difference between the as-grown and 

650 oC annealed are not big at this lower magnification. However, when the as-grown VACNFs 

were heat-treated at temperatures higher than 650 oC, we start to see the deformation in the vertical 

alignment (Figure B.1c) and at a very high temperature around 800 oC (Figure B.1d), the unique 

architecture was completely collapsed and the carbon fibers started to be etched away. The initial 
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FESEM assessment on the thermally annealed samples gave an idea on the maximum temperature 

that can be applied to prepare N-VACNF with maintaining its unique 3D architecture. The 

morphology change due to plasma annealing can be identified from the FESEM images in Figure 

B.2. As the VACNFs were plasma annealed, the NH3 plasma starts to etch the sidewalls of carbon 

fibers which is clearly seen from the decrease in its diameter. Apart from the diameter decrease, 

Figures B.2c and B.2d also shows that some kind of secondary structures is created on the surface 

of the VACNF due to the plasma annealing at the temperature between 600-650 oC. The plasma 

annealing between 500-650 oC retained the original vertical alignment along with the unique 

brush-like structure. 

TEM images as shown in Figures 4.1 a-d was taken to further identify the microstructure 

of N-VACNFs and Pt/N-VACNFs. TEM images 4.1a and 4.1b show the clear difference between 

the single carbon fiber before and after plasma annealing for 5 min. The diameter of the carbon 

nanofiber decreases as the result of the plasma annealing and leaving a larger Ni head at the tip 

(resembling a matchstick). Besides, the plasma annealed samples also have secondary structures 

of 5 to 10 nm in diameter and 10 to 15 nm in length on both the sidewalls and surface. Figure 4.1c 

shows the presence of small Pt NPs deposited on the sidewall of VACNF by ion-beam sputtering 

of 20 nm nominal thickness Pt metal. The TEM image with higher magnification in Figure 4.1d 

further confirms the presence of Pt NPs and together with Figure B.3 indicates that the Pt NPs 

have an average diameter of 2.26 ± 0.45 nm. We saw in Section 3.3.2 that the diameter of Pt NPs 

on VACNF with Pt deposited for 20 nm nominal thickness was 3.10 ± 0.43 nm. The smaller 

particle size on Pt/N-VACNFs can be ascribed to the presence of additional nitrogen which gives 

rise to enhanced metal-support interaction.  
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Figure 4.1: TEM image of bare VACNF (a) before and (b) after plasma annealing; TEM 

image of Pt/N-VACNF PA 5 min (43.0 g/cm2) at (c) low and (d) high magnification. The red 

arrow indicates the Pt NPs deposited on the sidewalls; (e) HAADF-STEM image and (f-j) 

STEM-EDX elemental mapping of bare N-VACNF (PA 15 min). 

To identify the presence of different elements and nature of the secondary structures we 

used a high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) 

and EDS elemental mapping in the selected region. Figures 4.1e-j and B.4 confirm the presence of 

C, N, Ni, and O in the N-VACNFs annealed at 5 and 15 min. Based on the elemental mapping it 

is clear that the carbon and nitrogen are present throughout the fiber. It is also found that the 

secondary structures on the surface of VACNFs are possibly NiO (Figures 4.1h and 4.1i). We 

anticipate that this could be deposited during plasma annealing from the Ni head at the tip or from 

some of the unreacted Ni left on the substrate. The TEM EDX spectrum in Figure B.4a confirms 
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the presence of only C, N, O, and Ni in the selected area (as shown by the orange rectangle) and 

the tabulated results in the inset reveals that carbon was the majority element with 96.26 at%. It 

was found that there is 0.53 at% of Ni present in the selected area, which further confirms that the 

secondary structures are Ni-based. The TEM EDX spectrum in Figure B.5 of Pt/N-VACNF PA 5 

min (43.0 g/cm2) reveals the presence of C, O, Pt with C being the majority of about 78.18 %. 

The Cu signal comes from the TEM grid. The wt% of Pt in the selected area for EDX analysis was 

18.54% which is close to the actual wt% of Pt (19.8%) calculated earlier. Elemental mapping of 

Pt/N-VACNF PA 5 min reveals that the carbon and nitrogen were present throughout the fiber, Ni 

presents on the surface alongside oxygen, and Pt presents on the sidewalls as shown in Figure B.6.  

Figure B.7a. displays the Raman spectra recorded for bare VACNF and VACNF samples 

plasma annealed at 550 oC for 5, 15, and 30 min. All four samples exhibit the signature peaks at 

1365 cm-1, 1580 cm-1, and 2695cm-1 corresponding to the D-band, G-band, and 2D-band. The ID/IG 

ratio of bare VACNF, N-VACNF (PA 5 min), N-VACNF (PA 15 min), and N-VACNF (PA-

30min) is calculated to be 0.93, 0.92, 0.89, and 0.70, respectively. The decreased ID/IG ratio 

indicates that the sp3 carbon present in the VACNFs decreases, which is expected as the NH3 

plasma etch the sidewalls of carbon nanofibers. In addition to that, when the sample is plasma 

annealed for longer time (30 min) it gives rise to a sharp 2D-band which further correlates with 

the reduced number of graphitic layers as a result of plasma annealing.  

 4.3.2 XPS Analysis 

XPS measurements were taken further to evaluate the chemical features and composition 

of the prepared catalysts. The survey spectrum was recorded within the range of 0-1400 eV as 

shown in Figure B.7b for bare VACNF, N-VACNF (PA 5min), N-VACNF (PA 15 min), and N-

VACNF (30 min). The survey spectra reveal the presence of C, N, O, and Ni in all the catalysts 
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which further confirms the successful doping of nitrogen into the VACNFs. The at% of different 

chemical components of all the catalysts are listed in Table B.1. To obtain more information about 

the nitrogen functionalities and its content in the plasma annealed samples the high-resolution N 

1s spectra are deconvoluted as shown in Figures 4.2a-d.  

 

Figure 4.2: N 1s XPS spectra of (a) bare VACNF and VACNF samples plasma annealed for 

(b) 5 min, (c) 15 min, and (d) 30 min; Pt 4f XPS spectra for (e) Pt/N-VACNF and (f) Pt/C. 

The N 1s spectra is deconvoluted into four components: pyridinic N (398.80 ± 0.3 eV), 

pyrrolic N (400.1± 0.3 eV), graphitic N (401.20 ± 0.2 eV), and pyridinic N-oxide (oxidic N) 

(402.00-406.00 eV)37, 46. The bare VACNF is mostly dominated with pyridinic N (ca. 32.9%) and 

graphitic N (ca. 34.0%) with some amount of pyrrolic N (10.9%) and oxidic N (22.2%). As the 

VACNFs are plasma annealed the % N increases in the sample and also the relative % of N 

functionalities change. For the N-VACNF PA for 5 min, the at % of N increases from 7.4 to 8.5% 

along with the increase in % of pyridinic N. As shown in Figure 4.2b, it is deconvoluted into 

pyridinic N (ca. 45.2 %), pyrrolic N (16.8), graphitic N (27.4 %), and oxidic N (10.6 %). When 
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the plasma annealing time was further increased to 15 min, the % N content increased to 8.6 % 

with an increase in the pyridinic N (ca. 53.1 %) along with pyrrolic N (ca. 9.4 %), graphitic N (ca. 

16.4 %), and oxidic N (12.1%). However, a further increase of plasma annealing time to 30 min 

resulted in a decrease in the total % N content to 7.4% with a slight decrease in the pyridinic N 

(ca. 49.1 %). The N-VACNF (PA 30 min) also contains pyrrolic N (26.1 %), graphitic N (15.0 %), 

and oxidic N (9.8 %). Figure 4.3a presents the total N and at % of different nitrogen species for all 

the four catalysts. Figure 4.3b presents the ratio between C and different species of N in all the 

four catalysts. 

 

Figure 4.3: (a) Atomic % of different types of N, (b) % ratio of C to N , and (c) atomic % of 

different types of oxygen in bare VACNF and VACNF samples Plasma annealed for different 

time intervals. 

Figure D.8 presents the O 1s spectra of bare VACNF, N-VACNF (PA 5min), N-VACNF 

(PA 15 min), and N-VACNF (30 min). As the plasma annealing time increases, O at % increases 

in the sample. The O 1s spectra of bare VACNF can be deconvoluted into four different peaks 

with binding energies (BE) of 531.28, 532.26, 533.64, and 534.72 eV corresponding to the C=O, 

C-O, C-O-H/C-O-C bonds, and physisorbed water, which accounts for 20.7, 47.7, 23.0 and 8.6 % 

of total oxygen atoms, respectively47. After plasma annealing, the N-VACNF samples show C=O, 

C-O, and C-O-H/C-O-C peaks at almost the same binding energy with a small change in their 

relative % between samples. However, all three plasma annealed samples have an additional peak 
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at ~529.60 eV which can be ascribed to the Ni-O bond48. This further confirms the presence of 

NiO particles on the surface of VACNFs which is quite different from the Ni head at the tip. The 

relative % of NiO is found to be 10.3, 15.0, and 16.4 % for N-VACNF (PA 5min), N-VACNF (PA 

15 min), and N-VACNF (30 min), respectively. Figure 4.3c illustrates the total O content and at 

% of different oxygen species present in all the four catalysts. Table B.2 summarizes the BE and 

relative area % of the individual chemical components derived from O 1s and N 1s high-resolution 

spectra for all the catalysts.  

To identify the type of Nitrogen functionalities, present after Pt sputtering, the N 1s high-

resolution spectra of Pt/N-VACNF PA for 5 min (43.0 µg/cm2) is deconvoluted as shown in Figure 

B.9a. The peaks at 398.81, 400.13, and 401.20 eV are allocated to the pyridinic N, pyrrolic N, and 

graphitic N which accounts for 45.3, 17.6, and 11.1% of total nitrogen, respectively. However, an 

additional peak at 397.75 eV is required to perfectly fit the N 1s spectra which is originally not 

present in either the bare VACNF or N-VACNFs PA for 5 min. The peak at 397.75 eV (ca. 33.9 

%) can be attributed to the presence of Pt-N bond as previously reported in the literature49, 50. This 

gives stronger evidence for the presence of Pt and N interaction in the Pt/N-VACNF sample. In 

Pt/VACNF, the Pt-N bond was present at 398.00 eV and it corresponds to about 26.0% of total N 

as presented in Figure B.9b. It is important to note that the presence of additional pyridinic N in 

the Pt/N-VACNF sample shifted the BE of Pt-N peak negatively by 0.25 eV when compared to 

Pt/VACNF and increased the relative % of Pt-N bond. These findings validate the electron transfer 

between N and Pt, and they are in good agreement with the smaller Pt particle size obtained from  

the TEM image (Figure B.3) resulting from the stronger interaction between N and Pt.  

Figures 4.2e and 4.2d present the Pt 4f XPS spectra of 20 % Pt/C and Pt/N-VACNF. The  

Pt 4f spectrum consists of two spin-orbit splits, namely Pt 4f7/2 and Pt 4f5/2 with a peak ratio of 4:3, 



 100 

and each of them can be further deconvoluted into 3 peaks that are assigned to Pt0, Pt2+ (PtO or 

Pt(OH)2), and Pt4+ (PtO2) species, respectively. The BE and relative area % of each of the 

components in the Pt 4f spectra of Pt/C and Pt/N-VACNF is summarized in Table B.3. As it is 

seen from Figures 4.2e, 4.2f and Table B.3, the BE of metallic Pt (Pt0 4f7/2 and Pt0 4f5/2) shifted to 

a lower value by about 0.19 and 0.22 eV. This observed negative shift is attributed to the electron 

transfer from the carbon support to Pt. In addition to that, the presence of N helps to increase the 

relative concentration of Pt0 (57.2 %) when compared to that of Pt/C (45.6 %) which has no 

nitrogen. Overall, the XPS results confirm the increase of pyridinic N content in the sample with 

PA, presence of NiO in the plasma annealed samples, stronger metal-support interaction, and 

partial electron transfer between Pt and N. 

 4.3.3 Evaluation of the Catalytic Activity for ORR 

Figure 4.4a presents the cyclic voltammetry (CV) curves recorded in Ar-saturated and O2-

saturated 0.10 M KOH solution for N-VACNF PA for 5 min. In the presence of O2, there is a 

reduction peak at -0.252 V (vs. Hg/HgO) which was not present in the absence of O2 indicating 

the ORR activity of the catalyst. As the Pt was sputtered on the N-VACNF (PA 5 min) sample, the 

O2 reduction peak shifts to a positive potential of about -0.099 V (vs. Hg/HgO) indicating an 

increase in the activity resulting from the Pt deposition. As shown in Figure 4.4b there is an 

additional peak around -0.70 V (vs. Hg/HgO) due to the hydrogen adsorption on Pt surfaces similar 

to the one obtained for Pt/VACNF catalysts in Section 3.3.3. The impact of a larger capacitive 

current on the Pt/N-VACNF is discussed earlier in Chapter 3. Figure B.10 displays the CV curves 

recorded for Pt/N-VACNF catalysts with different Pt loadings. As the Pt loading decreases, the 

current density of the O2 reduction peak and H2 adsorption peak decreases.  
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Figure 4.4: Cyclic voltammogram of (a) N-VACNF (PA 5 min) and (b) Pt/N-VACNF (43.0 

µg/cm2) recorded in Ar-saturated (black line) and O2-saturated (blue line) 0.10 M KOH 

solution at a scan rate of 50 mV/s; LSV curves recorded at a scan rate of 10 mV/s and a 

rotation speed of 1,600 rpm (c) for various N doped VACNF catalysts and (d), bare graphite 

paper, bare VACNF, N-VACNF (PA 5 min), 43.0 Pt/N-VACNF, and 51.2 Pt/C. 

Figure 4.4c shows the linear sweep voltammetry (LSV) curves recorded at a rotation speed 

of 1600 rpm between +0.20 V and -0.50 V (vs. Hg/HgO) in O2-saturated 0.10 M KOH solution 

for bare VACNF and VACNF plasma annealed samples. All the LSV’s have almost similar onset 

potential and they overlap in the kinetic region. The difference comes in the mixed and diffusion-

limited region. Once the sample is plasma annealed for 5 min the E1/2 shifted positively to -0.205 

V (vs. Hg/HgO) which was about 42 mV higher when compared to the bare VACNF (-0.247 V 
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vs. Hg/HgO). Also, the current density at -0.50 V for N-VACNF PA 5 min has an almost 20% 

increase when compared to the bare VACNF. However, the ORR activity did not significantly 

improve when the PA time is increased. We attribute that this could be due to the presence of 

larger Ni particles blocking the ORR active sites. So, for further studies involving Pt deposition 

we used the N-VACNF PA 5 min as the support.  

Figure 4.4 d shows that after sputtering 20 nm of Pt there is clearly a positive shift in the 

E1/2 and an increase in the current density indicating the improvement in the catalytic activity with 

still maintaining the sigmoidal shape representing the steady-state condition. However, compared 

to the commercial catalyst Pt/C, the baseline in the diffusion-limited region is slanted towards the 

negative potential. A similar feature was noticed for Pt/VACNF and a detailed study is reported in 

Chapter 2. The 43.0 Pt/N-VACNF has a Jlim value of 6.7 mA/cm2 which is the same as 43.0 

Pt/VACNF with same Pt loading. The difference comes with the negative shift in the ORR curve. 

For 43.0 Pt/N-VACNF, the value of E1/2 is -0.096 V (vs. Hg/HgO) which shifted negatively by 10 

mV when compared to the 43.0 Pt/VACNF (-0.086 V vs. Hg/HgO). We wanted to identify if the 

observed negative shift is due to the presence of NiO particles on the VACNF surface. As shown 

in Figures B.11a-c, the NiO particles diameter increases when the PA time increase. The NiO 

particles present on the surface can be removed by leaving the catalysts in 1.0 M HNO3 for 20 min. 

Figures B.11d-f confirms that the NiO particles were successfully removed including the Ni head 

at the top. Before sputtering Pt on the N-VACNF PA 5 min after treatment with HNO3, the sample 

was dried in vacuum at 70oC. After completely dried Pt of about 20 nm nominal thickness is 

sputtered followed by the testing of ORR activity. As presented in Figure B.12a the Pt sputtered 

after HNO3 treatment has E1/2 shifted more negative when compared to the Pt/N-VACNF without 

any treatment in HNO3. This negative shift can be attributed to the other factors introduced after 



 103 

the treatment in HNO3. After the samples are in contact with the solution and when they are 

removed from it due to the capillary force the individual VACNFs bundle up together as shown in 

Figures B.12b and B.12c and loose its unique architecture. It is clear that removing Ni particles 

from the surface and testing the ORR activity of the catalysts start to introduce additional factors, 

and hence we can’t confirm the influence of NiO in the ORR activity of the Pt/N-VACNF catalyst 

based on these results. The RDE voltammogram at a series of rotation speed between 500 and 

3000 rpm is recorded for the bare VACNF, N-VACNF with PA for different time intervals, and 

Pt/N-VACNF PA 5 min with different Pt loadings (6.5, 10.8, 21.5, and 43.0 µg/cm2) and the results 

are presented in Figures B.13 and B.14. As the rotation speed increases, the Jlim increases as more 

O2 flux reaching the electrode surface. This is in good agreement with the RDE results observed 

in Chapter 2. All the Pt/VACNF catalysts show consistent higher Jlim values than the benchmark 

Pt/C catalyst, but the tilt of the curve in the diffusion-controlled region becomes smaller as the Pt 

loading increases. 

 4.3.4 DFT Analysis 

As shown in Figure B.15, with the presence of more pyridinic nitrogen dopants, the 

formation energy becomes more negative. This indicates that the stability of the Pt NPs increases 

when the pyridinic N content increase. Pt atoms are considered to be the primary binding site for 

O2 which is similar to the undoped fishbone edge and the most stable ORR intermediates over Pt 

supported by pyridinic N (Np)-doped edge are given in Figure 4.5a. According to the free energy 

diagram in Figure 4.5b, the overall energy profile for the ORR over Pt supported by Np-doped 

edge is very much similar to the undoped edge with the rate-limiting step still being the OH 

desorption step and the reaction following a 4-e- pathway. However, the Pt supported by Np-doped 

edge shows slightly stronger adsorption of ORR intermediates. In addition to that, the limiting 
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potential calculated on PtNp/VACNF is -0.06 V, which is lower than 0.05 V on Pt/VACNF and 

0.45 V on Pt (111) due to the stronger binding of OH. Based on these results, we can confirm that 

the -10 mV shift in E1/2 of Pt/N-VACNF is due to the stronger binding of OH and may not be due 

to the presence of NiO particles.  

 

Figure 4.5: (a) Molecular structures of the most stable ORR intermediates over 

Pt/NpVACNF; (b) Free energy diagram of the 4-e- reduction pathway for ORR on 

Pt/NpVACNF (pink) comparing with Pt (111) (red) and Pt/VACNF (blue) by both 

dissociative mechanisms. Color code: white – H, red – O, brown – C, gray – Pt, cool gray - 

N. 

 4.3.5 Durability test for Pt/N-VACNF 

The durability test of the prepared Pt/N-VACNF, Pt/VACNF, and Pt/C catalyst are studied 

using the accelerated stress test (AST) which is done by fast potential cycling (100mV/s) between 

0.293 V and -0.307 V. The ORR activity was tested for all the catalysts by recording the CV and 

LSV at 1600 rpm for every 1000 AST cycles. We evaluate the durability of the catalyst by 

a

b
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calculating the value of shift in potential (E) to maintain the original half-wave current density 

and the results are displayed in Figure 4.6d .  

 

Figure 4.6: LSV curves of (a) Pt/C (51.2 µg/cm2) and (b) Pt/VACNF (43.0 µg/cm2) and (c) 

Pt/N-VACNF (43.0 µg/cm2) after every 1000 AST cycles in O2-saturated 0.10 M KOH 

solution at a scan rate of 10 mV/s and a rotation speed of 1600 rpm; (d) Change in the half-

wave potential of the LSV curves vs. the number of AST cycles for all the catalysts. 

As presented in Figures 4.6a-c, the Pt/N-VACNF catalyst shows much more stable LSV 

curves than the one for Pt/VACNF and Pt/C. The potential shift E after 5,000 AST cycles is 

about -16.0 mV with the Pt/N-VACNF whereas it is -30.0 mV for the Pt/VACNF and -41.0 mV 

for the commercial Pt/C catalyst. This lower shift in  indicates that the Pt NPs deposited on N-
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VACNF PA 5 min is much more stable than the Pt NPs deposited on bare VACNF. Besides, the 

particle size is ~2.3 nm for Pt/N-VACNF which is much smaller than the ~3.1 nm for Pt/VACNF 

and ~3.5 nm for Pt/C. The better durability with even smaller Pt particle size on Pt/N-VACNF 

can be ascribed to the presence of additional pyridinic N which increases the stability of the Pt 

NPs as verified by the DFT analysis and a strong interaction between the Pt and catalysts support 

as verified by XPS analysis. Even at a lower Pt loading of 21.5 µg/cm2 Pt/N-VACNF catalyst 

shows only -27 mV shift in E when compared to the -43 mV shift for Pt/C after 3000 cycles as 

displayed in Figure B.16. Overall it is clear that the presence of additional N increases the 

durability of the catalyst and at the end of AST cycles the Pt/N-VACNF is better than Pt/VACNF 

and Pt/C will similar Pt loadings.  

 4.3.6 Methanol Tolerance of Pt/N-VACNF 

Ability to withstand the methanol crossover seems to be an important criterion for the ORR 

catalyst especially when employed in direct methanol fuel cells. The methanol tolerance was 

evaluated by employing amperometric measurements. The potential used to record the 

amperometric j-t curve is -0.10 V (vs. Hg/HgO) as it is found to be the more critical potential at 

which the Pt catalysts are sensitive to methanol. Figure 4.7a displays the amperometric j-t curve 

recorded for 43.0 Pt/N-VACNF and 51.2 Pt/C. The 43.0 Pt/N-VACNF catalysts lost only about 

21 % of the ORR current density after adding 0.75 M of methanol whereas the 51.2 Pt/C has the 

% loss in negative (-300 %) which tells that the commercial Pt/C catalyst has almost lost all its 

current density generated by the ORR and resulted in current density obtained from methanol 

oxidation reaction.  Besides, the high tolerance towards methanol oxidation for Pt/N-VACNF can 

further be confirmed using the LSV curves as presented in Figure 4.7b. For the Pt/N-VACNF 

catalyst with 43.0 µg/cm2 Pt loading, the LSV curve in the presence of methanol exhibits a 
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reduction current in the full ORR potential range and the methanol oxidation is significantly 

suppressed, which explains why a large ORR current density is observed at -0.10 V even after 

adding methanol for about 0.75 M. In contrast, for the Pt/C catalyst with 51.2 µg/cm2 the LSV 

curve is dominated by the methanol oxidation at the potential above -0.30 V (vs. Hg/HgO) 

indicating a poor tolerance to methanol crossover. Overall, the Pt/N-VACNF is highly selective 

towards the ORR in a mixed environment indicating a higher tolerance to methanol crossover.  

 

Figure 4.7: (a) Amperometric j-t curve of Pt/C (51.2 µg/cm2) and Pt/N-VACNF (43.0 µg/cm2) 

recorded at 1,600 rpm in O2-saturated 0.10 M KOH solution with successive addition of 3.0 

M methanol to the final concentration of 0.75 M at the potential of -0.10 V (vs. Hg/HgO); (b) 

LSV curves recorded at a scan rate of 10 mV/s and 1,600 rpm in 0.10 M KOH + 0.75 M 

MeOH for Pt/C (51.2 µg/cm2) and Pt/N-VACNF (43.0 µg/cm2). The purple dash line marks 

the zero current density. 

 4.4 Conclusions 

In summary, a new N-doped VACNF has been prepared by NH3 plasma annealing at 550 

oC using PECVD and successfully employed as a unique catalyst support to improve the durability 

of the Pt catalysts towards the ORR. The structural characterization results have identified the 

morphological change, indicated the presence of NiO particles on the catalyst surface, and 
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confirmed the anchoring of Pt nanoparticles. The presence of nitrogen species and different oxygen 

functionalities present in the VACNFs as a result of plasma annealing is revealed by the XPS 

analysis. The presence of nitrogen induced a partial electron transfer between the Pt particles and 

N-VACNF support which resulted in a strong metal-support interaction. As a result, the Pt/N-

VACNF with 43.0 µg/cm2 Pt loading and a Pt particle size of ~2.3 nm exhibited only a -16 mV 

shift in E indicating a better durability when compared to the Pt/VACNF and Pt/C catalysts. DFT 

calculations have validated the strong binding of Pt atoms with the pyridinic N-doped edge and 

confirmed the 4-e- reduction pathway for Pt/N-VACNF catalyzed ORR. In addition, the Pt/N-

VACNF catalysts have shown excellent tolerance to methanol oxidation with the oxygen reduction 

being more dominant in the full potential range. Altogether, the increased N content improves the 

durability of the Pt/N-VACNF catalysts and the prepared N-VACNF catalysts with NiO particles 

on the catalyst surface can be further explored as a noble metal-free electrocatalyst for other 

electrochemical reactions in fuel cells and water splitting owing to the advantage of metal oxide 

modified heteroatom-doped carbon nanomaterials. 
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Chapter 5 - Enhancing Methanol Oxidation Reaction with 

Platinum-based Catalysts Using a N-Doped Three-dimensional 

Graphitic Carbon Support 

 5.1 Introduction 

The depletion of fossil-fuels and ever-increasing global energy demands have driven 

researchers to identify sustainable and efficient energy conversion devices, including fuel cells1, 2. 

Among the several types of fuel cells, direct methanol fuel cells (DMFCs) are considered to be a 

promising candidate for automotive, portable applications, and stationary systems, owing to their 

high energy density, low operating temperatures, high energy conversion efficiency, and 

environmental friendliness3-5. However, the widespread applications of DMFCs are limited by the 

sluggish reaction kinetics of anodic methanol oxidation and large overpotentials6, 7. Platinum (Pt) 

and platinum group metals (PGM) are the most commonly used catalysts for methanol oxidation 

reaction (MOR) due to their high ability to enable methanol dehydrogenation8-10. The MOR 

catalyzed by Pt mainly occurs through an indirect pathway and produces carbon monoxide (CO) 

and other carbonaceous intermediates which are known to adsorb strongly on the catalyst surface, 

thus poisoning the active sites and hindering further oxidation of methanol9-11. The poisoning of 

the Pt catalyst can be decreased by alloying it with a secondary metal such as Ru, Cu, Au, Fe, and 

so on12. These secondary metals are identified to adjust the electronic and chemical properties of 

the Pt atoms and enhance the overall catalytic performance towards MOR12. Alloying with Ru is 

one of the best strategies for the removal of COads species. Ru can supply OHads species at lower 

potentials which facilitate the oxidative removal of COads and thus, weakening the interaction 

between Pt and CO intermediates13, 14. 
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In other circumstances, CO poisoning can also be suppressed by employing support 

materials that can provide a synergistic effect of enhanced electron transfer and stronger metal 

anchoring15-18. Among various support materials, the N-doped carbon structures are attractive due 

to their outstanding electrical conductivity, excellent chemical stability, and enhanced catalytic 

activity19. N-doping into the carbon networks can change the nucleation and growth behavior of 

Pt nanoparticles (NPs) and reduce their agglomeration through the strong interaction with Pt, 

resulting in enhanced electrocatalytic activity and long-term stability for MOR20. In addition, N-

doped carbon materials with graphitic properties can withstand carbon corrosion at high potentials, 

which is a common problem in commercial carbon supports such as carbon black. Nitrogen can 

be introduced into the carbon networks in two ways: in-situ doping and post-synthesis doping. The 

in-situ doping includes methods such as arc discharge, pyrolysis, and chemical vapor deposition 

using nitrogen-containing precursors21. The post-synthesis doping approach involves the treatment 

of pre-synthesized materials in the nitrogen-containing atmosphere at elevated temperatures22. 

Among these two types, in-situ N-doping is assumed to create uniformly distributed nitrogen 

species in high concentrations, which can improve the electrocatalytic activity and further increase 

the tolerance towards CO poisoning20. Recently, Ma et al. have reported that Pt NPs supported on 

nitrogen-doped graphene nanocomposite derived from pyrolysis exhibited both higher MOR 

activity and improved tolerance to CO poisoning in acidic media23. Liang et al. fabricated the N-

doped CNTs (N-MOCNTs) that are moderately oxidized using the hydrothermal reaction and the 

resulting Pt/N-MONCNT catalysts showed the best catalytic performance toward MOR in acidic 

media comparing to other catalysts employed in the study24. Ding et al. synthesized N-doped 

macro/oversized mesoporous carbon support using N-doped carbon nanotubes as spacers for N-

doped carbon nanosheets. Pt NPs supported on these 3D architectured N-doped supports exhibited 



 

 115 

enhanced activity and stability for MOR in acidic media relative to the other nanoporous carbon 

catalysts reported in their study25. Zhang et al. prepared a honeycomb-like mesoporous nitrogen-

doped carbon spheres (MNCS) using dopamine as the carbon and nitrogen precursor and identified 

that Pt/MNCS catalyst was electrochemically more active and more stable than the conventional 

Pt/C catalyst in alkaline media20. Hence, the in-depth investigation of in-situ N-doped three-

dimensional (3D) graphitic carbon structure as a support material for methanol oxidation reaction 

in both acidic and alkaline media is required to understand the catalyst-support interactions and 

further improve the performance.  

Herein, we report a study using vertically aligned carbon nanofibers (VACNFs) as a 

catalyst support for MOR in acidic and alkaline media. VACNFs are a robust brush-like array of 

carbon nanofibers consisting of conically stacked graphitic microstructures and are aligned 

vertically in a 3D architecture26. The 3D architectured VACNFs can be used as a unique catalyst 

support for PGM catalysts. Previously, we reported a systematic study explaining the role of 

VACNFs as a catalyst support for the oxygen reduction reaction (ORR) in alkaline media27. The 

Pt-sputtered VACNF catalysts exhibit longer durability, higher tolerance to methanol crossover, 

and a faster recovery from CO poisoning comparing to the traditional Pt/C catalyst. This study 

further reveals the potentials of this 3D architecture as highly effective support for the deposited 

Pt and PtRu NPs for MOR in both acidic and alkaline electrolytes. The synthesized catalysts 

exhibit stronger metal-support interactions and higher electrocatalytic activities. In addition, the 

catalysts have an improved MOR activity and better long-term durability. We prepared VACNF 

arrays using DC-biased plasma-enhanced chemical vapor deposition (PECVD), which possesses 

an area density of ~1.0 x 109 CNF/cm2 with a variable average diameter between 50 to 250 nm 

and an average length of ~5 m. The individual fibers in the VACNF arrays are separated by an 
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average distance of ~340 nm, forming an open structure which allows the PGM NPs to be sputter-

deposited from above and spread along the full length of individual nanofibers. VACNFs offer 

distinctive advantages over other carbon materials owing to their high density of graphitic edge 

sites at the sidewall. In addition, the inherent nitrogen heteroatom doping in the VACNFs can lead 

to the partial electron transfer between carbon support and the deposited PGM NPs, as verified by 

the XPS analysis, and a stronger metal-support interaction, which enhanced the OH adsorption to 

compete with CO poison on the catalyst surface in Pt/VACNF and PtRu/VACNF systems. The 

resulting catalysts are found to have quite different CO stripping and MOR catalytic properties 

from commercial Pt/C catalysts. Density Functional Theory (DFT) calculations have been 

employed to obtain molecular insights. Bader charge analyses aid the understanding of charge 

transfers taking place between the MOR catalysts and their VACNF support. The influence of such 

charge transfers on the relevant binding of CO and OH at the same MOR active sites was 

investigated as well. This study on PGM catalysts deposited on the 3D architectured support 

emphasizes the role of N-doped graphitic edge of VACNFs in enhancing the removal of adsorbed 

intermediate species and improving catalytic performance towards MOR.  

 5.2 Experimental Section 

 5.2.1 VACNF Growth 

Graphite paper with 1 x 1 inch2 was coated with the nickel catalyst for a nominal thickness 

of 22 nm using a high-resolution ion beam coater and VACNFs with an average length of 5 m 

was grown on the graphite paper substrate using DC-biased PECVD by following the procedure 

mentioned in Chapter 2.   
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 5.2.2 Preparation of Pt/VACNFs and PtRu/VACNFs 

             Pt was deposited on the as-grown VACNFs from a Pt target of 99.99% purity using the 

high-resolution ion beam coater under a pressure of 1 x 10-4 Torr. The sample stage was inclined 

at an angle of 5o and rotated at a constant speed of 15 rpm to ensure uniform deposition of Pt along 

the fibers. The deposition was maintained at a constant rate of 0.5 Å/s and was precisely controlled 

to a nominal thickness of 10 nm using an in-situ quartz crystal microbalance with less than 5% 

error to get the desired Pt mass loading. PtRu was deposited on the as-grown VACNFs from a 

Pt/Ru 50/50 at% alloy target with a purity of 99.95%. The deposition procedure of PtRu was 

similar to that of Pt except for the nominal thickness of deposition which was controlled to 21.5 

nm to get the desired PtRu mass loading.  The Pt/VACNF with a nominal thickness of 10 nm has 

a Pt loading of 21.5 g/cm2 and an overall wt % of 10.8 % and the PtRu/VACNF with a nominal 

thickness of 21.5 nm has a PGM loading of 43.0 g/cm2 and an overall wt % of 19.8 %. 

 5.2.3 Materials Characterization 

The surface morphology of the as-grown VACNF arrays was characterized by a versa 3D 

dual beam FESEM (FEI, Hillsboro, OR) at a 15 kV accelerating voltage. The microstructure of 

the Pt/VACNF and PtRu/VACNF was analyzed using a Tecnai F20 XT HRTEM (FEI, 

Hillsboro, OR) at a 200 kV accelerating voltage. Elemental mapping and analysis were obtained 

using EDS in the Tecnai Osiris S/TEM (FEI, Hillsboro, OR) at a 200 kV accelerating voltage. 

Surface composition and chemical environments of the catalysts were obtained using a K-Alpha 

X-ray photoelectron spectrometer system (Thermo Scientific, Waltham, MA) with a 

monochromated Al K source (1486.7 eV). All the XPS spectra were obtained using a 400 m 

spot size. Survey spectra were recorded using a pass energy of 200.0 eV, a step size of 1.00 eV, 



 

 118 

and a dwell time of 10 ms. The high-resolution spectra were recorded using a pass energy of 50.0 

eV, a step size of 0.10 eV, and a dwell time of 50 ms. 

 5.2.4 Electrochemical Characterization 

All the electrochemical measurements were performed in a three-electrode system using 

the CHI 760D electrochemical workstation (CH Instruments, Austin, TX). A coiled Pt wire was 

used as the counter electrode, a silver-silver chloride (Ag/AgCl) (1.0 M KCl) reference electrode 

was used in acidic solutions, and a mercury-mercuric oxide (Hg/HgO) (1.0 M NaOH) reference 

electrode was used in alkaline solutions. For Pt/VACNF and PtRu/VACNF, the working electrode 

was prepared by punching out a 6.0 mm diameter discs from the as-prepared samples and mounting 

it on a PEEK-encased GCE using a conductive silver pasted and dried at 70 oC for a few hours. 

For 20 % Pt/C and 75% PtRu/C, the catalyst ink was prepared by mixing a required amount of 

catalyst powder in a mixture of ethanol, water, and 5 % Nafion to get the catalyst loading similar 

to that of the VACNF catalysts. Then, the resulting solution was sonicated for 1 h and a 5 L of 

the catalyst ink was drop cast onto the 3.0 mm GCE encased in PEEK and dried at room 

temperature to form a uniform thin catalyst film. Before drop-casting the catalyst ink, the GCE 

was polished with a 50 nm diameter alumina slurry. The electrolytes used were 0.10 M HClO4 and 

0.10 M KOH. 

Catalytic activity was evaluated by recording CV between -0.10 to 1.00 V (vs. Ag/AgCl) 

and -0.70 to 0.50 V (vs. Hg/HgO) at a scan rate of 50 mV/s. For comparison with other studies in 

literature, the measured electrode potentials vs. Ag/AgCl in 0.10 M HClO4 and vs. Hg/HgO in 

0.10 M KOH electrolyte at 25 oC are converted to the value vs. RHE, by adding 0.281 V and 0.907 

V, respectively. The catalyst stability was determined by recording CV for 500 cycles at a scan 

rate of 50 mV/s. The ECSA of the catalysts was evaluated using the CO stripping experiments. 
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The electrolyte was first purged with Ar for 10 min to remove any dissolved O2 species followed 

by recording an initial CV. Then, the solution was purged with pure CO gas for 5 min while holding 

the potential at -0.122 V (vs. Ag/AgCl) and -0.80 V (vs. Hg/HgO), respectively. These correspond 

to 0.159 and 0.107 V vs. RHE, respectively. After that, the purging gas was switched to Ar for 

about 30 min to remove any dissolved CO species from the electrolyte at a fixed potential of -

0.122 V (vs. Ag/AgCl) and -0.80 V (vs. Hg/HgO). The current-potential cycles of the electrode 

were obtained in the potential range between 0 to 1.30 V (vs. RHE) at a scan rate of 10 mV/s in 

the presence of Ar. 

 5.2.5 DFT Calculations 

 Computation work done by our collaborators Dr. Bin Liu and Mr. Jiayi Xu in the Tim 

Taylor Department of Chemical Engineering of Kansas State University was used to gain insights 

into the experimental work. Semi-periodic, spin-polarized DFT calculations were performed using 

the VASP28. The PBE functional based on the GGA method was used to account for the Kohn-

Sham electron exchange-correlation interactions29. The PAW method was used to represent the 

ionic cores30. The energy cut-off for the geometry optimization was set to 400 eV with a 

Monkhorst-Pack k-point mesh of 1 × 4 × 1 to sample the first Brillouin zone31. The break condition 

for the self-consistent iteration was set to be 1 × 10-6 eV. The ionic relaxations stop when the forces 

on all atoms are less than 0.05 eV/Å. 

 The fishbone catalyst model was adopted to represent the multi-edge vertically aligned 

carbon nanofiber architecture27. Semi-periodic Pt and Pt-Ru alloy represented by 4-atom Pt4 and 

Pt2Ru2 were placed at the open edge as shown in Figures 5.3 and 5.5.  The CO and OH adsorbates 

were placed at the top and bridge sites to identify the most stable configurations. Bader charge 
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analyses were carried out to understand the charge transfer between the metal catalyst and its 

carbon support32.  

 The adsorption energies (∆𝐺𝑎𝑑𝑠) were calculated using Equation (1), where 𝐸∗ refers to the 

total energy of the adsorbate-free system. The free energy of free OH is estimated with Equation 

(2) using the gas phase H2O and H2 as the reference33. The zero-point energy (ZPE) corrections 

and entropic contributions were estimated using the vibrational frequencies obtained from the 

simple harmonic approximation34.  

                                                         ∆𝐺𝑎𝑑𝑠 = 𝐺𝑎𝑑𝑠 − 𝐸∗ − 𝐺𝑎𝑑𝑠 (𝑔)                                        (5.1) 

                                                           𝐺𝑂𝐻 = 𝐺𝐻2𝑂 −
1

2
𝐺𝐻2

                                                     (5.2) 

 5.3. Results and Discussion 

 5.3.1 Morphological Analysis 

 The FESEM image of the as-grown VACNFs with an average diameter of 150 nm is shown 

in Figure 5.1a. The VACNFs are vertically aligned and well separated from each other, forming a 

unique brush-like structure. The TEM image in Figure 5.1b shows the uniform deposition of Pt 

NPs on the VACNF sidewall at a Pt loading of 21.5 g/cm2 (relative to the geometric surface area 

of the graphite paper substrate that the VACNF arrays were grown on). The average particle size 

was found to be 1.7  0.4 nm as shown by the distribution in Figure C.1a. The high-magnification 

image of the area highlighted by the red rectangle in Figure 5.1b is shown in Figure 5.1c, which 

displays the Pt NPs present on top of the graphitic layers of VACNF. The lattice fringe d= 0.34 

nm confirms the presence of graphitic layers.  This shows that small Pt NPs (highlighted in white 

circles) are effectively anchored on the graphitic edges instead of basal planes. The TEM image of 

PtRu/VACNF and the particle size distribution in Figure C.1b show the similar structure of PtRu 
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alloy NPs on the VACNFs sidewall with an average particle size of 2.8  0.6 nm at the PGM 

loading of 43.0 g/cm2.  

 

Figure 5.1: (a) FESEM image of VACNF; (b) TEM image of Pt/VACNF (21.5 g/cm2 

loading); (C) High-magnification TEM image of the red highlighted area of panel (b) 

showing the lattice fringes of underlying graphitic carbon and Pt nanoparticles (some being 

highlighted with white circles); (d) Schematic illustration of single VACNF deposited with 

Pt nanoparticles (blue color); (e) HAADF-STEM image and (f-i) STEM-EDX elemental 

mapping of C, Ni and Pt in Pt/VACNF. 

Figure 5.1d presents the schematic illustration of Pt particles deposited on a single VACNF 

with the conically stacked microstructures. The presence of C, N, O, and Pt in Pt/VACNF is 

confirmed by the TEM EDX spectrum shown in Figure C.2. The Cu signal seen in the spectrum 

comes from the TEM grid used for the analysis. The high-angle annular dark-field (HAADF) 

STEM image of the Pt/VACNF is shown in Figure 5.1e. EDX elemental mapping of Pt/VACNF 

in Figures 5.1f-5.1i reveal that C (green) presents throughout the fiber, Ni (blue) presents only at 
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the tip of the fiber with an inverse tear-drop shape, and Pt (red) presents as NPs around the entire 

fiber except for the thick cap at the very end of the VACNF tip. The Pt NP density slowly decreases 

moving down the fiber due to shadow effects. The Pt elemental mapping confirmed that the Pt flux 

can reach deep into the three-dimensional structure even though there was about 20% of the 

deposited Pt accumulated at the very end of the VACNF tips. The TEM EDX spectrum and 

elemental mapping of PtRu/VACNF in Figure C.3 display the similar features of PtRu NPs 

anchored on VACNF sidewalls.  

 5.3.2 XPS Analysis 

 The XPS survey spectra for all catalysts presented in Figure C.4 show the principal peaks 

of C, O, N, and Pt elements. The derived atomic percentage (at%) of all the elements for different 

catalysts are listed in Table C.1. To further evaluate the chemical environments, high-resolution 

spectra of C1s, N1s, O1s, and Pt 4f was recorded for bare VACNF, Pt/C and Pt/VACNF as shown 

in Figures 5.2 and C.5. All the high-resolution spectra were deconvoluted using Gaussian peaks 

and a Shirley background function. The binding energies (BE) and relative at% of different 

chemical components derived from the high-resolution spectra of C 1s, O 1s, and N 1s are 

summarized in Table C.2.  The C 1s peak of 20% Pt/C catalyst displayed in Figure 5.2a can be 

resolved into five subpeaks with BE of 283.13, 284.40, 285.80, 287.63, and 290.73 eV. The peaks 

at 283.13 (ca. 4.6%) and 284.40 eV (ca. 60.7%) can be assigned to the carbon from the carbide 

phase35 and sp2 hybridized carbon atoms (C=C), respectively36. The peaks at 285.80 (ca. 15.1%)  

and 287.63 eV (ca. 7.4%)  are assigned to C-O and C=O bonds indicating the presence of hydroxyl 

and carbonyl groups, respectively37. The peak at 290.73 eV (ca. 12.2%)  is assigned to the  −  

of the shake-up satellite peak from the sp2 carbon36. The C 1s of bare VACNF can be deconvoluted 

into seven components with binding energies of 283.71, 284.70, 285.82, 286.70, 287.73, 288.70, 
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and 291.48 eV as shown in Figure C.5a. The peaks at 283.71 (ca. 4.4%) and 284.50 (ca. 48.6%) 

corresponds to Ni-C38 and sp2 hybridized carbon atoms (C=C). The peaks at 285.82 (ca. 14.1%) 

and 286.70 eV (ca. 16.6%) belong to C-O/C=N and C-O-C/C-N bonds which reveals the presence 

of nitrogen bonding 39, 40, and oxygenated functional groups such as hydroxyl and epoxy37. The 

peaks at 287.73 (ca. 2.7%) and 288.70 eV (ca. 5.6%) belong to C=O and O-C=O bonds indicating 

the presence of carbonyl and carboxyl groups, respectively37, 41. The peak at 291.48 eV (ca. 10.2%) 

corresponds to the  −  of the shake-up satellite peak from the sp2 C36, 37. The deconvolution of 

the C 1s spectra of the Pt/VACNF shown in Figure 5.2b is almost the same as that of bare VACNF, 

suggesting that the Pt deposition on the structure does not change the surface chemistry of the 

VACNFs. However, the decrease in the relative % of carboxyl (-COOH) functional groups (from 

5.6% to 3.2%) indicates the binding of the -COOH group with Pt NPs. The COOH group on the 

VACNF surface can help to strongly anchor the Pt NPs to the sidewalls of VACNFs41.  

The O1s peak of 20% Pt/C accounts for a total of 2.97 at% and it can be smoothly 

deconvoluted into four fitting curves with peaks at BE of 531.14, 532.29, 533.50, and 535.01 eV 

as shown in Figure 5.2c. The first two peaks are assigned to the C=O and C-O bonds, which 

account for 23.4% and 45.1% of oxygen atoms, respectively36. The third peak is assigned to the 

C-O-H/C-O-C bonds accounting for 28.6% of oxygen atoms and the fourth peak is assigned to the 

physisorbed water on the surface accounting for 2.9% of oxygen atoms36. However, the 

concentration of oxygen on the surface is 6.73 at% and 14.55 at% for bare VACNF and 

Pt/VACNF, respectively, which is higher than the oxygen concentration of 20 % Pt/C. The O1s 

peak of bare VACNF shown in Figure C.5b can be divided into four components with BE of 

531.28, 532.26, 533.64 and 534.72 eV corresponding to the C=O, C-O, C-O-H/C-O-C bonds, and 

physisorbed water, which accounts for 20.7, 47.7, 23.0 and 8.6 % of total oxygen atoms, 
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respectively. The O1s peak of Pt/VACNF shown in Figure 5.2d can be separated into three 

components with BE of 531.20, 532.22, and 533.52 eV corresponding to the C=O, C-O, and C-O-

H/C-O-C bonds, which accounts for 36.0, 56.5 and 11.5% of total oxygen, respectively. The N 1s 

spectrum of bare VACNF consists of five components centered at BE of 398.76, 399.95. 401.13. 

402.67 and 405.13 eV as presented in Figure 5.2g with a total of 7.36 at% of nitrogen doping. The 

first three peaks are ascribed to the pyridinic N, pyrrolic N, graphitic N, and the last two minor 

components are ascribed to the pyridinic oxide N42. Relative % of the pyridinic N, pyrrolic N, 

graphitic N, and oxidic N are 32.9, 10.9, 34.0, and 22.2% of total nitrogen atoms, respectively. 

After the Pt deposition, total nitrogen concentration slightly decreased to 6.87 at% and this could 

be due to the deposited Pt blocking some N. The N1s peak of Pt/VACNF as shown in Figure 5.2h 

can be deconvoluted into four peaks. The peaks at 398.81 eV, 400.13, and 401.20 eV are allocated 

to pyridinic N, pyrrolic N, and graphitic N that account for 45.3, 17.6, and 11.1% of total nitrogen, 

respectively. However, the additional peak at 398.0 eV which was not present in the bare VACNF 

can be assigned to the Pt-N resulting from the strong interaction between Pt and N43, 44, which 

corresponds to a total of 26.0% of the total nitrogen atoms. As indicated by the presence of Pt-N 

peak, it can be noted that the nitrogen species present in VACNFs successfully anchors the Pt NPs, 

and the deposited Pt NPs on nitrogen-rich VACNFs can display a higher catalytic activity towards 

the electro-oxidation of alcohols45. The resulting strong metal-support interaction may potentially 

weaken the binding energy of strongly adsorbed poisonous intermediate carbonaceous species 

such as COads
46, 47, and hence promoting the catalytic activity with lower surface poisoning. 
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Figure 5.2: (a,b) C 1s, (c,d) O 1s, and (e,f) Pt 4f XPS spectra of Pt/C (panels a, c and e) and 

Pt/VACNF (panels b, d and f); N 1s XPS spectra of (g) bare VACNF and (h) Pt/VACNF. 
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Figures 5.2e and 5.2f present the Pt 4f XPS spectra of 20% Pt/C and Pt/VACNF. Each Pt 

4f spectrum contains two spin-orbit splits, namely Pt 4f7/2 and Pt 4f5/2 with a peak area ratio of 4:3. 

Table C.3 lists the binding energies and relative area % of different Pt species for both Pt/C and 

Pt/VACNF catalyst. The measured Pt 4f spectrum of 20% Pt/C can be deconvoluted into 3 sets of 

doublet peaks with the BE at 71.32 eV and 74.63 eV, 72.47 eV and 75.59 eV, 77.70 eV and 79.90 

eV, which can be assigned to Pt0, Pt2+ (PtO or Pt(OH)2), and Pt4+ (PtO2) species, respectively48. 

The Pt 4f spectrum of Pt/VACNF showed a similar feature, but it is important to note that the BE 

of Pt0 4f7/2 and Pt0 4f5/2 of Pt/VACNF shifted negatively by 0.20 eV and 0.23 eV, respectively, 

relative to those of Pt/C. The negative shift in the BE of metallic Pt0 indicates that the Pt/VACNF 

either has less electron transfer from the Pt to carbon support than the commercial Pt/C catalyst or 

has electron transfer from C to Pt 23, 49, 50. The Pt and VACNF interaction could be either donating 

or accepting electrons depending on the nature of the atomic sites. More insights about the electron 

transfer mechanism will be given in the DFT section. Furthermore, Figure C.6 summarizes the 

percentages of the Pt species in different chemical states, i.e. Pt0, Pt2+ and Pt4+, which are 45.6 %, 

41.1 %, 13.3% in Pt/C and 53.4 %, 34.5 %, 12.1 % in Pt/VACNF, respectively. Compared to Pt/C, 

the Pt/VACNF display a higher content of metallic Pt0, which can be attributed to the difference 

in Pt deposition processes, i.e. the dry physical deposition by ion beam sputtering versus the wet 

chemical synthesis in the commercial Pt/C catalyst. The presence of more metallic Pt can increase 

the adsorption of methanol on the catalyst surface51, 52.  

 5.3.3 Modeling of CO and OH binding at the MOR active sites 

 In our previous study27, a fishbone model has been developed to represent the stacked 

graphitic edges in VACNFs for DFT calculations. Bader charge analyses (Figure 5.3) reveal that 

the four Pt atoms (Pt4) along the graphitic edge in this mode receive electrons from the carbon 
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support (with a charge of about -0.03 e per Pt atom). Thus, it explains why XPS data show the BE 

of Pt0 4f peaks shift negatively due to the charge transfer from carbon support to Pt. This finding 

is also corroborated by the up shift of its Fermi level as shown in Figure 5.4a when compared with 

the un-supported Pt (111).  

 

Figure 5.3: Pt4 (a-c) and Pt2Ru2 (d-f) on undoped (panels a and d), Np-doped (panels b and 

e) and Ng-doped (panels c and f) graphitic edge of the VACNF carbon support represented 

by the “fishbone” model. 

Table 5.1 summarizes the value of Fermi level, d-band center, atomic net charges, 

adsorption energies for the Pt4 and Pt2Ru2 systems supported on undoped, and N-doped carbon 

edges. In the presence of pyridinic nitrogen (Np) species, however, the Pt atom adjacent to the 

electron-withdrawing Np becomes positively charged as shown in Figure 5.3b. In the presence of 

near-edge graphitic nitrogen (Ng), the electron-withdrawing effect on Pt was not observed, as 

shown in Figure 5.3c. The Bader charge analyses on the Pt2Ru2 (Figures 5.3d-f) suggest that the 

charge transfer occurs primarily between Pt and Ru, as well as Ru and C. Consistent trend has been 



 

 128 

reported in other Pt-Ru alloy systems53-55. In this case, the d-band center upshifts for Ru but 

downshifts for Pt as shown in Table 5.1.  

 

Figure 5.4: Total density of states (DOS) of Pt4 on (a) undoped, (b) Np-doped, and (c) Ng-

doped  graphitic edge of the VACNF carbon support represented by the “fishbone” model. 

The vertical solid lines indicate Fermi energy, and the dashed lines indicate the 

corresponding d-band center. 

Table 5.1: Summary of Fermi level, d-band center, charges, and adsorption energies of Pt4 

and Pt2Ru2 supported by undoped, Np doped, and Ng doped carbon edges.  

 

Models
Fermi level 

(eV)
Total d-band 

(eV)

d-band 
center of Pt 

(eV)

d-band 
center of Ru 

(eV)

Charges on 
Pt

Charges on 
Ru

GOH

(eV)
GCO

(eV)
∆GOH-CO

(eV)

Pt(111) -2.24 -2.10 -2.10 - 0.00 - 1.02 -1.33 2.35

Pt4/fishbone -2.02 -2.36 -2.36 - -0.03 - -0.22 -1.79 1.57

Pt4/Npfishbone -1.98 -2.31 -2.31 - 0.01 - -1.07 -2.83 1.76

Pt4/Ngfishbone -1.80 -2.51 -2.51 - -0.03 - -0.83 -1.96 1.13

Pt2Ru2/fishbone -1.95 -1.98 -2.66 -1.32 -0.22 0.36 -0.47 -1.87 1.40

Pt2Ru2/Npfishbone -1.86 -2.07 -2.79 -1.39 -0.24 0.43 -0.55 -1.96 1.41

Pt2Ru2/Ngfishbone -1.81 -2.08 -2.73 -1.44 -0.22 0.32 -0.53 -1.81 1.28
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Figure 5.5 also displays the adsorptions of OH and CO on Pt4 and Pt2Ru2. Generally, it is 

known that adsorbates tend to bind stronger if the PGM d-band center shifts toward the Fermi 

level56-59. In this case, Pt4 supported on the Np-doped carbon edge shows the highest d-band center 

(see Figure 5.4b), and thus, is expected to bind the most strongly with CO and OH. In fact, the CO 

and OH adsorption energies (GOH, GCO) at the Pt site both follow the trend of Np-doped > Ng-

doped > undoped in decreasing order.  For MOR catalyst design, it is also paramount to mitigate 

potential poisoning of active sites by intermediate carbonaceous species such as CO. In principle, 

stronger OH binding is able to effectively compete with CO for the MOR active site and also 

facilitates the removal of CO via the water-gas shift reaction60. It is evident that the local chemical 

environment in the carbon support can influence the relative adsorption energies between OH and 

CO (i.e., ∆GOH-CO = GOH - GCO). Despite that the nitrogen dopants enhance both OH and CO 

binding, the electron-withdrawal by N from Pt impacts more on the binding of OH on PGM sites. 

Hence, ∆GOH-CO corresponding to the Ng-doped carbon support is smaller than both the undoped 

support and the Np-doped support. Further, as shown in Figures 5.5d-f, the Ru top site or Ru-Pt 

bridge sites are preferred by both OH and CO in the supported Pt2Ru2 systems. Both GOH and GCO 

still follow the trend of Np-doped > Ng-doped > undoped in the same decreasing order. Moreover, 

∆GOH-CO is the smallest for Pt4 and Pt2Ru2 on the Ng-doped VACNF system. The DFT calculations 

predict that the PGM on Ng-doped VACNFs would give the smallest CO poisoning. 
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Figure 5.5: Adsorptions of OH and CO on Pt4 and Pt2Ru2 supported on undoped (panels a 

and d), Np-doped (panels b and e) and Ng-doped (panels c and f) graphitic edge of the VACNF 

carbon support represented by the “fishbone” model. 

 5.3.4 Electrochemical Surface Area Evaluation 

 The Electrochemical Surface Area (ECSA) of the Pt catalyst can be derived from Cyclic 

Voltammetry (CV) with two different methods: i) hydrogen underpotential (HUPD) and ii) CO 

stripping. Figure C.7 illustrates the CV curves of Pt/C (25.6 g/cm2), Pt/VACNF (21.5 g/cm2), 

PtRu/C (48.0 g/cm2), and PtRu/VACNF (43.0 g/cm2) in the potential range from -0.10 to 1.00 

V (vs. Ag/AgCl) in Ar-saturated 0.10 M HClO4 and -0.90 to 0.30 V (vs. Hg/HgO) in Ar-saturated 

0.10 M KOH solution, respectively, at a scan rate of 50 mV/s. The Pt/VACNF and PtRu/VACNF 

catalysts showed about 50% to 100% higher capacitive background current than the commercial 

Pt/C and PtRu/C catalysts, which mainly arises from the porous graphite paper substrate as 

discussed in our previous paper27. This obscures the HUPD features and makes it difficult to derive 

the ECSA accurately using HUPD. Thus, CO stripping was used as the primary method to determine 
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 ECSA in this study. 

 

Figure 5.6: Electrochemical CO Stripping curves of (a) Pt/C (25.6 µg/cm2) , (b) Pt/VACNF 

(21.5 µg/cm2), (c) PtRu/C (48.0 µg/cm2), and (d) PtRu/VACNF (43.0 µg/cm2) recorded in 0.10 

M HClO4 solution at a scan rate of 10 mV/s; Electrochemical CO Stripping curves of (e) Pt/C 

(25.6 µg/cm2) and (f) Pt/VACNF (21.5 µg/cm2) recorded in 0.10 M KOH solution at a scan 

rate of 10 mV/s. 

 The CO stripping voltammograms and the subsequent CV curves of Pt/C, Pt/VACNF, 

PtRu/C, and PtRu/VACNF in 0.10 M HClO4 solution, and Pt/C and Pt/VACNF in 0.10 M KOH 

solution are presented in Figure 5.6. Figure C.8 displays the first anodic scan from the CO stripping 

CV curves recorded for all the catalysts in both 0.10 M HClO4 and 0.10 M KOH. For all the 

catalysts, the absence of hydrogen desorption peaks in the first anodic scan indicates that the Pt 

sites were predominately covered by adsorbed CO species. The determination of onset potential 

for CO electro-oxidation in Pt/VACNF and PtRu/VACNF is difficult due to the large capacitive 
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background current. However, useful information can be derived from the CO electro-oxidation 

peaks. 

The CO electro-oxidation on Pt/C takes on a single sharp peak at ~0.46 V (vs. Ag/AgCl) 

as shown in Figure 5.6a, whereas the CO electro-oxidation on Pt/VACNF is composed of two 

peaks at ~0.38 V (vs. Ag/AgCl) and ~0.46 V (vs. Ag/AgCl) as shown in Figure 5.6b. The 

occurrence of the two CO electro-oxidation peaks is a significant characteristic of graphitic carbon 

supports as previously reported61. The two peaks can be assigned to the oxidation of CO adsorbed 

on the Pt sites interacting with the graphitic (sp2) carbon (peak at ~0.38 V vs. Ag/AgCl) and 

disordered (sp3) carbon (peak at ~0.46 V vs. Ag/AgCl), respectively61. The appearance of the new 

negatively shifted CO stripping peak in Pt/VACNF correlates well with the negative shift in the 

BE of Pt0 4f7/2 and Pt0 4f5/2. This confirms the easier removal of COads species from the catalyst 

surface. The CO stripping peak of PtRu/C is located at ~0.21 V (vs. Ag/AgCl) as shown in Figure 

5.6c, almost 250 mV lower than that of Pt/C. This can be attributed to the fact that a more active 

metal (like Ru) in proximity can provide reactive OHads species to COads/Pt at a relatively lower 

potential and hence facilitate oxidizing the adsorbed CO62. Figure 5.6d displays the CO stripping 

curve of PtRu/VACNF consisting of two oxidation peaks at ~0.24 and ~0.36 V (vs. Ag/AgCl) 

similar to that of Pt/VACNF but at lower potentials resulting from the alloying of Ru with Pt. In 

contrast, as demonstrated in Figures 5.6e and 5.6f, the CO stripping peaks on Pt/C and Pt/VACNF 

in 0.10 M KOH solution are completely different from those in 0.10 M HClO4 solution. In the 

alkaline solution, multiple anodic peaks appear at different potentials which is consistent with the 

literature63, 64. Nevertheless, the CO stripping peaks of Pt/VACNF are at lower potentials than the 

commercial Pt/C catalyst. 
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The second anodic scan of the CO stripping CVs of all the catalysts does not show any 

peaks related to CO electro-oxidation, indicating that the adsorbed CO species were completely 

oxidized during the first scan. So, the overall CO stripping charge can be calculated by subtracting 

the second anodic scan from the first scan of CO stripping CVs and integrating the remaining peak 

area. The ECSA by CO stripping for all the catalysts is calculated using the following equation 

                                                      𝐸𝐶𝑆𝐴𝐶𝑂 =  
𝑄𝐶𝑂

𝑄𝑎* 𝑚𝑃𝑡
                                                        (5.3)   

where QCO is the charge associated with the desorption of CO from the Pt active sites, Qa (420 

C/cm2) is the charge required to oxidize a monolayer of CO adsorbed on 1 cm2 of Pt surface and 

mPt is the mass loading of platinum. The ECSA values of Pt//C, Pt/VACNF, PtRu/C and 

PtRu/VACNF in 0.10 M HClO4 solution are 89.6, 41.3, 87.5, and 39.4 m2/gPGM, respectively. The 

calculated ECSA from the CO stripping charge for the Pt and PtRu catalysts are similar as both Pt 

and Ru have similar affinities for CO adsorption65. The ECSA values of Pt/C and Pt/VACNF in 

0.10 M KOH solution are 52.9 and 36.1 m2/gPGM which is comparatively lower when compared to 

the values in the acidic medium. This could be due to more OH- species competing with CO for 

the available Pt sites in the alkaline medium and hence resulting in the underestimation of ECSA. 

Since the ECSA values calculated from the acidic medium are representing the maximally 

available catalyst sites, they are used for normalizing the current density in this study to make 

consistent comparisons. It is noted that the ECSA values on VACNFs are generally lower than the 

counterparts on commercial Vulcan carbon supports. This is mainly attributed to the large 

aggregated PGM caps (~20% total PGM mass) at the VACNF tips due to shadow effects during 

PGM sputtering as shown in Figures 5.1h and 5.1i. A more uniform PGM NP deposition can be 

achieved in the future with atomic layer deposition (ALD). In this study, it was found that 
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normalizing the measured MOR current with the ECSA of the PGMs was sufficient to reveal the 

underlying effects attributed to the catalyst-support interactions. 

 5.3.5 Electrocatalytic Activity towards the MOR 

 The catalytic performance towards the MOR is evaluated for the Pt/VACNF and 

PtRu/VACNF catalysts and benchmarked relative to the commercial Pt/C and PtRu/C catalysts. 

Figure 5.7 presents the steady-state CV curves recorded in the potential range between 0.10 to 1.00 

V (vs. Ag/AgCl) and -0.70 to 0.50 V (vs. Hg/HgO) in Ar saturated 0.10 M HClO4 and 0.10 M 

KOH solution containing 0.75 M CH3OH at a scan rate of 50 mV/s for all the catalysts. The CVs 

of Pt/VACNF and PtRu/VACNF have a significant capacitive contribution from the graphite paper 

substrate as discussed in our previous paper27. Hence, to illustrate the true MOR current density, 

the capacitive contribution needs to be subtracted from the original CV. Figures C.9a and C.9d 

present the CV recorded with a bare graphite paper substrate in Ar-saturated 0.10 M HClO4 and 

0.10 M KOH solution containing 0.75 M CH3OH at a scan rate of 50 mV/s with the currents 

normalized to the geometric area, which serve as the background. The Figures C.9b and C.9c show 

the CV curves before and after subtracting the background in 0.10 M HClO4 solution and Figures 

C.9e and C.9f show the CV curves before and after subtracting the background in 0.10 M KOH 

solution, respectively. It is clear that, after background subtraction, the CVs of the catalysts on 

VACNFs resemble those observed with the commercial Pt/C and PtRu/C catalysts in Figure 5.7 

with the minimum contribution from the bare catalyst support (including the substrate).  

 The CVs for all the catalysts for MOR are reported in terms of current density after 

normalizing with the ECSA calculated from the CO stripping experiments. All the CVs in 

methanol-containing solutions show two characteristic irreversible anodic peaks, one in the 

forward scan and one at lower potentials in the backward scan. Figure 5.7a presents the CV curves 
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recorded for the Pt/C and Pt/VACNF in Ar-saturated 0.10 M HClO4 solution containing 0.75 M 

methanol. The forward peak current density (Jf) of Pt/VACNF is 0.71 mA/cm2, similar to the 0.67 

mA/cm2 observed for Pt/C. However, the onset potential of Pt/VACNF is about 40 mV shifted to 

a lower potential indicating the faster kinetics of MOR on the Pt/VACNF catalyst. The significant 

difference between these two catalysts arises from their backward peak current density (Jb) which 

is calculated to be 0.51 mA/cm2 for Pt/VACNF and 0.98 mA/cm2 for Pt/C. In addition to that, the 

Jb peak of Pt/VACNF appears at about 140 mV more negative potential (i.e. ~0.4 V vs. Ag/AgCl) 

and the cathodic CV curve below 0.4 V nearly overlaps with that of Pt/C. In common literature, 

the oxidation peak during the forward scan is attributed to electro-oxidation of methanol and the 

oxidation peak in the backward scan is attributed to the electro-oxidation of the adsorbed 

carbonaceous intermediate species (such as CO, CH2OH, CH2O, and HCOOH) that have been 

generated in the previous forward scan and the value of Jf/Jb has been used to represent the 

catalyst’s tolerance to the poisoning intermediate carbonaceous species 66, 67. The Pt/VACNF has 

a Jf/Jb value of 1.39 which is much higher than the 0.68 obtained with the commercial Pt/C catalyst. 

However, several studies indicated that the backward peak (Jb) may be also attributed to the 

oxidation of methanol by the regenerated Pt surface from the Pt-Ox formed in the previous forward 

scan68, 69. As a result, it was suggested that the Jf/Jb value was not related to the degree of CO 

tolerance but to the degree of oxophilicity. The CV curves in Figure C.10b shows that the If peak 

is not affected by the upper potential limit while the Ib peak height is quickly reduced and the peak 

potential is negatively shifted as the upper potential limit is increased, which correlates well with 

the increase of the degree of oxidation and reduction of Pt nanoparticles as shown in Figure C.10a 

(without the presence of MeOH). In Pt/VACNF, the lower Jb value and the shift of Jb peak potential 

by about -140 mV comparing to Pt/C are consistent with the DFT calculations that the adsorption 
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energy of OH (see GOH in Table 1) substantially increases in Pt/VACNF, particularly with N-

doping. The presence of nitrogen doping, as confirmed by the XPS analysis, accelerates the 

formation of OH species by dissociating the water molecules, which is known to promote the 

oxidation of methanol at a lower potential49, 52, 70. In addition, the increased oxygen functional 

groups on the VACNF surface as observed by XPS could also assist the oxidative removal of 

adsorbed intermediate carbonaceous species from the catalyst surface71. The nitrogen doping and 

oxygen functional groups together play a major role in keeping the Pt sites available for methanol 

adsorption. These results are in good agreement with the lower peak potential for CO oxidation 

observed with the Pt/VACNF catalyst in the CO stripping experiments.  

 

Figure 5.7: Cyclic voltammogram of (a) Pt/C and Pt/VACNF, (b) PtRu/C and PtRu/VACNF 

recorded in Ar-saturated 0.10 M HClO4 solution with 0.75 M MeOH at a scan rate of 50 

mV/s; (c) Cyclic voltammogram of Pt/C and Pt/VACNF recorded in Ar-saturated 0.10 M 

KOH solution with 0.75 M MeOH at a scan rate of 50 mV/s. The current density (J) is 

normalized to the electrochemical surface area derived from CO stripping experiments. 

The effects of oxophilicity are more evident by comparing the PtRu/C bimetallic catalyst 

with the Pt/C catalyst. Figure 5.7b displays the CV curves recorded for the PtRu/C and 

PtRu/VACNF in Ar-saturated 0.10 M HClO4 solution for MOR. The Jb value of PtRu/C is only 

0.16 mA/cm2, which is substantially suppressed from 0.98 mA/cm2 for the Pt/C catalyst. The Jf 

value of PtRu/C is about half of that in Pt/C mainly due to the higher PGM loading and higher 
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ECSA of PtRu/C as shown in Figure 5.6c. The Jf peak potential shifts from ~1.0 V (vs. RHE) for 

Pt/C to ~0.90 V for PtRu/C, indicating the effects of OHads on the more oxophilic Ru atoms as 

reported in the literature68, 69. The Jf of PtRu/VACNF is 0.87 mA/cm2, which is 2.7 folds of that of 

PtRu/C (0.32 mA/cm2). The Jb features of PtRu/VACNF, in both peak height and peak potential, 

are similar to Pt/VACNF. It is interesting that the VACNF support in Pt/VACNF catalyst to a 

certain degree plays a similar role as the Ru atoms in PtRu/C catalyst. 

 Figure 5.7c shows the CV curves of Pt/C and Pt/VACNF in Ar-saturated 0.10 M KOH 

solution containing 0.75 M methanol, which presents similar MOR behavior to those of PtRu 

catalysts in the acidic media, but with higher Jf and Jb values. The Jf and Jb are 1.72 and 0.60 

mA/cm2 for Pt/VACNF and 0.59 and 0.23 mA/cm2 for Pt/C. The Jf value of Pt/VACNF in the 

alkaline media, 1.72 mA/cm2, is clearly higher than the value of 0.87 mA/cm2 for PtRu/VACNF 

in the acidic media. The Jf peak of Pt/C is at the same potential, i.e. ~0.94 – 0.98 V (vs. RHE), in 

the acid and alkaline solutions while the Jf peak of Pt/VACNF extends from 0.98 V in the acidic 

solution to 1.20 V (vs. RHE) in the alkaline solution. It is known that the OH- species in the alkaline 

media can assist in the removal of the accumulated carbonaceous intermediate species72, and hence 

resulting in higher tolerance to poisoning carbonaceous species when compared to the acidic 

media. Here the formation of surface oxygenated groups on VACNFs likely amplified this effect. 

On the other hand, Wang et al. reported that, in alkaline media, the reactive hydroxyl species 

preferably adsorb on the Pt surface than the PtRu surface and the surface reactivity of Pt is actually 

suppressed in the presence of Ru64. Hence, alloying of Pt with Ru is not required in alkaline media. 

It is noteworthy that, in the plots versus RHE, the anodic curve of Pt/VACNF in the alkaline 

medium is very close to that of the PtRu/VACNF catalyst in the acidic media, which indicates that 

the VACNF support provides the needed -OH species to remove COads similar to the Ru sites. 
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Interestingly, VACNF support allows the Jf peak to move toward higher potentials by 

approximately 200 mV. Overall, the Pt/VACNF and PtRu/VACNF catalysts demonstrated higher 

catalytic activity than Pt/C catalysts in both acidic and alkaline solutions.  

 5.3.6 Durability of the Catalysts for MOR 

The long-term durability of the catalyst for MOR is another important property. Here, the 

durability of all the catalysts is evaluated by the consecutive CV measurements. As shown in 

Figure 5.8, after 500 CV cycles, the Jf and Jb display an obvious decrease for all the samples. Table 

5.2 lists the ECSA calculated from CO stripping, Jf, Jb, and Jf/Jb ratio of the initial and 500th CV 

cycle for all the catalysts measured in 0.10 M HClO4 and 0.10 M KOH, respectively. The Jf value 

of Pt/VACNF and PtRu/VACNF catalysts are higher than the Pt/C and Pt/Ru/C throughout the 

entire testing period in both acid and alkaline media. In 0.10 M HClO4, the activity of Pt/VACNF 

degrades similarly to Pt/C as shown in Figures 5.8a and 5.8b. As seen from the elemental mapping, 

some PGM catalysts are deposited on the Ni NPs at the VACNF tips, which quickly dissolute in 

the acidic solution, resulting in the loss of ~20% PGM material. However, even after 500 cycles, 

the ~1.7 nm diameter Pt NPs deposited on the VACNF sidewall remain and able to show similar 

catalytic activity as the Pt/C catalyst with ~3.8 nm particle size. 

Figures 5.8c and 5.8d display the CV curves in 0.10 M HClO4 solution containing 0.75 M 

methanol for PtRu/C and PtRu/VACNF, respectively.  When Ru is added, the PtRu/VACNF 

showed better durability with only a 10% decay in Jf comparing to the 25% decay of the 

commercial PtRu/C catalyst. In addition, Pt/VACNF and PtRu/VACNF maintain higher Jf/Jb 

values (1.39 and 1.08) comparing to the commercial Pt/C and PtRu/C (0.65 and 1.00), respectively, 

at the 500th CV cycle. The significant drop in the Jf/Jb values of PtRu/VACNF and PtRu/C after 

the 500 CV cycles is mainly attributed to the Ru dissolution at potentials higher than 0.80 V (vs. 
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RHE)72. Figures 5.8e and 5.8f display the CV curves in 0.10 M KOH solution containing 0.75 M 

methanol for Pt/C and Pt/VACNF, respectively. The Pt/VACNF shows only 21% decay in the 

MOR activity after 500 CV cycles, which is much smaller than 46% decay of Pt/C. Also, 

Pt/VACNF maintains a higher Jf/Jb value compared to that of Pt/C, i.e. 4.81 vs. 1.69. These 

durability test results indicate that Pt/VACNF and PtRu/VACNF catalysts are more stable and 

efficient than their commercial counterparts, which is likely due to the increased OH adsorption 

energy on the N-doped graphitic edges of VACNF support, making them more competitive relative 

to the adsorption of CO poison.  

 

Figure 5.8: Durability test of (a) Pt/C (25.6 µg/cm2), (b) Pt/VACNF (21.5 µg/cm2), (c) PtRu/C 

(48.0 µg/cm2), and (d) PtRu/VACNF (43.0 µg/cm2) recorded in Ar-saturated 0.10 M HClO4 

solution with 0.75 M MeOH at a scan rate of 50 mV/s; Durability test of (e) Pt/C (25.6 µg/cm2) 

and (f) Pt/VACNF (21.5 µg/cm2) recorded in Ar-saturated 0.10 M KOH solution with 0.75 

M MeOH at a scan rate of 50 mV/s. All current densities (J) are normalized to the 

electrochemical surface area derived from CO stripping experiments. 
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Table 5.2: Electrochemical surface area (ECSA), forward (Jf) and backward (Jb) peak 

current density normalized to ECSA, and Jf/Jb for Pt/C, PtRu/C, Pt/VACNF. and 

PtRu/VACNF measured in different electrolyte solution containing 0.75 M CH3OH. 

 

 5.4 Conclusions 

The Pt and PtRu catalysts supported on the three-dimensional graphitic carbon support was 

successfully prepared using ion beam sputtering of PGMs onto PECVD-grown vertically aligned 

carbon nanofiber arrays. The morphological analyses confirm the anchoring of PGM nanoparticles 

at the graphitic edges. XPS spectra of the Pt/VACNF catalysts reveal the presence of nitrogen 

species and oxygen functional groups in the 3D VACNF supports and the presence of strong metal-

support interactions. DFT calculations reveal that the electrons are partially transferred from the 

carbon atoms at the graphitic edges of VACNFs to the Pt atoms while pyridinic and graphitic N-

dopants near the graphitic edge of VACNFs withdraw electrons from the attached Pt atoms. The 

electron transfer between PGM and the edge atoms of VACNF support promotes OH binding over 

that of CO. As a result, the energy difference between OHads and COads binding is reduced at the 

Pt catalyst deposited on the N-doped VACNF support, which makes OH more effective in the 

electro-oxidative removal of CO poison. This has been validated by the CO stripping analyses 

which exhibit additional CO stripping peaks at lower electrode potentials on the VACNF support. 

Electrolyte
(with 

0.75 M 
CH3OH)

Catalyst ECSA 
(m2/gPGM)

Jf (mA/cm2
PGM) Jb(mA/cm2

PGM) Jf/Jb

Initial 500th CV Initial 500th CV Initial 500th CV

0.1 M 
HClO4

Pt/C 89.6 0.67 0.56 0.98 0.86 0.68 0.65

Pt/VACNF 41.3 0.71 0.57 0.51 0.41 1.39 1.39

PtRu/C 87.5 0.32 0.24 0.17 0.24 1.88 1.00

PtRu/VACNF 39.4 0.87 0.79 0.39 0.73 2.23 1.08

0.1 M 
KOH

Pt/C 52.9 0.59 0.23 0.32 0.19 2.56 1.69

Pt/VACNF 36.1 1.72 0.60 1.35 0.28 2.86 4.81
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Cyclic voltammetry measurements of MOR in both acidic and alkaline media further exhibit a 

higher Jf/Jb ratio and improved stability with N-doped VACNFs. Overall, these results provide 

new insights into the role of nitrogen-doped three-dimensional graphitic carbon supports in 

enhancing the MOR catalytic activity.  
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Chapter 6 - Current and Future Work 

 6.1 Hybrid g-C3N4/NCNTs as a Potential Catalyst for Oxygen Reduction 

Reaction 

 As mentioned in Chapter 5, nitrogen species plays an important role in catalyzing the 

oxygen reduction reaction (ORR). Here, we will be exploring carbon nitride (g-C3N4) containing 

abundant nitrogen moieties with a graphitic sheet-like structure as a potential catalyst for ORR. 

The g-C3N4 has both graphite-like and pyridine-like nitrogen atoms and every carbon atom in the 

structure is bonded to three nitrogen atoms. g-C3N4 has drawn significant attention as a catalyst 

material for photocatalysis and organic catalysis due to its low cost, tailorable structure, rich 

surface properties, easy preparation, and high thermal and chemical stability1. In spite of numerous 

advantages g-C3N4 by itself cannot be used as a catalyst for ORR due to its poor electrical 

conductivity (< 10-2 S cm-1). The poor electron transfer characteristics of g-C3N4 can be improved 

by using incorporating highly conductive carbon materials. Previous reports have incorporated 

graphene2 and nanoporous carbon (CMK-3)3 with the g-C3N4 framework and explored it for ORR. 

However, the g-C3N4 @graphene catalysts catalyzed oxygen using a less effective 2-e- pathway. 

We wanted to explore the role of other sp2 hybridized carbon frameworks such as N-doped carbon 

nanotubes (N-CNTs) in improving the performance of g-C3N4 for ORR.  

 g-C3N4 was synthesized by mixing the required amount of precursor, melamine in 100 ml 

hot distilled water followed by drying the solution at 100 oC for 12 h. After that, the remaining 

solid powder was calcined in a muffle furnace at 550 oC in the air for 2 h to get the final product, 

which is in yellow color. The N-doped carbon nanotubes were prepared by chemical vapor 

deposition of aniline over FeMo/Al2O3 catalyst as mentioned in the literature4. The synthesized N-

CNTs was pretreated to remove any impurities or amorphous carbon present in the sample. Briefly, 
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obtained N-CNTs were washed several times in acetone until the extract becomes colorless. Then 

6g NCNTs were mixed in 250 ml of 9M HCl solution and left under stirring for 6 h followed by 

filtrating the solid. At last, the acid treated NCNTs was annealed in nitrogen for 2 h at 400oC. 

Figure D.1 shows the prepared N-CNTs have a bamboo-like structure with a diameter varying 

from 20 to 50 nm. The high-resolution N 1s XPS spectra given in Figure D.2 confirms the % 

nitrogen in both g-C3N4 and N-CNTs. The total % of the nitrogen in g-C3N4 and N-CNTs is found 

to be 53.6 and 1.7%, respectively. The high-resolution N1s spectra further confirm that g-C3N4 is 

mostly dominated by pyridinic N. Before testing the activity of g-C3N4 with NCNTs, we mixed it 

with other carbon supports such as carbon black, graphene, and multi-walled carbon nanotubes 

(MWCNTs).  

The catalyst activity was evaluated using a three-electrode system with coiled Pt wire as 

the counter electrode and Hg/HgO (1.0 M NaOH) as the reference electrode. The working 

electrode was prepared by drop-casting 5 L of the catalyst ink on RDE. The ink solution was 

formed by mixing the required amount of catalyst powder in a mixture of water, ethanol, and 5 

wt% Nafion. Figure D.3a shows the CV data recorded for different catalysts in O2-saturated 0.10 

M KOH solution at a scan rate of 50 mV/s. Among all the catalysts, pure g-C3N4 (with a loading 

of 1.2 mg/cm2) has the lowest oxygen reduction potential (~ -0.522 V vs. Hg/HgO) due to its poor 

electron transfer capability. As it is coupled with carbon supports in a 70:30 ratio, the oxygen 

reduction activity increased in the order of carbon black<graphene<MWCNTs<NCNTs. For all 

the mixed catalysts, the g-C3N4 loading was kept constant (~300 µg/cm2). Figure D.3b shows the 

LSV data recorded at 1600 rpm for all these catalysts and at a potential of -0.80 V (vs. Hg/HgO), 

the g-C3N4 + NCNTs have a current density of -2.82 mA/cm2, which is 2.66, 3.09, 6.3, and 6.3 

times greater than g-C3N4, g-C3N4 + Carbon Black, g-C3N4 + Graphene, and g-C3N4 + MWCNTs, 
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respectively. Apart from the higher limiting current density, the g-C3N4 + NCNTs mixture has a 

higher onset potential of about ~0.129 V vs. Hg/HgO when compared with other catalysts. 

However, the measured activity is lower than other reported catalysts in alkaline medium. So, to 

improve the catalytic activity of g-C3N4 + NCNTs the mixture was annealed in N2 for 2 h at 

different temperatures (450 oC, 500 oC, and 550 oC).  

 

Figure 6.1: (a) CV curve for g-C3N4+NCNT- 500 oC recorded in Ar-saturated (black line) 

and O2-saturated (blue line) 0.10 M KOH solution at a scan rate of 50 mV/s; CV curves for 

g-C3N4+NCNT, g-C3N4+NCNT- 450 oC, g-C3N4+NCNT- 500 oC, and g-C3N4+NCNT- 550 oC 

500 oC recorded in O2-saturated 0.10 M KOH solution at a scan rate of 50 mV/s; (c) LSV 

curves recorded at a scan rate of 10 mV/s and a rotation speed of 1,600 rpm in O2-saturated 

0.10 M KOH solution and (d) plot of E vs n number derived from KL plots for g-C3N4, g-

C3N4+NCNT, g-C3N4+NCNT- 450 oC, g-C3N4+NCNT-500 oC, g-C3N4+NCNT- 550 oC, NCNT, 

and Pt/C. The purple dash line marks the zero current density. 
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Figure 6.1a displays the CV curve recorded in Ar- saturated (black line) and O2-saturated 

(blue line) 0.10 M KOH solution for g-C3N4 + NCNTs- 550 oC. As it is seen, the catalyst exhibited 

no activity in the absence of O2 and it possesses a reduction peak at ~ -0.522 V vs. Hg/HgO 

confirming the ORR characteristics in the presence of O2. Figure 6.1b shows the CV curves 

recorded in O2-saturated electrolyte for all the catalysts and the annealing of the catalyst improved 

the catalytic activity and the activity increases with annealing temperature until 500 oC and 

decreases after 500 oC, which can be due to the decomposition of g-C3N4. The LSV data recorded 

at 1600 rpm presented in Figure 6.1c further confirms the higher catalytic activity of g-C3N4 + 

NCNTs- 550 oC among all the other catalysts based on g-C3N4 with regard to the limiting current 

density of -3.7 mA/cm2 and an onset potential of -0.094 V (vs. Hg/HgO). However, the activity is 

relatively low when compared to the commercial catalyst Pt/C.  

Figure D.4 presents the RDE polarization curves (after background correction) recorded 

from 0.20 to -0.70 V (vs. Hg/HgO) at a series of rotation speed from 500 to 3000 rpm for pure g-

C3N4, g-C3N4+NCNTs, g-C3N4+NCNTs-450 oC, g-C3N4+NCNTs-500 oC, and g-C3N4+NCNTs-

550 oC, respectively. The current density increases with the rotation speed as the oxygen flux 

increases at a higher rotation speed. The KL plot was constructed using the RDE LSV curves 

recorded at different rpm as shown in Figure D.5. The KL plot at potentials between -0.40 to -0.70 

V yields almost parallel lines indicating the first-order kinetics for the ORR. The electron transfer 

number calculated from the KL plots for pure g-C3N4, g-C3N4+NCNTs, g-C3N4+NCNTs-450 oC, 

g-C3N4+NCNTs-500 oC, and g-C3N4+NCNTs-550 oC are between 1.8 to 2.3, 3.1-3.3, 3.2-3.3, 4.3-

4.4, and 3.2-3.3, respectively. The increase in n value for the hybrid catalysts confirmed that the 

addition of NCNTs increased the electrocatalytic activity of the catalyst and catalyzed oxygen 

reduction through a more efficient 4-e- pathway. The obtained n value is highest for g-
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C3N4+NCNTs-500 oC, which validates the higher activity noticed in the CV and LSV data. 

However, the calculated n value from RDE data is greater than 4 and this can be due to any 

experimental errors. To confirm that indeed the n value was 4, we further evaluated the activity of 

g-C3N4+NCNTs-500 oC using RRDE analysis.  

 

Figure 6.2: (a) RRDE voltammogram of g-C3N4+NCNT- 500 oC in O2-saturated 0.10 M KOH 

solution recorded at a scan rate of 10 mV/s with different rotation speed from 500 to 3000 

rpm. The Ring electrode was kept at a constant potential of 0.30 V (vs Hg/HgO); (b) The 

percentage of HO2
- produced and (c) the electron transfer number for g-C3N4+NCNT- 500 

oC at different rpm. 

Figure 6.2 presents the RRDE voltammogram recorded for g-C3N4+NCNTs-500 oC in O2- 

saturated 0.10 M KOH solution at different rotation speed from 0.20 V to -0.80 V (vs. Hg/HgO). 

The ring electrode was kept at a constant potential of 0.30 V (vs. Hg/HgO) to record the %HO2
- 

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
0

1

2

3

4

n

E (V vs Hg/HgO)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

20

40

60

80

100

%
 H

O
2
-

 500 rpm

 1000 rpm

 1600 rpm

E (V vs RHE)

0.1 0.3 0.5 0.7 0.9 1.1

0.0

5.0

10.0

15.0

20.0

E (V vs. RHE)

J r
in

g
 (


A

)

-0.8 -0.6 -0.4 -0.2 0.0 0.2

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

E(V vs.Hg/HgO)

J d
is

k
 (

m
A

/c
m

2
)

 500 rpm

 1000 rpm

 1500 rpm

 1600 rpm

 2000 rpm

 2500 rpm

 3000 rpm

b

c

a



 

 152 

produced by the catalyst. As shown in Figure 6.2c, the overall HO2
- produced is less than 20% at 

different rotation speeds. The results from the RRDE analysis confirms that the majority of the 

reduced O2 forms OH-. Figure 6.2c further confirms that the g-C3N4+NCNTs-500 oC catalyze 

reduction reaction through a 4-e- pathway with n = 3.8. The %HO2
- and n value is calculated using 

the formula mentioned in Chapter 2.  

As mentioned in the previous Chapters, the catalysts catalyzing the cathode reaction (ORR) 

of fuel cells are susceptible to the oxidation of fuel molecules such as methanol that gets crossover 

from the anode compartment. This can cause the performance of the ORR catalyst to decrease and 

hence we want to design catalysts that are not susceptible to the fuel crossover. We tested the 

methanol tolerance capability of the best performing g-C3N4+NCNTs-500 oC catalyst using 

amperometric i-t curve measurement at -0.30 V (vs. Hg/HgO) at a rotation speed of 1600 rpm. The 

current density was recorded for an initial 300 s, and after that 3 M MeOH was added in a step of 

4 ml for every 200 sec to make a final concentration of 0.75 M MeOH. At the end of 1500 s, the 

g-C3N4+NCNTs-500 oC lost only about 18% of the initial current density whereas the Pt catalyst 

lost almost 45% of the current density.  

As shown in Figures 6.3b and 6.3c, the g-C3N4+NCNTs-500 oC showed almost no change 

in the LSV curve, but in contrast, the Pt/C LSV curve has a huge difference in the presence and 

absence of methanol. In addition to that, as presented in Figures 6.3d and c, the CV curves recorded 

in the presence and absence of MeOH for g-C3N4+NCNTs-500 oC showed almost no difference 

and the Pt/C catalyst preferred methanol oxidation over oxygen reduction when the MeOH is 

present in the electrolyte. This shows that the prepared g-C3N4+NCNTs-500 oC is immune to the 

methanol oxidation and catalyze oxygen reduction in a mixed environment of oxygen and 

methanol. Overall, this study evaluates the impact of NCNTs in boosting the catalytic activity of 
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g-C3N4 and the heat-treatment temperature in improving the activity of g-C3N4+NCNTs hybrid 

catalyst. In spite of following a 4-e- pathway and showing good tolerance to methanol crossover, 

the intrinsic catalytic activity of the synthesized g-C3N4+NCNTs-500 oC is still not close to the 

commercial Pt/C in alkaline medium. In the future, we will try to incorporate transition metals 

(M=Fe, Ni, Co, Mn, etc.) into the abundant nitrogen moieties present in the g-C3N4 catalyst to 

form potential M-N-C sites that can act as the active sites for catalyzing the ORR.  

 

Figure 6.3: (a) Relative current (%) for g-C3N4+NCNT- 500 oC and Pt/C derived from 

amperometric i-t curve recorded at 1,600 rpm in O2-saturated 0.10 M KOH solution with 

successive addition of 3.0 M methanol (4 ml for every 200 s) to give the final concentration 

of 0.75 M at the potential of -0.30 V; LSV curves recorded at a scan rate of 10 mV/s and 1600 

rpm in O2-saturated 0.10 M KOH with and without adding 0.75 M methanol for (b) g-

C3N4+NCNT- 500 oC and (c) Pt/C; CV curves recorded at a scan rate of 50 mV/s in O2-

saturated 0.10 M KOH with and without adding 0.75 M methanol for (d) g-C3N4+NCNT- 

500 oC and (e) Pt/C. 
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 6.2 3D Printed MoS2-rGO for Electrocatalysis of Oxygen Reduction 

 MoS2 is a 2D layered material that is similar to graphene and contains edge sites that are 

preferred for chemisorption of O2 or H2 and hence find its application in the electrocatalysis of 

oxygen reduction and hydrogen evolution5. MoS2 has a high surface area owing to its layered 

structure and because of the same, they tend to stack together which results in the blocking of 

active edge sites. Apart from this they also have poor electrical conductivity. These problems can 

be addressed by combining MoS2 with carbon materials which can improve the conductivity of 

MoS2 and preventing it from stacking6. Among different carbon materials, reduced graphene oxide 

(rGO) is more promising due to its structural and morphological compatibility with rGO, high 

electrical conductivity, and high mechanical stability.  

In collaboration with Dr. Dong Lin of the Department of Mechanical Engineering, the 3D 

printed MoS2-rGO was evaluated for the oxygen reduction electrocatalysis. Briefly, a 3D drop-on-

demand (DOD) inkjet printing and freeze casting procedure was used7. A mixture of ammonium 

thiomolybdate (ATM) and graphene oxide (GO) was used as the precursor to obtain the 3D printed 

ATM-GO. The obtained ATM-rGO precursor was annealed at high temperature in 3% H2/97% Ar 

mixture to covert the ATM precursor to MoS2. We annealed the ATM-rGO mixture at two different 

temperatures 450 oC and 600 oC and evaluated its ORR activity.  

 

Figure 6.4: (a) SEM and (B) TEM image of MoS2-rGO@450 oC. 

5 µm
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50 nm
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 The SEM image in Figure 6.4a illustrates the presence of micron-sized pores present on 

the wrinkled rGO flakes. The TEM image in Figure 6.4b shows that the thin rGO flakes consist of 

10-50 nm diameter darker MoS2 patches. From TGA analysis, it is found that the 3D printed MoS2-

rGO has around 82% of MoS2 and 18% of rGO. The electrochemical activity of the material was 

tested using a three-electrode system with coiled Pt wire as the counter electrode and Hg/HgO (1.0 

M NaOH) as the reference electrode. The working electrode was prepared by drop-casting 4 l of 

the catalyst ink on RDE. The catalyst ink was prepared by dispersing the 5.0 mg of MoS2-rGO in 

water and 5 wt% Nafion mixture to yield a MoS2 loading of 250 g/cm2. The electrocatalytic 

activity was evaluated using CV and LSV.  

 

Figure 6.5: (a) CV curves curve for MoS2-rGO annealed at 450 oC recorded in Ar-saturated 

(black line) and O2-saturated (blue line) 0.10 M KOH solution at a scan rate of 50 mV/s; (b) 

LSV curves of MoS2-rGO without annealing, annealed at 450 oC, and annealed at 600oC 

recorded at a scan rate of 10 mV/s and a rotation speed of 1,500 rpm in O2-saturated 0.10 M 

KOH solution; (c) Koutecky-Levich plots at a potential of -0.60 V (vs Hg/HgO) for all the 

catalysts. 

Figure 6.5a displays the CV curve recorded in Ar-saturated (black line) and O2-saturated 

(blue line) for MoS−rGO annealed at 450 oC. It can be seen that in the presence of O2, the catalyst 

shows a small reduction peak at -0.210 V (vs. Hg/HgO) owing to the oxygen reduction. The 

difference in the catalytic activity between the MoS2-rGO catalyst with and without annealing can 
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be revealed by the LSV curves recorded at 1500 rpm in Figure 6.5b. MoS2-rGO catalyst annealed 

at 450oC shows a more positive onset potential (-0.120 V vs. Hg/HgO) and higher limiting current 

density (-2.6 mA/cm2) when compared to the one annealed at 600oC and without annealing. As 

the MoS2-rGO is annealed the onset potential shifted to more positive with a corresponding 

increase in current density. The RDE polarization curves were recorded from 500 to 3000 rpm for 

the MoS2-rGO without annealing, annealed at 450 oC, and annealed at 600 oC as presented in 

Figures D.6a-c. The current density increases with the rotation speed in the diffusion-controlled 

region. Figure D.6d-f shows the KL plot derived from the RDE data for all these catalysts at a 

potential between -0.40 V to -0.80 V. The parallel lines between different potentials in the KL plot 

confirms that the ORR reaction follows first-order kinetics and further the n value is calculated for 

the catalyst annealed at 450 oC and 600 oC. The plot of n vs. potential displayed in Figure 6.5c 

gives more information about the reaction pathway. MoS2-rGO annealed at 450 oC and 600 oC 

possess n = 2.04 and n= ~1.60, respectively. This confirms that the MoS2-rGO catalyzes ORR 

through a less effective 2-e- pathway. Overall the lower activity exhibited by the MoS2-rGO 

catalyst could be due to the pH of the electrolyte employed as MoS2 is not very active in alkaline 

medium. In the future, we will try to investigate the catalytic activity of 3D printed MoS2-rGO in 

acidic medium for ORR and also for HER.  

 6.3 Catalytic Performance of Pyrolyzed Fe/N-CNF for Oxygen Reduction 

Reaction 

 Owing to the high cost of Pt, researchers are exploring alternative ORR catalysts that are 

completely free from precious metal. Among different candidates, transition metal-nitrogen-

carbon catalysts (M-N-C with M = Fe, Co, Mn, and Ni) have attracted huge attention owing to its 

strong binding with O2, sufficient active sites to promote ORR kinetics, facile preparation, and 
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their high tolerance to oxidation of fuel8. The Fe-N-C catalysts have been regarded as the effective 

ORR catalysts in the alkaline medium because of its high activity, overall stability, and catalyzing 

ORR through a 4-e- pathway8, 9. The majority of the previous studies on the Fe-N-C based catalysts 

employed amorphous carbon alongside nitrogen and metal precursor. We wanted to explore the 

role of graphitic carbon in creating these Fe-N-C active sites for ORR.  

Initially, to prepare the Fe-N/CNF catalyst we employed CNF with a diameter of 20-150 

nm containing conical platelets purchased from Sigma Aldrich and adopted a previously reported 

synthesis procedure using polyaniline and iron chloride10. Briefly, 0.4 g CNF was mixed with 2 

ml aniline in 100 ml of 0.50 M HCl solution. The mixture was left under stirring for 30 min and 

then, 1.7 g of ammonium persulfate (APS) in a 4:1 monomer to oxidant ratio mixed in 30 ml of 

0.50 M HCl was added dropwise to the mixture to polymerize the aniline and along with this 0.15 

g FeCl3 was also added. The addition of APS and FeCl3 happened while maintaining the 

temperature at 10 oC. The solution was left for 24 hours to allow the polymerized PANI to 

uniformly mix with CNFs. After that, the resulting solution was filtered and vacuum dried at 80 

oC to get the final product, Fe-PANI-CNF. PANI-CNF was prepared in a similar procedure without 

the addition of an iron precursor. The Fe-PANI-CNF and PANI-CNF were annealed at 900 oC in 

N2 for 1 hour. The heat-treated sample was leached in a 0.50 M H2SO4 solution at 80 oC for 8 

hours to remove any impurities or unreacted species from the synthesized material and washed 

several times in DI water. Finally, the filtered product after acid leaching was dried for 6 hours at 

70oC to obtain the catalyst Fe-N-CNF and N-CNF.  
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Figure 6.6: FESEM image of Fe-PANI-CNF (a,b) before pyrolysis and (c,d) after pyrolysis. 

Figure 6.6 shows the FESEM image taken to confirm the morphological change of the Fe-

PANI-CNF before and after pyrolysis. It is clear that before pyrolysis PANI covered the surface 

of the CNFs and after heat-treatment at 900 oC there is a change in the surface structure as the 

deposited PANI decomposes into carbon and nitrogen in which the later get incorporated into the 

CNFs. Figure D.7 shows the TEM image of the Fe-PANI-CNF catalyst after synthesis. As shown 

in the TEM image, we can notice that the deposited PANI and FeCl3 did not coat the CNFs 

uniformly and it is deposited on top of the CNF surface. This confirms that the synthesis procedure 

needs to be further improved to get the uniformly dispersed Fe-PANI-CNF catalyst. Figure D.8 

presents the TEM EDX spectrum and STEM-EDX line profile for the Fe-N-CNF catalyst which 

confirms the presence of C, N, and Fe. Also, the Fe content in the resulting catalyst is found to be 

0.57 at%. Figure D.9 shows the Raman spectra obtained for Fe-PANI-CNF catalysts before and 

after pyrolysis. The catalyst displayed the D-band and G-band characteristic peaks at ~1340 cm-1 
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and ~1570 cm-1 for the samples in both the conditions. The pyrolyzed Fe-PANI-CNF catalyst has 

a narrower G band confirming the graphitization of carbon and a high intense D band confirming 

the presence of carbon defects after heat treatment.  

 

Figure 6.7: (a) CV curves recorded at a scan rate of 50 mV/s and (b) LSV curves recorded at 

a scan rate of 10 mV/s and a rotation speed of 1,600 rpm in O2-saturated 0.10 M KOH 

solution for Bare CNF, PANI/CNF (annealed at 900oC), and Fe-N-CNF; (c) Koutecky-Levich 

plots at a potential of -0.60 V (vs Hg/HgO) for all the catalysts. 

The catalytic performance of the synthesized catalysts was evaluated using a three-

electrode system involving coiled Pt wire as the counter electrode and Hg/HgO (1.0 M NaOH) as 

the reference electrode. The working electrode was prepared by drop-casting 5 µL of the catalyst 

ink on RDE. The catalyst ink was prepared by dispersing 2.0 mg of the catalyst powder in a mixture 

of water, ethanol, and 5 wt% Nafion to yield a final catalyst loading of 80 µg/cm2. The CV curves 

recorded in O2-saturated 0.10 M KOH solution are presented in Figure 6.7a and it reveals the ORR 

activity of the synthesized catalyst. The reduction peak appeared at the same potential for all the 

catalysts, but the peak intensity is higher for Fe-N-CNF catalysts when compared with the bare 

CNF and N-CNF. As the Fe was introduced, Fe-N-CNF has an onset potential of ~ -0.180 V vs. 

Hg/HgO which is positively shifted by 80 mV and 32 mV when compared to the bare CNF and N-

CNF without any Fe from the LSV curves recorded at 1600 rpm as shown in Figure 6.7b. 

Moreover, the current density at 0.80 V (vs. Hg/HgO) increases from -2.2 to -3.25 mA/cm2 when 
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N is introduced, and it further increases to -3.54 mA/cm2 with the incorporation of Fe. The RDE 

data recorded from 500 to 3000 rpm for bare CNF, N-CNF, and Fe-N-CNF catalysts is presented 

in Figure D.10 and it confirms that the current density increases with the rotation speed as observed 

before. The KL plot obtained at -0.60 V (vs. Hg/HgO) predicts the n value to be 2.64, 2.84, and 

2.98 for bare CNF, N-CNF, and Fe-N-CNF catalysts, respectively. The increased electron transfer 

number for the Fe-N-CNF catalyst, when compared with the Fe free N-CNT catalyst further 

confirms that the formation of Fe-N-C sites in our catalyst improves the ORR. However, the KL 

results for all the three catalysts suggest that the O2 reduction is dominated by a 2-e- pathway.  This 

study confirms that the incorporation of Fe and N increases the ORR activity of CNF but still 

inferior to the other Fe-N-C catalysts reported in the alkaline medium. We attribute the lower 

activity of Fe-N-CNF to the very low Fe content in the final catalyst and the employed synthesis 

procedure. In the future, we plan to extend this study by exploring the ORR activity of the Fe-N-

C active site catalysts formed with NCNTs and VACNFs in alkaline medium.  

 6.4 NiO/N-VACNF Electrocatalyst for Hydrogen Evolution Reaction in 

Alkaline Media 

As discussed in Chapter 4, the plasma annealing of VACNFs at 550 oC introduced N into 

the VACNFs and also generated NiO particles of 5 to 30 nm in diameter. This work is focused on 

employing the N-doped VACNF with NiO particles (NiO/N-VACNF) as an electrocatalyst for 

hydrogen evolution reaction in the alkaline medium. Recent reports have found that the NiO 

supported on carbon surface to be an efficient HER electrocatalyst in alkaline medium11-13. The 

HER activity was investigated using a three-electrode system with coiled Pt wire as the counter 

electrode and Hg/HgO (1.0 M NaOH) as the reference electrode. The working electrode was still 

prepared by the same method as explained in Chapter 2. The catalytic activity towards HER was 
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evaluated for four different catalysts, namely bare VACNF, VACNF PA 5 min (NiO/N-VACNF 

(5 min)), VACNF PA 15 min (NiO/N-VACNF (15 min)), and VACNF PA 30 min (NiO/N-

VACNF (30 min)).  

Figure 6.8a shows the CV curves recorded in Ar-saturated 0.10 M KOH solution for all the 

four catalysts. It is clear from the CV data that the VACNFs after plasma annealing have a higher 

HER current density when compared with the bare VACNF and this increase in HER activity can 

be attributed to the presence of NiO particles on the VACNF surface for the plasma annealed 

samples. Figure 6.8b shows the LSV curves recorded at 1600 rpm and 10 mV/s scan rate for bare 

VACNF and three different PA catalysts. To assess the catalytic activity of different catalysts we 

need to measure the overpotential () required to generate a cathodic current density of 5.0 

mA/cm2. Among all the four catalysts the NiO/N-VACNF (15 min) has the smallest overpotential 

of 268 mV (vs. RHE). The obtained  value of NiO/N-VACNF (15 min) is 6, 55, and 195 mV 

higher than NiO/N-VACNF (5 min), NiO/N-VACNF (30 min), and bare VACNF respectively. 

Moreover, at  =  V, the NiO-N/VACNF has a cathodic current density of 33 mA/cm2, which 

is 1.7, 2.2 and 5.3 times higher than NiO/N-VACNF (5 min), NiO/N-VACNF (30 min), and bare 

VACNF, respectively. As seen from the CV and LSV data, it is clear that the HER activity is 

improved in the presence of NiO particles, and the activity increases with the increase in the 

particle diameter. However, when the VACNF was PA for 30 min, NiO particles with a large 

diameter of about 15-30 nm are generated on the surface of the VACNF. In addition to that, the 

diameter of the VACNF decreases as it was annealed for a longer time. So, these two effects added 

together can cause a decrease in the HER activity when the annealing time increases from 15 to 

30 min. The electrode kinetics of HER can be studied using EIS.  
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Figure 6.8: (a) CV curves recorded in Ar-saturated 0.10 M KOH solution at a scan rate of 

50 mV/s , (b) iR-corrected LSV curves recorded at a scan rate of 10 mV/s and a rotation 

speed of 1,600 rpm in Ar-saturated 0.10 M KOH solution, and (c) Nyquist plots at ƞ=143 mV 

in  the frequency range from 1 MHZ to 0.01 Hz for bare VACNF, NiO-N/VACNF (5), NiO-

N/VACNF (15), and NiO-N/VACNF (30). 

Figure 6.8c shows the Nyquist plot (Z’(Re Z) vs. -Z’’(Im Z)) obtained at = V vs. RHE 

in the frequency range from 1.0 MHZ and 0.01 Hz for bare VACNF, NiO/N-VACNF (5 min), 

NiO/N-VACNF (15 min), and NiO/N-VACNF (30 min). A good HER catalyst should have a 

semicircle with a smaller radius in the Nyquist plot. Here, the NiO/N-VACNF (15 min) has the 

smallest semicircle, which means a faster charge transfer rate.  This result is in agreement with the 

increased activity obtained for the NiO-N/VACNF (15 min) from the LSV data. Thus, the presence 

of NiO particles with a diameter of 10-15 nm increased the catalytic activity of the VACNF catalyst 
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and enhances the charge transfer. This is an ongoing project and we plan to further evaluate the 

stability of these catalysts towards HER, and further improve the HER catalytic activity by 

employing plasma annealed VACNFs grown for a longer time.  
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Chapter 7 - Conclusions 

Nanostructured carbon materials will continue to play an important role in enhancing the 

performance of electrocatalytic reactions in low-temperature fuel cell systems. The dissertation 

described the role of vertically aligned carbon nanofibers (VACNF) array as an effective catalyst 

support for oxygen reduction and methanol oxidation reaction. The ability of the VACNFs to 

strongly anchor the metal nanoparticles, enhance the durability of the electrocatalyst, improve the 

tolerance towards methanol crossover, induce a faster recovery from CO poisoning, and induce 

effective removal of reaction intermediates are desirable for an ideal electrocatalyst support.  

In Chapter 3, the VACNF array was grown by PECVD and ion-sputtered with different 

loading (at 6.5, 10.8, 21.5, and 43.0 μg cm-2) of Pt catalysts. The resulting 3D architectured 

material was employed as an electrocatalyst for the ORR. The linear sweep voltammetry data 

obtained from such 3D structures on RDE has been found to deviate from the Levich equation 

which is caused by the raised edge and the roughness at the top surface of the nanostructured 

VACNF. However, useful information can be extracted from the RDE measurements. The half-

wave potential of the Pt/VACNF catalysts is comparable to the benchmark commercial Pt/C 

catalyst at similar Pt loadings following a 4-e- ORR pathway. DFT calculations have validated the 

strong binding of Pt atoms with the graphitic edge sites in Pt/VACNF catalysts and further 

elucidated the reduction pathway to be a 2-e- pathway for bare VACNFs and a 4-e- pathway on 

Pt/VACNF, respectively. It also, identified that the ORR catalyzed by the Pt/VACNF is 

thermodynamically more favorable through a dissociative mechanism. The Pt/VACNF catalyst 

has shown better durability in accelerated stress tests than the commercial Pt/C catalyst at similar 

loading. Furthermore, the Pt/VACNF catalysts have shown enhanced tolerance to methanol 
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oxidation in the presence of 0.75 M methanol. The Pt/VACNF system has also shown improved 

capability to recover from CO poisoning.   

In Chapter 4, the N-doped VACNF array was prepared by NH3 plasma annealing at 550 oC 

using PECVD and successfully employed as a unique catalyst support to improve the durability of 

the Pt catalysts towards the ORR. The material analyses identified the morphological change, 

indicated the presence of NiO particles on the catalyst surface, and confirmed the anchoring of Pt 

nanoparticles. XPS analysis identified the presence of nitrogen species and different oxygen 

functionalities present in the VACNFs as a result of plasma annealing. It also confirmed the 

presence of partial electron transfer between the Pt particles and catalysts support which lead to 

the strong-metal support interaction. As a result, the Pt particle size was controlled to ~2.3 nm in 

diameter when attached to N-doped VACNF support. Even with smaller particle size, the Pt/N-

VACNF with 43.0 µg/cm2 Pt loading exhibited only a -16 mV shift in E after 5000 AST cycles 

indicating a better durability when compared to the Pt/VACNF and Pt/C catalysts. DFT 

calculations have validated the strong binding of Pt atoms with the pyridinic N-doped edge and 

confirmed the 4-e- reduction pathway for Pt/N-VACNF catalyzed ORR. In addition, the Pt/N-

VACNF catalysts have shown excellent tolerance to methanol oxidation with the oxygen reduction 

being more dominant in the full potential range.  

In Chapter 5, the Pt and PtRu catalysts supported on the three-dimensional graphitic carbon 

support was successfully prepared using ion beam sputtering of PGMs onto PECVD-grown 

vertically aligned carbon nanofiber arrays. XPS analysis confirmed the presence of nitrogen 

species and oxygen functional groups in the 3D VACNF supports and the presence of strong metal-

support interactions in Pt/VACNF. DFT calculations reveal the electron transfer mechanism and 

it was found to be dependent on the nature of the atomic sites. The electron transfer between PGM 
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and the edge atoms of VACNF support promotes OH binding over that of CO. As a result, the 

energy difference between OHads and COads binding is reduced at the Pt catalyst deposited on the 

N-doped VACNF support, which makes OH more effective in the electro-oxidative removal of 

CO poison. The CO stripping analyses further confirmed the effective removal of CO with the 

presence of additional CO stripping peaks at lower electrode potentials on the VACNF support. 

Cyclic voltammetry measurements of Pt/VACNF and PtRu/VACNF presented an enhanced 

electrocatalytic performance towards the MOR in both acidic and alkaline with higher Jf/Jb ratio 

indicating a higher degree of oxophilicity. In addition, Pt/VACNF and PtRu /VACNF catalysts 

with smaller particle sizes (~1.7 nm and 2.8 nm)  showed improved stability even after 500 MOR 

CV cycles with still maintaining a higher Jf/Jb ratio.  

In Chapter 6, a short overview of four ongoing studies was mentioned. In the first study, 

the impact of NCNTs in boosting the catalytic activity of g-C3N4 and the heat-treatment 

temperature in improving the activity of g-C3N4+NCNTs hybrid catalyst was successfully 

explored. The resulting g-C3N4+NCNTs-500 oC catalyst catalyzed ORR through a 4-e- pathway 

and showed higher catalytic activity among all the other catalysts prepared using g-C3N4. Even 

though the activity is relatively low when compared to Pt/C, the g-C3N4+NCNTs-500 oC have 

shown excellent tolerance towards methanol crossover with almost no change in the ORR activity. 

In the future, significant efforts will be made to incorporate transition metals into the abundant 

nitrogen moieties, and hence, increasing the intrinsic activity of the hybrid catalyst. In the second 

study, the 3D printed MoS2-rGO was successfully evaluated for ORR in alkaline medium. The 

MoS2-rGO exhibited lower catalytic activity and catalyzed ORR through a less effective 2-e- 

pathway due to the high pH of the electrolyte used. In the future, the 3D printed MoS2-rGO will 

be tested for ORR and HER in acidic medium. In the third study, the Fe-N-CNF catalyst was 
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successfully explored towards ORR. The incorporation of Fe and N increased the catalytic activity 

of CNF and the resulting Fe-N-CNF catalyzed ORR was dominated by a 2-e- pathway. Due to a 

very low Fe content, the activity of the Fe-N-CNF catalyst was still inferior to the other reported 

Fe-N-C catalysts in alkaline medium.  In the future, we plan to improve the catalytic activity by 

increasing the Fe content and extend this study by exploring VACNFs and NCNTs to form Fe-N-

C ORR active sites. In the fourth study, the N-doped VACNFs with NiO particles was successfully 

explored as an HER catalyst. The resulting NiO/N-VACNF (15 min) catalysts had an HER 

overpotential of  ~195 mV lower than the bare VACNF. The presence of NiO particles with a 

diameter of 10-15 nm increased the catalytic activity of the NiO/N-VACNF (15 min) catalyst and 

enhanced the charge transfer. We plan to continue this study by evaluating the durability of  

NiO/N-VACNF catalysts towards HER and further improve the catalytic activity by employing 

NiO/N-VACNF with longer VACNF.  
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Appendix A - Supplementary Information for Chapter 3 

1) Derivation of limiting current (Jlim) and half-wave potentials (E1/2): 

To compensate for the sloped feature in the LSV curve, the actual limiting current density Jlim 

is derived by extrapolating the kinetic-controlled and diffusion-controlled regions with the tangent 

drawn. The difference between the current densities of the two intersecting points in the mixed-

control regions is counted as Jlim. The half-wave potential E1/2 is read from the point giving the 

current density value of Jlim/2. 

 

Figure A.1: Extrapolation of the limiting current density Jlim and the half-wave potential E1/2 from 

the background subtracted LSV at 1,600 rpm and 10 mV/s for Pt/VACNF with 43.0 µg/cm2 Pt 

loading.  
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Figure A.2: CV curve of Pt/VACNF (at 43.0 µg/cm2 Pt loading) showing the calculated area of 

hydrogen adsorption corresponding to a Pt electrochemical surface area of 23.5 m2/g. (Reproduced 

with permission from J. Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All 

rights reserved.)  
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Figure A.3: Low-magnification FESEM images of (a) graphite paper (top view); and VACNF 

arrays on the graphite paper (cross-sectional view) with PECVD growth time of (b) 30 min, (c) 60 

min, and (d) 90 min. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 

066523. © The Electrochemical Society. All rights reserved.)  
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Figure A.4: TEM image of (a) Pt/VACNF (10.8 µg/cm2); (b) Pt/VACNF (21.5 µg/cm2) and (c) 

Pt/VACNF (43.0 µg/cm2) and corresponding particle size distribution. (Reproduced with 

permission from J. Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All 

rights reserved.)  
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Figure A.5: (a) HAADF–STEM image of the Pt/VACNF with 5.0 nm nominal thickness (10.8 

µg/cm2) Pt loading by ion-beam sputtering, (b) EDS elemental mapping of Pt in the selected 

region. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  
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Figure A.6: Raman spectra of (a) bare VACNFs in comparison to (b) ideal multi-walled carbon 

nanotubes (MWCNTs). The MWCNTs were purchased from Nanostructured & Amorphous 

Materials Inc. (Katy, TX). (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 

066523. © The Electrochemical Society. All rights reserved.)  
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Figure A.7: CV curves recorded at a scan rate of 50 mV/s in O2-saturated 0.1 M KOH solution 

for various Pt/VACNF catalysts with different Pt loadings (6.5, 10.8, 21.5 and 43.0 µg/cm2). 

(Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  
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Figure A.8: (a) CV curves recorded at a scan rate of 50 mV/s in Ar-saturated 0.10 M KOH for 

bare graphite paper and those grown with VACNFs at 30, 60 and 90 min growth time. The dashed 

lines show the baselines and the orange arrow indicates the current density that was used to 

calculate the capacitance; (b) Plot of capacitance Co (µF/cm2) vs. different samples; (c) Enlarged 

plot of (b) to show the capacitance variation versus the VACNF length (or growth time). The error 

bars are calculated by the standard deviation from 3 samples. (Reproduced with permission from 

J. Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All rights reserved.)  
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Table A.1: The average length and the corresponding capacitance Co (µF/cm2) of VACNFs 

prepared with different PECVD growth time. (© The Electrochemical Society. Reproduced with 

permission from J. Electrochem. Soc. 2020, 167, 066523. All rights reserved)  

 

 

Sample 

Average Length 

(µm) 

C0 (µF/cm2) 

(After GP 

subtraction) 

VACNF – 30 min GT 5 408±78 

VACNF – 60 min GT 8 910 ± 23 

VACNF – 90 min GT 11 1115±48 

 

*GT represents growth time. 

*The Co for bare graphite paper is 10080 ± 105 µF/cm2. 
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Figure A.9: RDE LSV voltammogram with background corrected for (a) Pt/C (12.8 µg/cm2 Pt), 

(b) Pt/VACNF (6.5 µg/cm2 Pt), (c) Pt/VACNF (10.8 µg/cm2 Pt), and (d) Pt/VACNF (43.0 µg/cm2 

Pt) recorded in 0.10 M KOH solution at a scan rate of 10 mV/s in the negative direction and at a 

rotation speed from 500 to 3000 rpm. The purple dash lines mark the zero current density. 

(Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  
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Figure A.10: Koutecky-Levich plots of (a) Pt/C (12.8 µg/cm2 Pt), (b) Pt/C (25.6 µg/cm2 Pt), (c) 

Pt/VACNF (6.5 µg/cm2 Pt), (d) Pt/VACNF (10.8 µg/cm2 Pt), (e) Pt/VACNF (21.5 µg/cm2 Pt), and 

(f) Pt/VACNF (43.0 µg/cm2 Pt). (Reproduced with permission from J. Electrochem. Soc. 2020, 

167, 066523. © The Electrochemical Society. All rights reserved.)  
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Figure A.11: Side and front views of the molecular models representing the fishbone-type bare 

VACNFs (a and b), and Pt/VACNFs (c and d) used in this work. Periodic boundaries are indicated 

by black lines. Color code: white – H, red – O, grey – C, and blue – Pt. (Reproduced with 

permission from J. Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All 

rights reserved.)  
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Figure A.12: Free energy profiles for Pt deposition on the VACNF edge, which indicates free 

energy change of depositing another Pt at carbon edge. Color code: white – H, red – O, gray – C, 

and blue – Pt. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)     
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Figure A.13: Models of Pt clusters consisting of Pt4, Pt 12, Pt 16, and Pt 20 on the VACNF edges. 

Numerical values represent the formation free energies on the per Pt atom basis. Color code: gray 

– C, and blue – Pt. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © 

The Electrochemical Society. All rights reserved.)  
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Figure A.14: Free energy profiles of the 4-e- ORR dissociative pathway at the 0 V applied 

potential (solid line) and at the 1.23 V applied potential (dashed line). (Reproduced with 

permission from J. Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All 

rights reserved.)  
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Figure A.15: LSV curves of (a) Pt/C (51.2 µg/cm2) and (b) Pt/VACNF (43.0 µg/cm2) after every 

1000 AST cycles in O2-saturated 0.10 M KOH solution at a scan rate of 10 mV/s and a rotation 

speed of 1600 rpm. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © 

The Electrochemical Society. All rights reserved.)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-0.4 -0.2 0.0 0.2

0.5 0.7 0.9 1.1

-8.0

-6.0

-4.0

-2.0

0.0

2.0

J
 (

m
A

/c
m

2
)

E (V vs Hg/HgO)

 Initial 

 1000 Cycles

 2000 Cycles

 3000 Cycles

 5000 Cycles

E (V vs RHE)

-0.4 -0.2 0.0 0.2

0.5 0.7 0.9 1.1

-8.0

-6.0

-4.0

-2.0

0.0

2.0

J
 (
m

A
/c

m
2
)

E (V vs Hg/HgO)

 Initial
 Cycle 1000

 Cycle 2000

 Cycle 3000

 Cycle 5000

E (V vs RHE)

a b

ΔE = - 35 mVΔE = - 48 mV



 

 185 

 
 

Figure A.16: TEM images of Pt/C (78.5 µg/cm2) (a) before and (b) after 5,000 AST cycles, and 

Pt/VACNF (86.0 µg/cm2) (c) before and (d) after 5,000 AST cycles. (Reproduced with permission 

from J. Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All rights 

reserved.)  
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Figure A.17: Amperometric j-t curve of Pt/C (12.8 µg/cm2 
Pt) and Pt/VACNF (10.8 µg/cm2 Pt) 

recorded at 1,600 rpm in O2-saturated 0.10 M KOH solution with successive addition of 3.0 M 

methanol to give the final concentration of 0.75 M at the potential of (a) -0.3 V and (b) -0.1 V (vs. 

Hg/HgO); (c) LSV curves recorded at a scan rate of 10 mV/s and 1,600 rpm with and without 

adding 0.75 M methanol. (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 

066523. © The Electrochemical Society. All rights reserved.)  
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Figure A.18: Amperometric j-t curve of Pt/C (51.2 µg/cm2) and Pt/VACNF (43.0 µg/cm2) 

recorded at 1,600 rpm in O2-saturated 0.10 M KOH solution with successive addition of 3.0 M 

methanol to give the final concentration of 0.75 M at a potential of (a) -0.3 V and (b) -0.1 V (vs. 

Hg/HgO). (Reproduced with permission from J. Electrochem. Soc. 2020, 167, 066523. © The 

Electrochemical Society. All rights reserved.)  
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Figure A.19: LSV curves recorded at a scan rate of 10 mV/s and 1,600 rpm in 0.10 M KOH purged 

with pure O2 (Initial), 10 % CO and 90% O2 (1
st CO), and re-purged with pure O2 (1st O2 recovery) 

of (a) Pt/C (12.8 µg/cm2 Pt) and (b) Pt/VACNF (10.8 µg/cm2 Pt). The experiments are repeated 5 

times and data from the first and fifth sets are presented. (Reproduced with permission from J. 

Electrochem. Soc. 2020, 167, 066523. © The Electrochemical Society. All rights reserved.)  
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Figure A.20: LSV curves recorded at a scan rate of 10 mV/s and a rotation speed of 1,600 rpm in 

O2 saturated 0.1 M HClO4 solution for bare VACNF and Pt/VACNF catalysts with different Pt 

loadings (6.5, 10.8, 21.5 and 43.0 µg/cm2 Pt).  

 

The Pt/VACNF catalysts have also been investigated in an acidic medium. Figure A.20 

presents the LSVs recorded at 1,600 rpm for bare VACNF and Pt/VACNF catalysts (at 6.5, 10.8, 

21.5 and 43.0 g/cm2 Pt loading) in O2 saturated 0.10 M HClO4 solution. Even though the 

contribution to ORR by the bare VACNF is substantially smaller in the acidic medium, the overall 

properties of Pt/VACNF catalysts are similar in both acidic and alkaline conditions. The Jlim values 
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Jlim at the low Pt loading is slightly smaller than that in alkaline medium. The change in E1/2 with 

respect to the Pt loading is similar in both media. The half-wave potential E1/2 (vs. RHE) in the 

acidic medium, however, shifts by about -140 mV comparing to those in the alkaline medium.
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Appendix B - Supplementary Information for Chapter 4 

 

Figure B.1: FESEM images of VACNFs (a) as-grown and thermal annealed for 1 h at (b) 650 
oC, (c) 700 oC, and (d) 800 oC.  
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Figure B.2: FESEM images of VACNFs (a) as-grown and plasma annealed for 5 min at (b) 550 
oC, (c) 600 oC, and (d) 650 oC.  
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Figure B.3: TEM image of Pt/N-VACNF PA 5 min (43.0 µg/cm2) with the corresponding particle 

size distribution. 
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Figure B.4: (a) TEM-EDX spectrum and (b) HAADF-STEM image showing the selected area for 

EDX analysis of N-VACNF (PA 5 min); (c) HAADF-STEM image and (d-g) STEM-EDX 

mapping for all the elements of N-VACNF (PA 5 min). The inset table in (a) shows the atomic % 

of different elements. 
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Figure B.5: TEM-EDX spectrum of Pt/N-VACNF PA 5 min (43.0 g/cm2). The orange rectangle 

in inset HAADF-STEM image shows the selected area for EDX analysis. The inset table shows 

the weight % of different elements.  
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Figure B.6: (a) HAADF-STEM image and (b-g) STEM-EDX elemental mapping of Pt/N-VACNF 

PA 5 min (43.0 g/cm2). 

 

 

 

a b c d

e f g



 

 196 

 

Figure B.7: (a-d) Raman spectra and (e-h) XPS survey spectra of  bare VACNF, N-VACNF (PA 

5 min), N-VACNF (PA 15 min), and N-VACNF (PA 30 min). 
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Table B.1: Atomic Percentage (at %) of the elemental species from the XPS survey spectra. 

 

 
 

 

  

Catalyst

at %

C N O Pt

Bare VACNF 85.9 7.4 6.7 -

VACNF PA 5 min 78.9 8.5 12.6 -

VACNF PA 15 min 74.7 8.6 16.7 -

VACNF PA 30 min 73.6 7.4 19.0 -

Pt/N-VACNF 49.1 5.1 21.4 24.4

Pt/C 93.8 3.0 - 3.2
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Table B.2: Binding energies (BE) and integrated relative area % of individual chemical 

component from N 1s and O 1s XPS spectra of Bare VACNF, N-VACNF (PA 5min), N-VACNF 

(PA 15 min), and N-VACNF (PA 30 min). 

 
  

XPS 
Spectra Species

Bare VACNF N-VACNF
(PA 5 min)

N-VACNF 
(PA 15 min)

N-VACNF
(PA 30 min)

BE (eV) Relative 
Area %

BE (eV) Relative 
Area %

BE (eV) Relative 
Area %

BE (eV) Relative 
Area %

N 1s

Pyridinic N 398.76 32.9 398.78 45.2 398.70 53.1 398.54 49.1

Pyrrolic N 399.95 10.9 399.88 16.8 399.81 19.4 400.05 26.1

Graphitic N 401.13 34.0 401.04 27.4 401.15 16.4 401.19 15.0

Oxidic N 402.67, 
405.13

22.2 403.46,4
05.43

10.6 403.28 12.1 403.75 9.8

O 1s

NiO - - 529.58 10.3 529.58 15.0 529.68 16.4

C=O 531.28 20.7 531.30 24.1 531.24 26.4 531.20 17.3

C-O 532.26 47.7 532.28 53.1 532.20 43.6 532.14 53.2

C-O-H 533.64 23.0 533.86 12.5 533.64 15 533.64 13.1

O in H2O 534.72 8.6 - - - - - -
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Figure B.8: O 1s XPS spectra of bare VACNF and VACNF samples plasma annealed at 550 oC 

for (b) 5 min, (c) 15 min, and (d) 30 min. 
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Table B.3: Binding energies (BE) and integrated relative area % for each species of Pt/C and 

Pt/N-VACNF from Pt 4f XPS spectra. 

 

 

  

Sample Species
BE (eV)

Relative 
area %

Pt 4f7/2 Pt 4f5/2

Pt/C
Pt0 71.32 74.63 45.6

Pt2+ 72.47 75.59 41.1

Pt4+ 77.70 79.90 13.3

Pt/N-VACNF
Pt0 71.13 74.41 57.2

Pt2+ 72.50 75.48 30.2

Pt4+ 77.07 79.49 12.6



 

 201 

 

Figure B.9: N 1s XPS spectra of  (a) Pt-/VACNF (43.0 g/cm2) and (b) Pt/N-VACNF PA 5 min 

(43.0 g/cm2). 
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Figure B.10: CV curves recorded at a scan rate of 50 mV/s in O2 saturated 0.10 M KOH solution 

for N-VACNF (PA 5 min) catalysts with different Pt loadings (6.5, 10.8, 21.5 and 43.0 µg/cm2).  
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Figure B.11: TEM image of N-VACNF (PA 5 min), N-VACNF (PA 15 min), and N-VACNF (PA 

30 min) (a-c) as-prepared and (d-f) after treatment in HNO3. 
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Figure B.12: (c) LSV recorded at 1600 rpm in O2-saturated 0.10 M KOH solution with Pt sputtered 

without any treatment in HNO3 and after treatment in HNO3 for Pt/N-VACNF PA 5 min (43.0 

g/cm2); (a and b) FESEM image of N-VACNF (PA 5 min) after contact with solution. 
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Figure B.13: RDE LSV voltammogram of (a) bare VACNF, (b) N-VACNF (PA 5 min), (c) N-

VACNF (PA 15 min), and (d) N-VACNF (PA 30 min) in O2-saturated 0.10 M KOH solution at a 

scan rate of 10 mV/s and at a rotation speed from 500 to 3000 rpm. The purple dash-line marks 

the zero current density. 
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Figure B.14: RDE LSV voltammogram of (a) Pt/N-VACNF (6.5 µg/cm2 Pt), (b) Pt/N-VACNF 

(10.8 µg/cm2 Pt), (c) Pt/N-VACNF (21.5 µg/cm2 Pt), and (d) Pt/N-VACNF (43.0 µg/cm2 Pt) in 

O2-saturated 0.10 M KOH solution at a scan rate of 10 mV/s and at a rotation speed from 500 to 

3000 rpm. The purple dash-line marks the zero current density. 
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Figure B.15: Stability analysis of Pt particles over pyridinic nitrogen doped edge. 

  



 

 208 

 

Figure B.16: LSV curves of (a) Pt/C (25.6 µg/cm2) and (b) Pt/N-VACNF (21.5 µg/cm2) after 

every 1000 AST cycles in O2-saturated 0.10 M KOH solution at a scan rate of 10 mV/s and a 

rotation speed of 1600 rpm; (c) Change in the half-wave potential of the LSV curves vs. the number 

of AST cycles for both the catalysts.
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Appendix C - Supplementary Information for Chapter 5 

 

Figure C.1: TEM image of (a) Pt/VACNF (21.5 µg/cm2) and (b) PtRu/VACNF (43.0 µg/cm2) 

with their corresponding particle size distribution. 
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Figure C.2: TEM EDX spectrum of Pt/VACNF (21.5 µg/cm2). The orange rectangle in the inset 

HAADF image shows the selected EDX analysis area.   
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Figure C.3: (a) TEM-EDX spectrum and (b) HAADF-STEM image showing the selected area for 

EDX analysis of PtRu/VACNF (43.0 µg/cm2); (c) HAADF-STEM image and (c-g) STEM-EDX 

mapping of PtRu/VACNF (43.0 µg/cm2) for the following elements: C, O, Pt, and Ru. 

 

  

C

O

Ru

RuPt

a

b c d

e f g



 

 212 

 

Figure C.4: XPS survey spectra of (a) bare VACNF, (b) Pt/VACNF, and (c) Pt/C. 
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Table C.1: Atomic Percentage (at %) of the elemental species from the XPS survey spectra. 

 

 
 

  

Catalyst
At %

C O N Pt

Bare VACNF 85.9 6.7 7.4 -

Pt/VACNF 50.7 14.5 6.9 27.9

Pt/C 93.8 3.0 - 3.2
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Table C.2: Binding energies and relative integrated area % of individual chemical component 

from C 1s, O 1s and N1s XPS spectra  of bare VACNF, Pt/VACNF, and Pt/C . 

 

 
 

  

XPS 
Spectra

Species
Bare VACNF Pt/VACNF Pt/C

Binding 
Energy 

(eV)

Relative 
Area %

Binding 
Energy 

(eV)

Relative 
Area %

Binding 
Energy 

(eV)

Relative 
Area %

C 1s

Carbides 283.71 2.2 283.42 1.5 283.13 4.6

sp2 C 284.50 48.6 284.58 69.0 284.40 60.7

C-O/C=N 285.82 14.1 285.80 9.2 285.80 15.1

O-C-O/C-N 286.70 16.6 286.60 7.8 - -

C=O 287.73 2.7 287.71 9.3 287.63 7.4

O-C=O 288.70 5.6 288.77 3.2 - -

p    p* 291.48 10.2 - - 290.73 12.2

O 1s

C=O 531.28 20.7 531.20 36.0 531.14 23.4

C-O 532.26 47.7 532.22 52.5 532.29 45.1

O-H 533.64 23.0 533.52 11.5 533.50 28.6

O in H2O 534.72 8.6 - - 535.01 2.9

N 1s

Pt-N - - 398.00 26.0 - -

Pyridinic N 398.76 32.9 398.81 45.3 - -

Pyrrolic N 399.95 10.9 400.13 17.6 - -

Graphitic N 401.13 34.0 401.20 11.1 - -

Oxidic N 402.67, 
405.13

22.2 - - - -
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Figure C.5: (a) C 1s and (b) O 1s XPS spectra of bare VACNF. 
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Table C.3: Binding energies and relative integrated area for each species in Pt/C and Pt/VACNF 

from Pt 4f XPS spectra. 

 
  

Sample Species
Binding energy 

(eV) Relative 
area %Pt 4f7/2 Pt 4f5/2

Pt/C
Pt0 71.32 74.63 45.6

Pt2+ 72.47 75.59 41.1

Pt4+ 77.70 79.90 13.3

Pt/VACNF
Pt0 71.12 74.40 53.4

Pt2+ 72.30 75.41 34.5

Pt4+ 77.13 79.73 12.1
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Figure C.6: Plot of chemical state of Pt vs. their corresponding relative % concentration derived 

from Pt 4f spectra of Pt/C and Pt/VACNF   
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Figure C.7: Cyclic voltammogram of (a) Pt/C (25.6 µg/cm2), Pt/VACNF (21.5 µg/cm2) and (b) 

PtRu/C VACNF (48.0 µg/cm2), PtRu/VACNF (43.0 µg/cm2) recorded in Ar saturated 0.10 M 

HClO4 solution at a scan rate of 50 mV/s; (c) Cyclic voltammogram of Pt/C (25.6 µg/cm2) and 

Pt/VACNF (21.5 µg/cm2) recorded in Ar saturated 0.10 M KOH solution at a scan rate of 50 mV/s.  
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Figure C.8: First anodic scan of CO Stripping curves of (a) Pt/C (25.6 µg/cm2), (b) Pt/VACNF 

(21.5 µg/cm2), (c) PtRu/C (48.0 µg/cm2), and (d) PtRu/VACNF (43.0 µg/cm2) recorded in 0.10 M 

HClO4 solution at a scan rate of 10 mV/s; First anodic scan of CO Stripping curves of (e) Pt/C 

(25.6 µg/cm2) and (f) Pt/VACNF (21.5 µg/cm2) recorded in 0.10 M KOH solution at a scan rate 

of 10 mV/s. All current densities were relative to the geometric surface area of electrodes. 
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Figure C.9: Cyclic voltammograms in Ar-purged 0.10 M HClO4 containing 0.75 M MeOH: (a) 

with a bare graphite paper electrode; and with Pt/VACNF and PtRu/VACNF electrodes (b) before 

and (c) after subtracting the background in (a); Cyclic voltammograms in Ar-purged 0.10 M KOH 

containing 0.75 M MeOH: (d) with a bare graphite paper electrode; and with a Pt/VACNF 

electrode (e) before and (f) after subtracting the background in (d). All CVs are recorded at 50 

mV/s scan rate. All current densities were relative to the geometric surface area of electrodes. 
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Figure C.10: Cyclic voltammograms of Pt/C recorded at 50 mV/s scan rate with different anodic 

potential limit in Ar-purged 0.5 M H2SO4 (a) without and (b) with 0.35 M MeOH. The PtO 

reduction charge was calculated from Figure C.10a. 
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Appendix D - Supplementary Information for Chapter 6 

 
Figure D.1: (a) SEM and (b) TEM image of NCNT. 
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Figure D.2: N 1s XPS Spectra of (a) N-CNF and (b) g-C3N4. 
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Figure D.3: (a) CV curves recorded in O2-saturated 0.10 M KOH solution at a scan rate of 50 

mV/s and (b) LSV curves recorded at a scan rate of 10 mV/s and a rotation speed of 1,600 rpm in 

O2-saturated 0.10 M KOH solution for g-C3N4, g-C3N4+Carbon Black, g-C3N4+MWCNT, g-

C3N4+Graphene, and g-C3N4+NCNT. The purple dash line marks the zero current density. 
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Figure D.4:  RDE LSV voltammogram for (a) g-C3N4, (b) g-C3N4+NCNT, (c) g-C3N4+NCNT- 

450 oC, (d) g-C3N4+NCNT- 500 oC, and (e) g-C3N4+NCNT- 550 oC with background corrected 

recorded in 0.10 M KOH solution at a scan rate of 10 mV/s in the negative direction and at a 

rotation speed from 500 to 3000 rpm. The purple dash lines mark the zero current density.  
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Figure D.5: Koutecky-Levich plots at different potentials for (a) g-C3N4, (b) g-C3N4+NCNT, (c) 

g-C3N4+NCNT- 450 oC, (d) g-C3N4+NCNT- 500 oC, and (e) g-C3N4+NCNT- 550 oC. (The current 

density at each potential was calculated by subtracting the background contribution measured in 

Ar). 
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Figure D.6:  RDE LSV voltammogram of MoS2-rGO (a) No annealing, (b) annealed at 450 oC, 

and (c) annealed at 600 oC with background corrected recorded in 0.10 M KOH solution at a scan 

rate of 10 mV/s in the negative direction and at a rotation speed from 500 to 3000 rpm. The purple 

dash lines mark the zero current density; Koutecky-Levich plots at different potentials for MoS2-

rGO (d) No annealing, (e) annealed at 450 oC, and (f) annealed at 600 oC (The current density at 

each potential was calculated by subtracting the background contribution measured in Ar). 
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Figure D.7: TEM image of Fe-PANI-CNF after synthesis. 
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Figure D.8:  (a) TEM-EDX spectrum and (b-e) STEM-EDX line profile of Fe-N-CNF annealed 

at 900 oC.   
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Figure D.9: Raman Spectra of Fe-PANI-CNF catalysts before and after pyrolysis. 
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Figure D.10: RDE LSV voltammogram of (a) bare CNF, (b) N-CNF, and (c) Fe-N-CNF with 

background corrected recorded in 0.10 M KOH solution at a scan rate of 10 mV/s in the negative 

direction and at a rotation speed from 500 to 3000 rpm. The purple dash lines mark the zero current 

density 
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Appendix E - Publications and Presentations 

Publications: 

• Ayyappan Elangovan, Jiayi Xu, Archana Sekar, Bin Liu, Jun Li. Enhancing Methanol 

Oxidation Reaction with Platinum-based Catalysts Using a N-Doped Three-dimensional 

Graphitic Carbon Support. (Submitted to ChemCatChem) 

• Jiayi Xu, Ayyappan Elangovan, Jun Li, Bin Liu. Graphene-Based Dual-Metal Sites for 

Oxygen Reduction Reaction: A Theoretical Study. (Submitted to Physical Chemistry 

Chemical Physics) 

• Ayyappan Elangovan, Jiayi Xu, Emery Brown, Bin Liu, Jun Li. Fundamental 

Electrochemical Insights of Vertically Aligned Carbon Nanofiber Architecture as a Unique 

Catalyst Support for ORR, Journal of the Electrochemical Society, 2020, 167, 066523. 

• Yazhou Chen, Ayyappan Elangovan, Danli Zeng, Yunfeng Zhang, Hanzhong Ke, Jun Li, 

Yubao Sun, Hansong Cheng. Vertically Aligned Carbon Nanofibers on Cu Foil as a 3D 

Current Collector for Reversible Li Plating/Stripping toward High‐Performance Li–S 

Batteries, Advanced Functional Materials, 2019, 1906444. 

• Emery Brown, Pengli Yan, Halil Tekik, Ayyappan Elangovan, Jian Wang, Dong Lin, Jun 

Li. 3D printing of Hybrid MoS2-Graphene Aerogels a highly Porous Electrode Materials 

for Sodium Ion Battery anodes, Materials & Design, 2019, 170, 107689. 

• Emery Brown, Jagaran Acharya, Ayyappan Elangovan, Judy Wu, Jun Li. Disordered 

Bilayered V2O5.nH2O Shells Deposited on Vertically Aligned Carbon Nanofiber Arrays as 

Stable High-Capacity Sodium Ion Battery Cathodes, Energy Technology, 2018, 6, 2438-

2449. 

• Emery Brown, Seok-Hwan Park, Ayyappan Elangovan, Yue Yuan, Jooyoun Kim, Xiuzhi 

Susan Sun, Xiaoming Zhang, Guohong Wang, Jun Li. Facilitating High-Capacity 

V2O5 Cathodes with Stable Two and Three Li+ Insertion Using a Hybrid Membrane 

Structure Consisting of Amorphous V2O5 Shells Coaxially Deposited on Electrospun 

Carbon Nanofibers, Electrochimica Acta, 2018, 269, 144-154. 

• S Anantharaj, K Sakthikumar, Ayyappan Elangovan, G Ravi, T Karthik, Subrata 

Kundu. Ultra-small rhenium nanoparticles immobilized on DNA scaffolds: An excellent 

material for surface enhanced Raman scattering and catalysis studies, Journal of Colloid 

and Interface Science, 2016, 483, 360-373. 

• S Anantharaj, U Nithiyanantham, Sivasankara Rao Ede, E Ayyappan, Subrata Kundu. Pi-

Stacking intercalation and reductant assisted stabilization of osmium organosol for catalysis 

and SERS application, RSC Advances, 2015, 5, 11850-11860. 
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Conference Presentations: 

• Ayyappan Elangovan, Jiayi Xu, Bin Liu, Jun Li, “Platinum Anchored Vertically Aligned 

Carbon Nanofibers as a Bifunctional Electrocatalyst for Oxygen Reduction and Methanol 

Oxidation Reaction”, The 54th Annual ACS Midwest Regional Meeting 2019 (Wichita, KS, 

USA). 

• Ayyappan Elangovan, Jiayi Xu, Bin Liu, Jun Li, “Platinum Anchored on Vertically 

Aligned Carbon Nanofibers for catalysis of Oxygen Reduction Reaction”, The Designing 

Molecules Workshop and Conference, 2019 (Manhattan, KS, USA). 

• Ayyappan Elangovan, Jun Li, “Vertically Aligned Carbon Nanofibers with Reduced Pt 

Loading as a Highly Active and Methanol Tolerant Cathode Electrocatalyst in PEMFC”, 

The 257th ACS National Meeting & Exposition 2019 (Orlando, FL, USA). 

• Ayyappan Elangovan, Jun Li, “Vertically Aligned Carbon Nanofibers with Ultra-low 

Platinum Loading for Oxygen Reduction Reaction”, The 52nd Annual ACS Midwest 

Regional Meeting 2017 (Lawrence, KS, USA). 

Awards and Scholarships: 

• Meloan Award for Outstanding Research in Analytical Chemistry (2020)                 

• International Leadership Award by K-State Alumni Association (2020)  

• Graduate Award Symposium Winner at The 54th ACS Midwest Regional Meeting (2020) 

• Arts and Science Travel Scholarship (2019)                     

• Graduate School Travel Award (2019)      

• Phi Lambda Upsilon Travel Award (2019)               

• International Student Scholarship by K-State Alumni Association (2018) 

 


