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Abstract 

     Although proton exchange membrane (PEM) fuel cells are among the most advanced types of 

fuel cells, cost and durability are still hindering their deployment at a large scale. The durability 

of the catalyst layer (CL) components, including catalytic Pt nanoparticles (NPs) dispersed on a 

high surface area carbon support, is critical for the commercialization of this technology.  

     However, conventional carbon supports are susceptible to corrosion during PEM fuel cell 

operation. Thus, the main goal of this thesis work was to understand and improve the durability 

of various novel carbon materials for their use in the cathode CL. Most of the durability testing 

carried out here was done on bare carbons, without interference from Pt, and thus the work also 

has relevance to other electrochemical devices (e.g., redox flow batteries, capacitors, etc.), which 

also employ carbon electrodes. 

     The key contributions of this thesis work include the development of a reliable corrosion 

testing and evaluation protocol, applied initially to ordered mesoporous carbons (OMCs) and 

microporous Vulcan carbon (VC)). This involved the analysis of the current-time data collected 

during potential stepping in 0.5 M H2SO4, with continuous correction for the electrochemically 

accessible carbon surface area. The corrosion products include CO2, with no or very little O2 

produced, as well as a passive oxide layer on the carbon surface. Cyclic voltammetry was also 

employed to reveal surface area changes, as well as the extent of surface oxidation as a result of 

the corrosion reactions. 

     This thesis also focussed on increasing the corrosion resistance of colloid-imprinted carbon 

(CIC-x) powders (x=12-50 nm pore size) and VC. Heat-treatment of these carbons improved 

their corrosion resistance by 40-60%. Although the attachment of aminophenyl (–PhNH2) and 
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nitrophenyl groups to the CIC-22 surface did not improve the corrosion resistance, –PhNH2 did 

help to nucleate the Pt NPs. In comparison, surface functionalization of VC and CIC-22 with 

pentafluorophenyl groups improved their corrosion resistance by ca. 50%. Heat-treatment of a 

self-supported nanoporous carbon scaffold (85 nm pore size, NCS-85) increased the corrosion 

resistance with/without Pt loading, with corrosion being more severe in 60 °C 0.5 M H2SO4 than 

at room temperature.   
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Chapter One: Introduction  

1.1 Project background 

     Fossil fuels, including coal, oil, and natural gas, have been the world’s main energy resources 

(> 85%) since the industrial revolution in the 18
th

 century and have been greatly influencing our 

quality of life [1-5]. Fossil fuels have been providing cheap, accessible energy and also raw 

materials for various products and materials, which directly or indirectly, have been used in 

everyday life [1]. Energy demand and thus fossil fuel consumption continues to increase 

dramatically along with the world population, improvements in the quality of life, and 

industrialization of developing countries [1, 2]. As predicted by the Population Division of the 

United Nations, the world’s population will reach over 9.5 billion by 2050, which means a 

significant need for more energy in the near future, as shown in Figure 1.1 [3, 6-9]. 

 

 

Figure 1.1 Actual and predicted world population, energy and electricity demand (
a
Millions of 

barrels per day of oil equivalent) [3]. 
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     However, fossil fuel reserves are limited and are being depleted, due to extensive utilization. 

Also, the majority of the remaining reserves are located in only a few countries, which further 

limits access to these resources. The shortage in fossil fuel resources by the end of the 21
st
 

century will result in inevitable fundamental changes in their availability, price, and use [1, 2]. 

     More importantly, extensive fossil fuel consumption has led to significant adverse impacts on 

the environment, as the combustion of these fuels to provide heat and electricity generates 

carbon dioxide (CO2), nitrogen oxides (NOx), sulfur oxides (SOx), particulates, etc., which lead 

to global climate change and global warming and also increase health risks [2, 3, 5]. Global 

warming is one of the primary concerns of humanity in the 21
st
 century. The increasing 

concentration of greenhouse gases (e.g., CO2) in the atmosphere is known to trap heat radiated 

from the Earth’s surface, raising the surface temperature, which had led to an increased 

frequency and intensity of heat waves, droughts, heavy rainfall, floods, and also in an increase in 

sea levels and a shortage of clean water. Therefore, a supply of secure, affordable, equitable, 

sustainable, and clean energy resources is the number one human need for the future [2, 3, 5, 9].  

     Renewable energy sources, such as sun, wind, water, etc., are the key future energy sources 

[2, 3]. Currently, renewable energy sources supply only 14% of the total world energy demand, 

while they are expected to significantly increase (30-85%) by 2100 [2]. One drawback of these 

energy sources is their variability. For instance, wind blows intermittently and the sun is 

available only during the daytime. Thus, it is important to store excess renewable energy 

generated during times of plenty for utilization when enough electricity is not available. Batteries 

and similar technologies can do this task well for short times, but another approach is needed for 

storing energy over weeks or months [10]. One of the proposed approaches is to store energy in 
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the form of hydrogen when electricity is fed into an electrolyser to split water into oxygen and 

hydrogen. The hydrogen can then be used in fuel cells to generate electricity when needed [10].  

     The most efficient way to convert hydrogen back to electricity is by using fuel cells. Fuel 

cells provide highly efficient energy conversion while greatly reducing pollutant and greenhouse 

gas generation. In fact, when pure H2 is used as the fuel and O2 as the oxidant, the only product 

is water [3]. Of the various types of fuel cells (e.g., phosphoric acid fuel cells, molten carbonate 

fuel cells, solid oxide fuel cells, etc.), polymer electrolyte membrane (PEM) fuel cells have the 

advantage of low operating temperatures and high efficiency, which makes them particularly 

suitable for transportation and mobile applications. PEM fuel cell technology has already 

penetrated the automotive market [11]. For instance, the Toyota Mirai, which runs on a hydrogen 

PEM fuel cell, was launched in 2014 [11, 12]. Also, Honda and Hyundai have launched new 

vehicles, named the Honda Clarity Fuel Cell [11, 13] and Tucson Fuel Cell [11, 14], 

respectively. Also, Europe’s second largest airline, EasyJet, plans to implement a hydrogen fuel 

cell system in its planes [11, 15].  

     However, there are still multiple issues that hinder PEM fuel cell commercialization, such as 

cost, performance, and durability. Thus, research has been focused on the evaluation and 

improvement of the performance and durability of the individual components of PEM fuel cells 

to overcome these technical barriers for large-scale production [16]. For instance, many studies 

in the literature have focused on the improvement of the oxygen reduction reaction (ORR) 

activity at the cathode, as this reaction is very sluggish compared to the hydrogen oxidation 

reaction at the anode, and thus the ORR activity limits PEM full cell performance [17, 18].  

     Also, many studies have focused on the enhancement of the stability and durability of the 

catalyst layers, which consist of Pt nanoparticles (NPs) loaded on a carbon support (Pt/Carbon) 
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[16]. Under PEM fuel cell operating conditions, the carbon support can be corroded, especially at 

the cathode, resulting in loss of carbon and Pt NP agglomeration/dislodgment and thus a 

significant decrease in performance [16]. Also, carbon materials have been used in many other 

electrochemical devices, such as cathodes in acidic redox flow batteries, capacitors and Li-ion 

batteries, due to their high surface area, conductivity, porosity, low cost, and chemical stability. 

Similar to the case in PEM fuel cells, carbon can experience very high potentials in these 

devices, making them susceptible to corrosion. The present study is thus focused on improving 

the stability (i.e., corrosion resistance) of several novel mesoporous carbon supports in 

comparison with commercial microporous Vulcan carbon (VC). This includes heat-treatment and 

surface-modification of the carbon supports, also in the presence of Pt NPs, which is of direct 

relevance to PEM fuel cell cathodes. 

 

1.2 Research objectives 

     The primary goal of this work has been to understand and improve the durability of various 

carbon materials, including VC, ordered mesoporous carbons (OMCs), and colloid-imprinted 

carbons (CICs), for their application as the support in the cathode catalyst layer (CCL) of PEM 

fuel cells. Specifically, the goals of this thesis work are as follows: 

a) Develop a reliable approach for the evaluation of the stability (corrosion resistance) of 

various carbon supports with different degrees of crystallinity. 

b) Improve the corrosion resistance of colloid-imprinted carbons (CICs) with various pore 

sizes (12, 22, and 50 nm) by heat-treating them under N2.  
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c) Evaluate the corrosion resistance of the CICs by surface functionalization with 4-

nitrophenyl (-PhNO2), 4-aminophenyl (-PhNH2), and pentafluorophenyl (-PhF5) surface 

groups. 

d) Determine the corrosion resistance of a novel nanoporous carbon scaffold (NCS), before 

and after heat-treatment, in the presence of Pt nanoparticles at room temperature and at 

60 °C.  

     In order to better understand the carbon oxidation reaction, this work has focussed primarily 

on carbon alone (without Pt) as the Pt catalyst can interfere with the carbon corrosion results. 

Most importantly, the findings in this thesis work in relation to the stability of bare carbon 

materials (without Pt) under high potentials will also be of relevance to other electrochemical 

devices, such as redox flow batteries, biosensors, capacitors, etc., which also use carbon 

materials under harsh operating conditions.  

 

1.3 Thesis organization 

     This thesis has 9 chapters. The first chapter provides a very brief introduction to the research 

topic and explains the overall goals of the thesis. Chapter 2 provides detailed background 

information on the research topic by reviewing the relevant literature, while Chapter 3 presents 

the experimental methods used in this thesis. Chapters 4 – 8 are focused on the results obtained 

during this thesis work, with a detailed discussion provided of all of the results. Each of these 

chapters contains a short introduction, which places the chapter in context with the other chapters 

in this thesis, and a summary section, which summarizes the main findings of the chapter.  
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     Chapter 4 was published in the Journal of the Electrochemical Society [19] and introduces a 

simple and reproducible protocol for the rapid assessment of the corrosion resistance of carbons. 

Using this protocol, Chapter 4 explains how a novel criterion was developed to reliably evaluate 

the corrosion resistance of carbons (VC and OMCs) with differing degrees of crystallinity. The 

results in Chapter 4 confirmed that carbons with a higher degree of crystallinity are more 

resistant to corrosion, consistent with the literature [16, 20-23]. The data analysis approaches 

introduced in this chapter are then used in the later chapters of this thesis to predict the corrosion 

resistance of the carbons.  

     Chapter 5 involves the evaluation of the corrosion resistance of the CICs and VC, both before 

and after heat treatment, where the CICs each have a specific pore size. Using the data analysis 

approaches developed in Chapter 4, it is shown in Chapter 5 that the corrosion resistance of these 

heat-treated carbons improved by ca. 40-60% vs. their non-heat-treated state. This is likely due 

to a significant increase in the degree of crystallinity and a decrease in the surface density of 

oxygen-containing groups, making the carbons intrinsically more hydrophobic. 

     In Chapter 6, the CIC sample with a pore size of 22 nm was surface functionalized with         

–PhNO2 and –PhNH2 groups, since nitrogen-containing groups are known to improve the 

distribution of Pt NPs on the carbon surface and are thus expected to enhance PEM fuel cell 

performance. The effect of these surface functional groups on the corrosion resistance of the 

CIC-22 was investigated in this chapter. While the presence of –PhNH2 on the CIC-22 surface 

improves the distribution of the Pt NPs, the –PhNH2 and –PhNO2 groups do not improve the 

corrosion resistance of CIC-22. However, they do survive high anodic potentials of 1.4 V and are 

not lost from the CIC-22 surface during the corrosion process. 
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     In Chapter 7, the effect of surface functionalization of VC and CIC-22 samples with –PhF5 

groups on their corrosion resistance was investigated. It was found that the corrosion resistance 

of the carbons was improved by ca. 50% by surface functionalization, likely due to surface 

passivation (loss of carbon active sites) and increased surface hydrophobicity.  

     Chapter 8 investigates the effect of heat-treatment of a novel, high surface area, self-supported 

nanoporous carbon scaffold (NCS, analogous to the CIC powders), with/without Pt loading, on its 

corrosion resistance. The results show that the corrosion resistance of both NCS and Pt/NCS 

improves significantly after heat-treatment, due to the increased degree of the NCS crystallinity 

and hydrophobicity. Also, Chapter 8 shows that the rate of carbon corrosion in 60 
o
C sulfuric 

acid solutions is significantly higher than at RT, as perhaps expected.   

     Lastly, Chapter 9 summarizes the overall conclusions of this thesis work and also provides 

suggestions for future work, based on the findings obtained in this work. 
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Chapter Two: Relevant background  

2.1 Proton exchange membrane (PEM) fuel cells 

     A fuel cell is an electrochemical device that directly converts the chemical energy of a fuel to 

DC electricity [24]. Fuel cells are of great interest due to their high efficiency and their ability to 

produce electricity with little to no emissions of NOX, SOX or particulates [24, 25]. Therefore, 

fuel cells can have a very positive effect on many aspects of life, including the environment, 

energy, and economic security, since they reduce many of the problems that originate from 

petroleum-based energy production [24, 25].  

     Of the various kinds of fuel cells, proton exchange membrane (PEM) fuel cells are the most 

promising for mobile applications (e.g., consumer electronics, light duty vehicles, public 

transportation vehicles) and are also increasingly being considered for stationary applications 

(e.g., residential primary power) [24-26]. In the past two decades, significant research efforts 

have been focused on PEM fuel cell development due to their relatively low operating 

temperatures (60-80 °C), high power density, scalability, silent operation, zero emissions, fast 

start-up, and fast transient-response times [24-26].  

 

2.2 PEM fuel cells components 

2.2.1 Membrane electrode assembly (MEA)  

     As shown in Figure 2.1 [27], the core of a PEM fuel cell, known as the membrane electrode 

assembly (MEA), consists of a polymer electrolyte membrane (PEM), sandwiched between two 

catalyst layers (CLs). Each side (CL) of the MEA is attached to a gas diffusion layer (GDL), 

which may or may not be an integral part of the MEA. These five layers (equating to a single 
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fuel cell) are then pressed between two flow-field/bipolar plates (Figure 2.1, [27]). In a fuel cell 

stack, single cells are connected together in series [24, 27, 28]. 

 

 
Figure 2.1 Schematic diagram of a PEM fuel cell [27]. 

2.2.2 Catalyst layers (CLs)  

     At the anode catalyst layer (ACL), H2 gas is oxidized to H
+
 ions (protons) and electrons, as 

shown in Reaction 2-1, known as the hydrogen oxidation reaction (HOR) [24, 28].    

HOR:   H2 ↔ 2H
+
 + 2e

- 
                       E° = 0.0 V Reaction 2-1 

The generated protons and electrons are transported through the PEM (proton conductor) and an 

external circuit (electron conductor), respectively, to the cathode catalyst layer (CCL), where 

they combine with O2 gas (oxidant). Thus, oxygen is electrochemically reduced to water (the 

product) in the CCL, as in Reaction 2-2, which is the oxygen reduction reaction (ORR) [24, 28].  

ORR:  ½ O2 + 2H
+
 + 2e

-
 ↔ H2O          E° = 1.23 V    Reaction 2-2 
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In this electrochemical process, H2 and O2 are thus used to generate electricity and water, with 

the overall reaction given in Reaction 2-3 [24, 28].  

Overall reaction:  H2 + ½ O2 → H2O                                     Reaction 2-3 

     Although Pt is the best known catalyst for both the ORR and the HOR, Pt is very costly [29]. 

In order to decrease the cost and increase Pt utilization, Pt nanoparticles (NPs) are dispersed on 

high surface area carbon, with a proton conducting ionomer dispersed throughout. Pt NPs on 

carbon supports are used in both the cathode and anode catalyst layer (ca. 10 µm thickness) in a 

PEM fuel cell [24, 28, 29]. Figure 2.2 shows a transmission electron microscopy (TEM) image 

of 3-5 nm Pt NPs loaded on a high surface area carbon as an example [30].  

 

 

Figure 2.2 Transmission electron microscopy image of a 10 wt. % Pt/carbon catalyst [30].  

 

     However, it should be noted that the ORR kinetics are orders of magnitude slower than the 

HOR so that the performance of the PEM fuel cell is limited by the rate of the ORR [27]. Thus, 

many studies in the literature have focused on enhancing the activity of the CCL [31-33]. Also, 
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the Pt loading in the CCL (< 0.4 mg/cm
2
) is normally much higher than at the ACL (< 0.05 

mg/cm
2
), thus adding to cost [16]. 

 

2.2.3 Polymer electrolyte membrane (PEM) 

     The polymer electrolyte membrane (10-50 µm thick) in a PEM fuel cell is typically a 

polyperfluorosulfonic acid, such as Nafion
®
,
 
with perfluorosulfonate side chains attached to the 

hydrophobic tetrafluorethylene backbone [24, 28]. Although the primary role of the PEM is to 

conduct protons from the ACL to the CCL through its sulfonic groups, the PEM also separates 

the two CLs and thus prevents mixing of the O2 and H2 gases. Also, since the PEM is not 

electronically conductive, the electrons generated on the anode side (HOR) have to pass through 

the external circuit to reach the cathode. Furthermore, the PEM provides structural integrity to 

the MEA, as shown in Figure 2.1. Thus, a PEM with excellent proton conductivity (≥ 0.1 S/cm), 

chemical and thermal stability, low gas permeability, strength and flexibility is ideal for use in a 

PEM fuel cell [24, 28, 34].   

 

2.2.4 Triple phase boundary (TPB) 

     The electrochemical reactions (ORR and HOR) that generate electricity in a fuel cell normally 

occur in confined spatial regions, called the “triple phase boundary (TPB), where the three 

phases, reactant gases (O2 and H2), the solid catalyst (Pt NPs supported on carbon), and water (or 

Nafion) as the H
+
 conductor all meet [35, 36]. Figure 2.3 shows a schematic of the TPB in the 

CCL of a PEM fuel cell [37]. 
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Figure 2.3 Schematic of triple phase boundary (TPB) in the cathode catalyst layer (CCL) of a 

PEM fuel cell, where the electrons, protons, and oxygen react together [37]. 

 

     Maximizing the number of TPB sites is very critical in order to achieve high utilization of the 

costly Pt NPs. Thus, in the CLs, small Pt NPs are well-dispersed on high surface area carbon 

supports, ensuring that a relatively high surface to volume ratio of catalyst is available for the 

reaction. Also, it is important that the pores in the support (e.g., carbon) can easily accommodate 

Nafion, to allow for proton transfer, also providing an easy pathway for the gaseous reactants to 

reach the Pt NPs and form TPB zones for reaction. Additionally, water management in CLs is 

very important for maximizing the number of TPB regions, as too much water in the CLs can 

block the gas pathways, while too little water decreases the proton conductivity of Nafion [28, 

29, 37, 38]. 

 

2.3 Challenges for the commercialization of PEM fuel cells 

     There are two main technical barriers, cost and durability, that hinder the deployment of PEM 

fuel cells at large scale. These two barriers are interdependent, as providing more Pt catalyst in 
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the fuel cell system increases catalyst durability and performance but also significantly increases 

the fuel cell cost [16, 20, 25-27, 39-43].  

2.3.1 Cost  

     Based on a US Department of Energy (DOE) report, the cost of a PEM fuel cell is $280/kW 

for 20,000 units per year (initial commercialization) and the estimated cost for 500,000 units per 

year (scaled up) is $53/kW. However, as can be seen in Figure 2.4 [44], the DOE target for 2020 

is $40/kW and the ultimate goal is 30$/kW for mass production.  

 

 
Figure 2.4 Estimated cost of PEM fuel cell system (80-kWnet) based on projection of high-

volume manufacturing (500,000 systems/year) [44]. 

 

     Figure 2.5 shows the cost breakdown for PEM fuel cell stack components at 1,000 and 

500,000 systems/year, based on a DOE study by Strategic Analysis Inc. (SA) [44]. It is seen that 

high-volume manufacturing significantly decreases the cost of membranes and the GDL 

components in PEM fuel cells. However, mass production does not decrease the cost associated 

with the catalysts and bipolar plates due to the cost of Pt (or Pt group metals, PGM) and stainless 

steel, respectively. Thus, although considerable progress in PEM fuel cell technology has been 

achieved during the last decade (e.g., significant reduction in Pt usage), there is still a lot of work 

to be done to lower the cost to target levels. 
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Figure 2.5 Cost breakdown for PEM fuel cells, based on projections for low (1000 systems/year) 

and high volume (500,000 systems/year) systems [44]. 

 

     The DOE targets by 2020 for PGM loading at the anode and cathode of PEM fuel cells are 

0.025 and 0.1 mgPGM/cm
2

MEA, respectively, and the stretch targets are 0.0125 and 0.05 

mgPGM/cm
2

MEA, respectively [45]. Also, the 2020 target ORR activity for 0.1 mgPt/cm
2
 is ≥ 0.44 

A/mgPt at 0.9 V vs. RHE [45]. Some studies [27, 41, 45] have already met this target at low 

current densities of < 0.1 A/cm
2
, while at higher current densities of > 1 A/cm

2
, it is very 

challenging to reach this target due to significant O2 and H
+
 transport losses [45]. Since the 

ultimate goal is to lower the PEM fuel cell cost to 30$/kW [44], efforts must be made to achieve 

a cost-effective ultra-low loading of PGMs under high-power conditions.  

 

2.3.2 Durability  

     Another primary challenge in the implementation of PEM fuel cells as a practical power 

source is durability, as PEM fuel cells must compete with internal combustion engines. To be 

commercialized, PEM fuel cells must meet several lifetime requirements under a wide range of 

operating conditions. The DOE has set a durability target of 5000 h (ultimately 8000 h) for 

vehicles and 60,000 h for stationary applications by 2020 [42, 46, 47]. 
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     To improve the durability of PEM fuel cells, a deeper understanding of failure modes for each 

component, as well as corresponding mitigation approaches, is required. Thus, a significant 

amount of research has been focused on system and stack component degradation (e.g., 

membranes, CLs, GDLs, etc.) [16, 20, 25-27, 39-41, 48, 49]. Among these, the degradation of 

the CLs is one of the most critical issues.  

 

2.4 Catalyst layer (CL) degradation 

2.4.1 Types of CL degradation 

     As explained in Section 2.3.1, the Pt catalyst loading in a MEA must be significantly reduced 

to be cost-effective. It is very challenging to maintain CL performance when the Pt loading and 

Pt NP size continue to be lowered, as Pt NPs with too small a diameter (e.g., 1 nm) have a very 

low area-specific catalytic activity [50]. In fact, PEM fuel cell operating conditions are relatively 

harsh and any changes in the Pt NP/carbon support structure over the lifetime of the fuel cell 

(thousands of hours) will negatively affect performance [16].  

     Although the ACL is relatively stable when it operates under pure H2, it will be poisoned even 

by trace amounts of sulfur and CO, which significantly lower the ACL performance [16]. 

However, the CCL is exposed to strong oxidizing conditions, such as a high oxygen content, low 

pH (< 1), high temperature, high water content in both the vapor and liquid phase, and high 

potentials (> 0.6 V and up to 1.4 – 1.6 V vs. the reversible hydrogen electrode, RHE). As these 

conditions are all very challenging for carbon and the Pt NPs, the CCL can be significantly 

degraded during operation [16, 25].  

     The four main mechanisms that contribute to cathode catalyst degradation and are currently 

accepted in the literature are [16, 20, 41, 51]: (1) Pt NP migration and coalescence; (2) Pt NP 



 

16 

dissolution and re-deposition, known as electrochemical Ostwald ripening; (3) Pt re-deposition in 

the PEM; and (4) carbon corrosion. These processes are shown schematically in Figure 2.6 [41].  

 

Figure 2.6 Schematic of the four main mechanisms of Pt/carbon degradation in the cathode 

catalyst layer of PEM fuel cells [41].  

 

     The first mechanism involves the movement of Pt NPs on the carbon support and their 

coalescence, without any Pt dissolution. In fact, Pt NP growth occurs in order to minimize the 

surface energy of the nano-sized particles [41, 52]. In the electrochemical Ostwald ripening 

mechanism, the small Pt NPs dissolve into the electrolyte, move to the surfaces of the larger 

particles through the electrolyte, and electrochemically deposit onto the larger Pt NPs [41, 52].       

Meyers and Darling showed that Pt NP dissolution in PEM fuel cells is negligible at low and 

high potentials, but is significant at intermediate potentials [16]. The rate of Pt NP dissolution in 

acidic conditions is low under normal operations (i.e., at low potentials), while at high potentials, 

a thin Pt oxide (PtO) film is formed [16], which protects the Pt NPs from dissolution. However, 

at intermediate potentials, the uncovered Pt nanoparticles are more prone to dissolution [16].  
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     The third degradation mechanism involves the dissolution of Pt, where the dissolved Pt 

species diffuse into the Nafion membrane and are chemically reduced by H2, which permeates 

into the membrane from the anode. This phenomenon was supported by the observation of Pt 

NPs in the Nafion membrane and is problematic because the NPs can block the proton-

transporting channels within Nafion, thus decreasing the proton conductivity of the membrane 

[41, 52]. 

     The fourth PEM fuel cell degradation mechanism, which will be discussed in more detail 

below, involves the corrosion of the carbon support, producing CO2 and surface oxides, as well 

as creating micropores within the pore walls. This leads to a loss of strength of and a loss of the 

original pore structure, while also contributing to the detachment (electrical isolation) and 

aggregation of the Pt NPs, as shown in Figure 2.6 [41].  

     Generally, the electrochemical surface area (ECSA) of the Pt NPs is one of the key 

parameters that correlates with catalyst performance. Higher ECSA values are desirable, as the 

electrochemical reactions (e.g., the ORR) occur only on the Pt catalyst surface. Thus, the 

degradation processes described above would contribute to a decrease in the Pt ECSA, as they 

lead to an increase in the Pt NP size, as well as NP dissolution and detachment [16, 20, 41, 52].      

 

2.4.2 Carbon corrosion 

     Degradation of the carbon support used in low temperature PEM fuel cells has been 

recognized as a serious issue since the 1970s and 1980s during the development of phosphoric 

acid fuel cell (PAFC) technology, when fundamental studies were carried out by Kinoshita and 

other researchers in order to understand carbon degradation mechanisms [16, 25, 53-55]. 

However, since the temperature used in PEM fuel cells is lower than in PAFCs (60-80 
o
C vs. 150 

o
C, respectively), carbon support degradation was not considered as a serious concern in PEM 
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fuel cells until the 2000s, when long-term performance and durability requirements became more 

critical for the commercialization of PEM fuel cell technology [16].  

     Thermodynamically, carbon can be electrochemically oxidized to CO2 at potentials > 0.207 V 

(vs. RHE), as shown in Reaction 2-4 (denoted as carbon corrosion) [20, 25, 39, 56, 57].  

However, PEM fuel cell cathodes normally operate in the potential range of 0.5-0.95 V (vs. 

RHE), which is significantly higher than the carbon oxidation potential [57, 58]. Despite this, 

since the kinetics of this reaction are very slow, the carbon corrosion rate is relatively slow and 

thus carbon can still be used as a support in PEM fuel cells [16, 25, 39, 57-59]. 

Carbon corrosion: C + 2H2O  CO2 + 4H
+
 + 4e

-
     E° = 0.207 V vs. RHE Reaction 2-4 

 

     Carbon corrosion rates depend significantly on the operating conditions of PEM fuel cells 

[43, 57, 60, 61]. In automotive applications, a fuel cell may experience ca. 300,000 cycles of 

voltage changes between 0.7 and 0.9 V (or at the open circuit voltage) during its lifetime (ca. 

5000 h). This could lead to measurable carbon corrosion [61, 62]. Unfortunately, carbon 

corrosion can become catastrophic in PEM fuel cells when the cathode is driven to high anodic 

overpotentials (> 1.2 V), as can be encountered during PEM fuel cell start-up/shut-down and 

under local fuel starvation [16, 25, 57, 61, 63-65].  

     Recently, many studies [16, 25, 39-41, 43, 57, 58, 60, 61, 63, 64, 66-69] have been focused 

on understanding the mechanism of carbon corrosion at the cathode. In general, the anode flow 

channels of a fuel cell are completely filled with H2 when the fuel cell is running.  However, air 

can enter the flow channels, GDL and CL on the anode side during  start-up or shut-down of the 

fuel cell [64]. The presence of air on the anode side then causes the cathode to experience a very 

high potential (e.g., > 1.4 V), thus corroding the carbon [64]. To better understand this 
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phenomenon, the mechanism of carbon corrosion during the start-up of fuel cells is explained 

further below. 

     Figure 2.7 [41, 66] shows a schematic of the PEM fuel cell during start-up. Two regions, 

active (H2-rich, power source) and passive (H2-free, load), are seen in the figure. When the 

system is at open circuit, air is present in both compartments.  Under start-up conditions, H2 

begins to flow into the anode compartment, which was initially filled with air. Thus, a H2/air 

front is temporarily generated at the anode side, while the cathode compartment is fully filled 

with air [41, 64, 66]. The H2/air front in the anode divides the cell into active (red-yellow, top 

part in Figure 2.7) and passive (yellow-yellow, bottom part in Figure 2.7) regions. 

 

 
Figure 2.7 Schematic of the active and passive regions of a PEM fuel cell during start-up, 

showing the electrochemical reactions that occur in each region [41, 66]. 

 

     As shown in Figure 2.7, the active region operates normally, meaning that the HOR and the 

ORR occur at the anode (H2-rich) and cathode, respectively [41, 64, 66]. Thus, protons are 

transported from the anode to the cathode through the membrane, while electrons can pass 

through the external pathway to reach the cathode, thus generating electricity. However, in the 
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passive region of the cell (H2-free), electrochemical reduction reactions (e.g., the ORR and PtO 

reduction) occur at the anode and oxidation reactions occur at the cathode, driven by the voltage 

difference in the active region of the cell (Figure 2.7). The oxidation reactions induce the oxygen 

evolution reaction (OER), carbon oxidation (COR), and Pt oxidation to occur in the passive 

region at the cathode, as shown in Figure 2.7. Thus, the generated protons from these reactions 

are transported from the cathode to the anode via the membrane, in a backwards direction, which 

is referred to as a “reverse current of protons” [41, 60, 64, 66]. The electrons needed for the ORR 

at the anode in the H2-free region are supplied internally by the H2-rich region of the anode. 

Thus, the H2-rich region acts as a power source, while the H2-free region acts as a load [41, 60, 

64, 66].  

     Overall, the ORR in the passive region of the anode may occur at a potential of 0.8 V (vs. 

RHE), while the active part of the fuel cell provides a different voltage (of ca. 0.6 V, as an 

example). As such, the passive part of the cathode experiences a potential of ca. 1.4 V vs. RHE. 

This causes oxidation reactions to occur at the cathode, including Pt oxidation and carbon 

corrosion, as mentioned above. Both of these reactions will cause the degradation of the cathode 

catalyst layer and a decrease in the performance of the fuel cell.  

 

2.4.2.1 Carbon corrosion mechanism 

     In early investigations of carbon corrosion in PAFCs, it was suggested by Kinoshita, et al. 

that the electrochemical oxidation of carbon occurs through two parallel pathways [56, 70]. In 

the first, carbon is directly oxidized by water to CO2, while in the second pathway, carbon is 

partially oxidized to form surface oxides, which are slowly oxidized to CO2 in the presence of 

water [53, 56, 71]. To date, the mechanism of the electrochemical oxidation of carbon to CO2 in 

acidic solutions and/or in PEM fuel cells has been poorly understood [16, 65, 72]. The most 
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accepted generic stepwise mechanism of surface oxide formation and CO2 evolution during 

carbon corrosion is given below [16, 54, 56, 71, 73]:  

Cs → Cs
+
 + e

-  
 Reaction 2-5 

Cs
+
 + H2O → CsO + 2H

+
 + e

-
 Reaction 2-6 

2CsO + H2O → CsO + CO2 (g) + 2H
+
 + 2e

-  
 Reaction 2-7 

R‒Cs‒H → R‒Cs‒OH → R‒Cs=O → R‒CsOOH → R‒H + CO2 (g) Reaction 2-8 

 

     As seen in Reaction 2-5, carbon is partially oxidized, where 's' denotes a surface species. In 

the following step, water partially oxidizes carbon to form an intermediate surface group (CsO), 

which is then oxidized to gaseous CO2 via a multi-step oxidation process, as seen in Reaction 2-8 

[16, 53, 56, 73]. Surface groups may include phenol, carbonyl, ether, carboxylic acid, 

quinone/hydroquinone, and lactone, all of which were identified in various studies using titration 

methods, non-dispersive infrared spectroscopy, x-ray photoelectron spectroscopy (XPS), and 

thermal desorption of the surface oxides with detection by mass spectrometry [56, 73]. 

 

2.4.2.2 Effect of Pt on carbon corrosion  

     Several studies have investigated the effect of the presence of Pt nanoparticles (NPs) on the 

corrosion of carbon supports in acidic aqueous solutions, primarily in a half-cell configuration, 

and recently, also in a full cell. Based on this previous work, it is generally believed that Pt 

accelerates carbon corrosion [16, 20, 39, 65, 67, 71, 73-78]. For instance, in the early years 

(1984), Willsau and Heitbaum [75] found that the CO2 concentration at potentials > 1 V (vs. 

RHE) increased significantly in the presence of Pt and that the onset potential of carbon 

corrosion was shifted to lower values. Roen, et al. [74] confirmed these results and also found 

that CO2 emissions increased when the Pt loading was increased (10 wt.% Pt vs. 40 wt.%). Also, 

they found that the effect of Pt on carbon corrosion became less pronounced at temperatures > 50 
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o
C. Further, Roen, et al. [74] showed that, in the absence of Pt, CO2 evolution started at 

potentials > 1.1 V (vs. RHE), while in the presence of Pt, it started in the potential range of 0.55-

0.6 V (vs. RHE). However, Ball, et al. [79] found that Pt did not enhance the rate of carbon 

corrosion, based on the carbon corrosion current (no direct CO2 measurements were made). 

     The exact effect of Pt on carbon corrosion is therefore not yet fully understood in the 

literature [65, 67]. It seems that Pt catalyzes the rate determining step, which is the oxidation of 

the surface oxide groups on carbon to form gaseous CO2 [65]. The following mechanism was 

proposed by Maass, et al. [71], where the OH-like species, which are adsorbed on Pt, react with 

adjacent surface oxide groups on carbon to generate CO2. 

Pt + H2O → Pt-OHad + H
+
 + e

-
 Reaction 2-9 

CsO + Pt-OHad → Pt + CO2 + H
+
 + e

-
 Reaction 2-10 

     Also, Lebedeva, et al. [80] proposed the following reaction for CO2 formation: 

Pt-COad + Pt-OHad → Pt2 + CO2 + H
+
 + e

-
 Reaction 2-11 

while Gubler, et al. [65] suggested that the contribution of Pt to carbon corrosion is highly 

dependent on the lower and upper potentials used. This was explained by the catalytic activity of 

Pt in exacerbating carbon corrosion being suppressed by the formation of a passive oxide layer 

on Pt. 

 

2.4.2.3 Effect of temperature on carbon corrosion 

     Most of the studies on the durability of Pt/carbon catalysts have been conducted at room 

temperature (RT) in aqueous solutions or at high humidities. However, the operating temperature 

of PEM fuel cells is normally 65–90 
o
C. Thus, the conclusions obtained from many studies at RT 

may not be fully relevant to the elevated temperatures used in PEM fuel cells, as it is known that 

temperature significantly accelerates carbon corrosion [73, 81-84].  
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     For instance, Xing, et al. [81] demonstrated that the rate of electrochemical oxidation of both 

Pt-loaded and non-Pt-loaded carbon blacks (CBs) and carbon nanotubes (CNTs) was 

significantly increased at 80 
o
C as compared to RT, all in 1 M H2SO4. They concluded that the 

electrochemical oxidation of carbons is relatively slow at RT and that many surface oxides are 

formed on the surface. However, at higher temperatures, the surface oxide groups more rapidly 

oxidize to CO2 (g), leading to the loss of carbon mass. They also showed that CNTs or Pt/CNTs 

have a higher corrosion resistance than CBs or Pt/CBs at both RT and at high temperatures, 

suggested to be due to the higher degree of crystallinity and fewer defect sites on the CNT 

surfaces. 

     Fuller, et al. [82] studied the effect of various temperatures (40, 60, and 80 
o
C) on Pt/carbon 

degradation in a MEA. Based on their results, more rapid Pt/carbon degradation occurred at 

higher temperatures, which led to an increased loss in the Pt ECSA and thus a lower MEA 

performance. In addition, using online mass spectrometry, Oh, et al. [83] demonstrated that 

carbon is more severely corroded at high temperatures (150 
o
C) as compared to at 70 

o
C, with 

three times more CO2 released at high anodic potentials in the high temperature fuel cell. 

 

2.5 Types of carbon supports used in PEM fuel cells 

     Generally, the requirements for catalyst support materials [29, 85] include high surface area 

(> 100 m
2
/g, necessary for improving the dispersion of the catalyst), high electrochemical 

stability under fuel cell operating conditions, high chemical stability, high conductivity 

(necessary for electron transfer), and strong interactions with the catalyst (affecting the catalytic 

activity and catalyst durability).  As well, high porosity is needed to provide multiple pathways 

for the mass transport of reactants, to accommodate the electrolyte phase close to the Pt NPs, and 
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to maximize the number of TPB sites. Other requirements include good water handling 

capabilities to remove the water product and avoid pore flooding, availability, and affordability. 

Thus, it is clear that the catalyst support materials play a critical role in PEM fuel cell 

performance and durability [29, 85-90]. 

     Carbon blacks were the most commonly used catalyst supports in low temperature fuel cells 

up to the 1990s [89]. In the last two decades, however, new carbon materials, such as carbon 

nanotubes (CNTs) [29, 87, 89-91], carbon nanofibers (CNFs) [29, 87, 90, 91], graphene [92], 

mesoporous carbons (e.g., ordered mesoporous carbon (OMC), colloid-imprinted carbons 

(CICs), etc.) [29, 89, 90], etc. have also been used to enhance the electrochemical activity and 

stability of the catalysts [87, 89-91].  

 

2.5.1 Carbon blacks (CBs) 

     Carbon blacks are normally prepared by the pyrolysis of hydrocarbons, such as natural gas or 

oil fractions from petroleum [56, 93]. Typically, carbon blacks consist of 90-99% carbon, with 

oxygen and hydrogen as the other major elements, originating from oxygen functional groups on 

the carbon surface [56, 93]. Carbon blacks are made of spherical primary nanoparticles. The 

central part of the particle consists of small and imperfect crystallites, single-layer planes, and 

amorphous carbon, while the outer part consists of larger, graphene-like carbons, which are 

ordered on a small length-scale [56, 93, 94]. The primary carbon particles are fused together via 

covalent bonds to form aggregates, and a large number of aggregates are held together by Van 

Der Waals forces to form carbon agglomerates [56, 93, 94], as shown in Figure 2.8 [95].  

     Vulcan XC-72 (or Vulcan carbon, VC) is the most well-known carbon black, produced in a 

partial combustion process, where the starting material is fed to a furnace and burned with a 
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limited supply of air at ca. 1400 
o
C [89]. VC has small pore sizes of < 2 nm and thus Pt NPs, 

with an optimum size of 3-5 nm, are accommodated only on the outer surface of the VC particles 

(~ 30 nm in size) [96]. As VC has a wide range of textural pores, any aggregation of its particles 

may bury the Pt NPs. Thus, the Pt NPs may not be accessible to the electrolyte and the reactants 

and the TPB could be limited, leading to a decrease in Pt utilization [97]. 

 

Figure 2.8 Schematic of carbon black supports, showing primary carbon particles, agglomorates, 

and aggregates of agglomorates [95]. 

 

2.5.2 Carbon nanotubes (CNTs)  

     Carbon nanotubes (CNTs) consist of a single or several coaxially arranged graphene sheets 

rolled into a cylinder, which are denoted as single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs), respectively [16, 29, 87, 89-91]. CNTs have many 

advantages in comparison to carbon blacks (CBs) for use as the support in PEM fuel cells. Since 

CNTs contain predominantly sp
2
 carbon atoms and are highly graphitic in nature, they have a 

higher electronic conductivity, chemical stability, and electrochemical stability than do CBs [16, 

29, 87, 89-91]. In fact, the higher degree of crystallinity of the CNTs leads to the presence of 

fewer active/edge sites (sp
3
 carbon atoms act as defect sites) on their surfaces to initiate carbon 

corrosion [31, 98]. Also, it is seen in the literature that CNTs improve Pt NP stability, as the π-

bonds on their surfaces can have strong interactions with the Pt NPs [16, 29, 87, 89-91]. 
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     However, since CNTs are relatively inert, many researchers have modified the nature and 

concentration of surface functional groups on the CNTs in order to deposit Pt NPs on their 

surface [16, 29, 87, 89-91]. For instance, strong acids, such as HNO3, H2SO4, etc., have 

commonly been used in the literature to attach functional groups onto CNT surfaces to aid in Pt 

nucleation [16, 29, 87, 89-91]. Although these oxidation treatments have been shown to improve 

the catalytic activity of the Pt NPs in several studies [16, 29, 87, 89, 91], they may negatively 

affect the conductivity and the corrosion resistance of the CNTs, as more defect sites are now 

available.  

 

2.5.3 Ordered mesoporous carbons (OMCs)  

     Ordered mesoporous carbons (OMCs) have been synthesized using ordered mesoporous silica 

hard templates (e.g., Santa Barbara Amorphous (SBA-15), hexagonal mesoporous silica (HMS), 

etc.). The synthesis procedure normally involves the infiltration of the hard template with a 

carbon precursor (e.g., furfuryl alcohol, sucrose, naphthalene, mesophase pitch, etc.), followed 

by the carbonization process. The OMC is then obtained after the removal of the silica template 

[22, 23, 29, 87, 89, 90, 97, 99-105].  

     Ordered mesoporous carbons (OMCs) have been considered as alternative supports for PEM 

fuel cell applications due to their controllable pore sizes, high surface areas, and relatively good 

conductivity. These carbons, which have three-dimensionally ordered pore structures, have 

shown better mass transport for the reactants and products than carbon blacks during fuel cell 

operation. Also, the presence of some surface oxygen groups on these carbons has been shown to 

improve the deposition of Pt NPs and their surface dispersion [22, 23, 29, 87, 89, 90, 97, 99-

105]. 
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     In 2001, Joo, et al. [99] suggested that OMCs can serve as a potential alternative support 

material for fuel cell application, because their high surface area (up to 2000 m
2
/g) leads to the 

formation of Pt NPs with small diameters (< 3 nm), which result in a high catalyst surface area.  

However, other researchers [89, 106-108] found that Pt/OMCs only outperform Pt/VC catalysts 

at low current densities, while they are limited by the transport of ions in/out of the OMC pores 

at high current densities. This is because the reactants and products cannot be easily transported 

into/from the pores in which the Pt NPs reside. Additionally, Nafion, added to the catalyst layer 

to extend the TPB length, may not be able to access the small mesopores (2-10 nm) within the 

OMCs, thus further limiting the transport of protons from/to any Pt NPs inside the mesopores, 

resulting in a lower performance.  

     Also, Banham, et al. [17] found that the OMC wall thickness influences the ORR activity, 

with thinner OMC walls giving poorer ORR activity due to the their lower electronic 

conductivity. Also, Banham, et al. [96] showed that Pt/OMC catalysts exhibit a better ORR 

activity than Pt/VC at low overpotentials. However, at higher overpotentials, the ORR activity 

was lower than at Pt/VC, which was attributed to the higher electronic resistance of the OMCs, 

based on their thin pore walls.  Thus, mesoporous carbon supports, having both large pore sizes 

and crystalline pore walls, are needed to outperform carbon black catalyst supports at both high 

and low current densities. 

 

2.5.4 Colloid imprinted carbons (CICs)  

     As mentioned earlier, Pt NPs, deposited inside the pores of mesoporous carbons, must have 

access to Nafion in order to be catalytically actives. High accessibility to Nafion will maximize 

Pt NP utilization and thus improve PEM fuel cell performance [89]. Unfortunately, it is very 
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difficult to accommodate Nafion in mesopores smaller than 20 nm in diameter (e.g., OMCs) [89] 

and thus new mesoporous carbon materials with larger, tunable pore sizes, such as colloid 

imprinted carbons (CICs), are needed [18, 29, 30, 87, 89, 90, 105, 109, 110].  

     In 2001, Li et al. [109] reported a novel method to synthesize mesoporous carbons by using a 

mesophase pitch (MP, composed of polycyclic aromatic hydrocarbons) carbon precursor 

combined with a colloidal silica hard template to synthesize the CICs with controllably large 

pore diameters (10-50 nm or even larger). MP is a promising carbon precursor as it can be easily 

carbonized at a high conversion efficiency (85%) to form carbon [111], resulting in only a low 

percentage of micropores [109]. Colloidal silica of varying sizes is normally used as the hard 

template for CIC synthesis because it is affordable and commercially available and also has a 

uniform particle size (i.e., a narrow particle size distribution) [37].  

     Briefly, to synthesize the CICs, MP is imprinted at its softening temperature (230 – 350 
o
C) 

using silica colloids. The MP/silica composite is then carbonized at high temperatures (e.g., 900 

o
C) and the silica is then removed using either HF or NaOH. The product is a CIC powder with a 

defined pore size that matches the diameter of the silica nanoparticles used in the synthesis [109]. 

Fang, et al. [112] showed that a CIC with a pore diameter of 22 nm (CIC-22) and loaded with 20 

wt. % Pt outperformed 20 wt. % Pt/VC when used as a cathode catalyst in a PEM fuel cell. This 

was explained as being due to the more uniform distribution of the Pt NPs, enhanced mass 

transport, and higher electronic conductivity of CIC-22 than VC.   

     Banham, et al. also studied the ORR activity of Pt-loaded CICs, having various pore sizes (15 

– 80 nm) and pore depths, showing that the Pt/CICs exhibit better ORR activity than either 

Pt/VC or Pt/OMCs [18, 30, 96, 113]. Among these three types of carbons, the Pt/CICs were 

stated to be the most promising for PEM fuel cell cathode applications. In comparison to Pt/VC, 
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the Pt/CIC materials exhibit a more uniform Pt particle size and enhanced Pt utilization. Also, 

the Pt/CICs catalysts have thicker and more crystalline walls, as well as larger pore diameters, 

than do the OMCs [18, 30, 96, 113].  

 

2.6  Methods used to study Pt/carbon catalyst layer degradation 

2.6.1 Accelerated stress testing (AST)  

     Generally, to assess the durability of various components in PEM fuel cell systems, steady-

state lifetime tests that run for several thousand hours are employed. However, this is 

impractical, complex, and inefficient, as these tests require long testing times and cost [20, 25, 

39, 40, 42, 49, 114, 115]. Also, the results obtained under real PEM fuel cell operating 

conditions include the degradation of all of the cell components together and it is difficult to 

identify a single degradation factor. Thus, accelerated stress test (AST) methods, which can 

mimic the most deleterious degradation conditions for each component and also for the full cell, 

are preferred [25, 39, 40, 42, 49, 59, 67, 114-122]. The US Department of Energy (DOE), US 

Fuel Cell Council (USFCC) and the Fuel Cell Commercialization Conference of Japan (FCCJ) 

have thus proposed standard methodologies/testing protocols for the evaluation of the durability 

of MEAs and PEM fuel cell materials [47, 49, 114, 115, 123]. 

     AST methods for CLs in PEM fuel cells are divided into three categories, including tests for 

the electrocatalyst, the support, and the polymer electrolyte membrane. Typically, the CLs are 

held at a constant potential or are potential-cycled for a certain period of time under simulated 

transient operating conditions to enable the rapid evaluation of the electrocatalyst and support 

degradation processes [49]. The most recent USFCC protocols for electrocatalyst and catalyst 

support degradation evaluation were published in January 2013, giving the metrics, cycles, and 
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targets [47]. For instance, cyclic voltammetry (CV), carried out at between 0.6 V and 1.0 V (vs. 

RHE) at 50 mV/s for 30,000 cycles, is recommended for electrocatalyst degradation tests under 

specific conditions (e.g., humidity, temperature, gases flow rates, MEA size, etc.) [47]. The mass 

activity of the catalyst, the Electrochemical surface area (ECSA), and the full cell performance 

after the designated number of cycles are then measured [47].  

     However, for the catalyst support, it has been suggested that CVs should be run at between 

1.0 V and 1.5 V (vs. RHE) at 500 mV/s under specific MEA conditions for a total of 5000 cycles 

[47]. Again, the catalytic mass activity, the ECSA, and polarization curves are collected after a 

certain number of cycles [47]. As can be seen from the protocols, the applied potential range for 

support testing is very different from what is used to evaluate the catalyst, as it is believed that, at 

> 1.0 V, Pt oxide is formed and cannot be reduced at these high potentials. This minimizes the 

effect of Pt dissolution caused by repeated redox reactions (i.e., Pt oxidation (> 1.0 V) and 

reduction (< 1.0 V)), and thus isolates the effects of carbon corrosion [65, 67, 84, 124, 125]. 

     Many previous studies have used three-electrodes and aqueous solutions to perform AST of 

the carbon support alone or of carbon-supported catalysts [22, 25, 68, 78, 79, 84, 98, 118, 122, 

126-130]. For instance, using Vulcan carbon (VC), Lin, et al. [126] studied the effect of various 

corrosion testing protocols, including holding at, vs. cycling to, 1.4 V (vs. RHE), using a range 

of lower potential limits. They found that carbon corrosion is more severe under potential 

cycling conditions and that increasing the frequency of the potential change or decreasing the 

lower potential limit can further accelerate carbon oxidation [126]. They also suggested that 

carbon corrosion occurs primarily during the time of rapid potential change. Also, some of the 

oxygen-containing surface species, generated at 1.4 V, were shown to be reduced at lower 

potentials (e.g., 0.10 V). This consumption and regeneration of oxidized species at low and high 
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potentials, respectively, may contribute to enhanced carbon corrosion [126].  

 

2.6.2 Approaches to determining the extent of carbon corrosion 

     There are various methods that have been used to determine the extent of corrosion of carbon 

supports, Pt-loaded carbons, and catalyst layers. These include chronoamperometry, 

electrochemical impedance spectroscopy, the use of the quartz crystal microbalance (QCMB) 

technique, and surface/morphological studies (e.g., transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), and x-ray photoelectron spectroscopy (XPS), etc.  X-ray 

diffraction (XRD), thermogravimetric analysis (TGA), mass spectrometry (MS), and other 

techniques have also been used to study carbon corrosion and its effect on the catalytic 

nanoparticles [21, 22, 73, 74, 77, 81, 117, 118, 122, 126-129, 131-138]. For example, the QCMB 

technique has been used to track changes in the mass of carbon during exposure to oxidative 

conditions, also giving information about the accumulation of oxides on the carbon surface [134, 

135]. Microscopy has revealed the changes in the surface morphology of the carbons or of Pt-

loaded carbons, particularly after long times of corrosion [118, 130, 136], while MS has given 

the amount of CO2 released, correlating this directly with the extent of carbon oxidation [77, 122, 

137, 138].  

 

2.7 Pt/Carbon degradation mitigation strategies 

     Many papers and patents have been focused on the development of strategies to prevent 

and/or control the degradation of Pt/carbon catalysts under PEM fuel cell operating conditions 

[16, 25, 29, 58, 61, 63, 64, 69, 87, 89-91]. As mentioned earlier, the carbon support can be 

severely corroded at the cathode when the potential of this electrode is driven to high values 
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(e.g., > 1.2 V vs. RHE) under specific conditions (e.g., in the presence of a H2/air front in the 

anode compartment, Section 2.4.2). Generally, the mitigation strategies used to overcome these 

problems can be divided in two categories [69], with one involving system mitigation strategies 

where the presence of H2/air at the anode is prevented or, if it is present, the potential of the 

electrode is controlled. In the second category, materials improvements are sought to provide 

more stable catalysts and/or catalyst supports, which can then better tolerate harsh conditions.  

 

2.7.1 System mitigation strategies  

     Researchers in both academia and industry (e.g., UTC Power, General Motors (GM), etc.) 

have proposed many system mitigation strategies to decrease carbon corrosion under a range of 

conditions (e.g., start-up, shut-down, and local fuel starvation) [43, 58, 63, 64, 139, 140]. For 

instance, one strategy involves purging of inert gases (e.g., N2) into the anode compartment 

before the introduction of the fuel in order to remove oxygen from the anode [43, 58, 63, 64]. 

Meyers and Darling [58] showed that, during start-up, when the anode was purged first with N2 

and then H2, the rate of carbon corrosion decreased.  

     Another strategy involves the use of an auxiliary load, which can reduce the cell voltage when 

needed, such as during start-up/shut-down [43, 58, 63, 64]. For instance, Meyers and Darling 

[58] demonstrated that careful control of the cathode potential under start-up/shut-down 

conditions could result in a significant decrease in the extent of carbon corrosion (carbon loss of 

270 µC/cm
2
 under uncontrolled potentials vs. 4 µC/cm

2
 when using a controlled potential).  
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2.7.2 Improvement of cathode catalyst materials  

     As mentioned earlier, carbon corrosion results in Pt agglomeration/dislodgment and a loss of 

the ECSA, thus leading to a significant loss in PEM fuel cell performance [16]. In addition to the 

system mitigation strategies explained above, the electrode materials, their structure, and their 

stability under exposure to harsh conditions play key roles in PEM fuel cell performance. 

Various approaches have been suggested in the literature to mitigate carbon corrosion and/or 

improve catalyst stability. 

     Generally, the potential (> 1.2 V vs. RHE) at which carbon corrosion becomes significant is 

very close to that of the oxygen evolution reaction (OER). It has been reported that using a 

highly active OER catalyst (e.g., Ir oxide) as a component in the fuel cell cathode can promote 

O2 evolution over carbon corrosion during exposure to high potentials, thus protecting the carbon 

support itself [141-143]. For instance, Jang, et al. [142] found that the addition of 2 wt. % IrO2 

(0.016 mg/cm
2
) to the cathode composition reduced the rate of carbon corrosion by 76% when 

the cathode was exposed to 1.6 V vs. RHE.  

     Using alternative more stable carbon supports is another approach to improving cathode 

lifetime. In fact, it is believed that carbon materials with a higher degree of crystallinity are more 

stable and protected from oxidation, as they have a smaller number of surface defect sites, which 

act as reactive centers for carbon electro-oxidation [16, 20, 31, 98]. For instance, CNTs [29, 87, 

89-91], CNFs [29, 87, 90, 91], and graphitized mesoporous carbons [29, 89, 90] are considered 

to be relatively stable catalyst supports for PEM fuel cell applications.  

     Also, some groups have reported that using aromatic vs. non-aromatic carbon precursors 

increases the graphitic character and conductivity of the resulting carbon supports [97, 100-103]. 

This approach has been used in the preparation of mesostructured carbon materials, which have 



 

34 

been studied recently for fuel cell applications [97, 100]. The extent of carbon graphitization can 

also be increased by heat-treatment (from 1600 
o
C to 2800 °C) in an inert medium [22, 23, 31, 

110, 144-147]. Heat-treatment eliminates surface defects and oxygen-containing groups, which 

leads to fewer available active sites for the onset of oxidation of the carbon supports [22, 23, 31, 

144].  

     Modified carbon materials with chemically or electrochemically grafted surface functional 

groups have also been used recently to improve the catalytic stability and/or activity of supported 

Pt catalysts [85]. This direction is discussed in more detail below. 

 

2.7.3 Mitigation of carbon corrosion through surface modification 

     Modification of the carbon support surface by using coatings or surface functionalization has 

been done in several studies to increase the hydrophobicity of the carbons and thus improve their 

resistance to corrosion (Reaction 2-4) [148-151]. For instance, by using a self-assembled coating 

of dodecyltrichlorosilane on carbon black, Lee, et al. [149] found that the corrosion resistance 

increased significantly due to the enhanced hydrophobicity. Also, they showed that the 

performance of the PEM fuel cell increased at high current densities because the hydrophobic 

carbon was able to repel water and improve the mass transport of reactants. In another study, Oh, 

et al. [138] showed that the corrosion resistance of a range of carbons (carbon nanocage > carbon 

nanofiber > carbon black) correlated with their hydrophobicity, while there was no observed 

trend in their degree of crystallinity. 

     It has also been reported that the hydrophobicity of carbon can be increased by the 

introduction of fluorinated moieties (e.g., fluorine atoms, fluorinated chains, etc.) onto their 

surfaces or into their structure [148, 150, 152-154]. The fluorinated moieties decrease the surface 
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energy of the carbons and thus increase their hydrophobicity without significantly changing their 

bulk properties [154-156]. Various techniques have been used to covalently introduce fluorine-

containing groups onto the carbon surface, including using F2 gas [157], radio-frequency plasma 

deposition [148], thermal decomposition of fluorinated peroxides [155], and diazonium reduction 

reactions [150, 152, 154, 158-163].  

     Of these approaches, the modification of carbon supports with various 

hydrophobic/hydrophilic functional groups via chemical/electrochemical reduction of diazonium 

ions is most favoured, due to the ease of preparation of aryl diazonium salts, their rapid 

reduction, and the resulting strong aryl-carbon covalent bond [150, 152, 153, 158-166]. The 

grafting mechanism is believed to involve the chemical/electrochemical reduction of the aryl 

diazonium group and rapid loss of N2 gas to generate a phenyl radical, which immediately 

attacks carbon and makes a covalent carbon-carbon bond [153, 160].  

     Changing the surface properties of carbon supports through this type of an approach was used 

in several studies for PEM fuel cell applications to improve the Pt catalyst nanoparticle/carbon 

support interactions [167, 168], electrolyte-carbon interactions [160], and the prevention of 

flooding in the CL [150]. Also, several fluorine-containing groups, such as trifluoromethylphenyl 

[152, 154], pentafluorophenyl [150], trifluoromethoxyphenyl [154], and 4-fluorophenyl [154], 

have been attached to carbon surfaces using the diazonium reduction reaction and were then 

studied for various applications. For example, Xu, et al. [150] modified the surface of a catalyst-

loaded carbon support (20 wt. % Pt/VC) with –PhF5 groups through chemical reduction of a 

diazonium salt, followed by its use as a catalyst layer (CL) in a PEM fuel cell set-up. They found 

that the modified catalyst supports showed better performance than the non-modified ones due to 

the hydrophobicity of the –PhF5 groups, which prevented local flooding of the CL. 
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     Diazonium chemistry was also used to functionalize carbon surfaces with hydrophilic groups, 

followed by evaluation of Pt NP dispersion on the carbon surface for fuel cell applications. 

Bayati, et al. [167] deposited Pt NPs with tunable sizes (e.g., 2.0, 2.7, and 4.0 nm) on highly 

oriented pyrolytic graphite (HOPG) that was modified with aminophenyl groups. They showed 

that the Pt-loaded functionalized HOPG exhibited better catalysis of the methanol oxidation 

reaction as compared to non-functionalized HOPG. Also, the activity decreased when the Pt NP 

size increased. Guo, et al. [169] showed high Pt dispersion on aminophenyl-functionalized 

MWCNTs, also showing a high electrocatalytic activity towards methanol oxidation.  

     Gharibi, et al. [170] functionalized the surface of MWCNTs and VC with sulfonic acid 

groups using diazonium chemistry, followed by the deposition of 10 wt. % Pt. They then used a 

mixture of Pt-loaded functionalized MWCNTs (75 wt. %) and functionalized VC (25 wt. %) as 

the electrocatalyst in a MEA in a PEM fuel cell. It was found that the maximum power density 

was 1.6 times higher in the presence of 15 wt. % Nafion in the CL than when they used the 

unmodified carbons.  

     Although many studies have functionalized carbons with various surface groups using 

diazonium chemistry, there has been no systematic study in which the durability of these 

functionalized carbons has been evaluated. Also, the stability of Pt-loaded functionalized carbons 

under PEM fuel cell cathode conditions (e.g., at high anodic potentials) is not yet well 

understood.  



 

37 

 

Chapter Three: Experimental Methods 

This chapter provides the details of the experimental methods that were used for the work 

completed in this thesis. The additional experimental details related to a particular chapter are 

provided, as needed, in that chapter. 

 

3.1 Carbon samples preparation 

3.1.1 Synthesis of ordered mesoporous carbons (OMCs) 

     The synthesis of ordered mesoporous carbons (OMCs) was based largely on the method 

reported by Ryoo et al. [171, 172], except that hexagonal mesoporous silica (HMS), having a 

wormhole structure [17, 104], was used here as the hard template. The synthesis of HMS-16, where 

16 refers to the number of carbon atoms in the surfactant, followed a procedure reported 

previously [17, 104]. The OMCs, synthesized using anthracene (A) and sucrose (S) as the carbon 

precursors, were denoted as OMC-A and OMC-S, respectively, with their synthesis reported 

previously by our group and others [17, 102].  

     Briefly, for the synthesis of OMC-S, 1 g of calcined HMS-16 was mixed with a solution 

containing 1.25 g sucrose, 0.14 g H2SO4, and 5 g H2O. The mixture was dried at 100 °C
 
for 6 h 

and then at 160 °C for another 6 h. The product was then mixed with a solution containing 0.8 g 

sucrose, 0.09 g H2SO4, and 5 g H2O and dried following the same steps. For the synthesis of 

OMC-A, 0.44 g of anthracene was dissolved in 50 mL of 0.14 M H2SO4/acetone. Then, 1 g of 

calcined HMS-16 was mixed with 40 mL
 
of this mixture stepwise. After each 5 mL aliquot 

addition, the anthracene/HMS-16 mixture was heated to 160 °C for 1 h. This process was 

repeated until the anthracene solution was fully consumed.  
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     Both of the carbon precursor-silica composites were carbonized at 900 °C for 2 h and cooled 

to room temperature (RT) under N2, using a ramp rate of 5 °C/min. The HMS-16 was removed 

by refluxing 1.0 g of the carbon-silica composite with 100 mL of 0.6 M NaOH for 24 h. The 

OMC product was then washed with H2O to a neutral state, and then dried at 120 °C for 12 h.  

 

3.1.2 Synthesis of colloid-imprinted carbons (CICs) 

     To synthesize the colloid-imprinted carbons with pore sizes of 12, 22, and 50 nm, a procedure 

reported previously by our group [30, 96] and others [109, 110, 173] was followed. Briefly, 1 g 

of mesophase pitch (MP, Mitsubishi Gas Chemical Company, Inc.) carbon precursor was mixed 

with 20 mL of EtOH/H2O (60:40 v/v) by stirring for 1 h. Then, 10 g of a colloidal silica 

suspension (Ludox-HS-40, Ludox-AS-40, or NanoSol-5050S, with an average colloid size of 12 

nm, 22 nm, and 50 nm, respectively), used as the hard template, was added dropwise to this 

mixture with vigorous stirring. The temperature was then raised and held at ca. 50-100 °C in 

order to completely remove the solvent before the imprinting step. The MP/silica solid composite 

was then heated to 400 °C for 2 h under a N2 environment, using a heating rate of 5 °C/min, and 

then cooled down to RT at the same rate. This MP/silica composite was then carbonized at 900 

°C for 2 h and cooled to RT under N2, using a ramp rate of 5 °C/min.  

     1.0 g of the MP/silica composite was mixed with 100 mL of 3 M NaOH and refluxed for 24 h 

in order to remove the silica hard template. Then the carbon was washed with H2O several times 

until the solution was neutral. The carbon products were named CIC-12, CIC-22, and CIC-50, 

corresponding to the silica colloid size used in their synthesis.  
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3.1.3 Synthesis of nanoporous carbon scaffold (NCS) 

     To synthesize the nanoporous carbon scaffold with a pore size of 85 nm, a procedure 

introduced recently by the Birss group [174] was followed. 0.4 g of the mesophase pitch (MP, 

Jining Keneng New Carbon Mstar Technology Co., Ltd) carbon precursor was mixed with 1.5 g 

of n-butanol (BtOH) by ball-milling for 2 h at 60 RPM. 15 g of 10 wt. % polyvinyl alcohol 

(PVA)/water was added to the ball-milled MP/BtOH mixture and was then ball-milled for another 3 

h at 60 RPM to obtain an MP/BtOH/PVA/water ink. 7.5 g of colloidal silica suspension (Ludox-

AS-85 with an average colloid size of 85 nm, 40 wt. % in water) was mixed with 7.5 g of water 

and 1,3-propanediol (PD), forming a new suspension. It was then added to the 

MP/BtOH/PVA/water ink and ball milled for 4 h, producing a MP/silica/PD/PVA/water slurry. 

The slurry was then tape-casted on a clean glass substrate using a doctor blade assembly, with 

the layer thickness controlled by adjusting the component concentration of the ink or by 

adjusting the gap between the doctor blade and the substrate. In the next step, water was removed 

from the film through exposure to ambient atmosphere at room temperature. After drying, the 

film was separated from the glass substrate. The MP/silica/PD/PVA film was preheated to 400 

°C, carbonized at 900 °C for 2 h, and then cooled to RT under N2. 

     The carbonized MP/silica film was then soaked in 100 mL of 3 M NaOH for 48 h at 80 °C in 

order to remove the colloidal silica template. Then, the film was washed with water several times 

and neutralized with a dilute HCl solution and then washed with water again to the neutral state. 

The carbon film product was named nanoporous carbon scaffold (NCS-85), where 85 refers to 

the silica colloid size used for the synthesis. The glass side of the synthesized NCS-85 was shiny, 

while its air side was duller in appearance.  
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3.1.4 Heat-treatment of carbons 

     The synthesized OMCs, CICs, NCS and as-received Vulcan carbon materials (VC, Cabot, 

used as received) were treated at 1500 °C under a N2 atmosphere for 2 h at a heating rate of 5 

°Cmin
-1

, with these heat-treated (HT) carbons named OMC-A-HT, OMC-S-HT, CIC-12-HT, 

CIC-22-HT, CIC-50-HT, NCS-85-HT and VC-HT, correspondingly. All of the synthesized 

OMCs, CICs, NCS, as-received VC, and heat-treated carbons were dried in air at 100 °C 

overnight prior to use. 

 

3.1.5 Surface functionalization of carbons 

3.1.5.1 Nitrophenyl (-PhNO2) and aminophenyl (-PhNH2) surface modified carbons 

     As-prepared CIC-22 was surface functionalized with 4-nitrophenyl (-PhNO2) by using 

diazonium chemistry (Figure 3.1 (a)), following a procedure reported in the literature [167]. 1.0 g 

of the carbon powder, 5.75 g of 4-nitroaniline, and 100 mL of acetonitrile were mixed together 

and then sonicated for 1 h under N2. Then, 5.6 g of amyl nitrite was added dropwise to the 

mixture using a syringe under vigorous sonication and N2 protection. This mixture was refluxed 

for 24 h at ca. 80 °C under N2 and with vigorous stirring. The surface functionalized carbon was 

then filtered and rinsed with dimethylformamide (DMF), followed by acetonitrile. The 

functionalized carbon was then subjected to a Soxhlet extractor with DMF for 24 h to remove the 

reaction residues. The sample was then washed with EtOH and dried at 80 °C in a vacuum oven 

for 24 h. The functionalized carbon powder was denoted as CIC-22-PhNO2.  

     In order to synthesize CIC-22-PhNH2, the as-synthesized CIC-22-PhNO2 was chemically 

reduced, using sodium sulfide (Figure 3.1 (b)), following a previously reported procedure [175]. 

Briefly, 30 g sodium sulfide (Na2S. 9H2O) was suspended in 200 mL of EtOH/H2O (50/50 in 
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volume) and was then mixed with 0.6 g of CIC-22-PhNO2 in a flask, followed by heating at 80 

°C for 24 h. The mixture was then cooled to RT and filtered and rinsed with 300 mL of 

deionized water. Any reaction residues in the sample were further removed by Soxhlet extraction 

with 200 mL DMF for 48 h. Finally, the sample was washed with EtOH and dried at 80 °C in a 

vacuum oven for 24 h. The synthesized carbon powder was denoted as CIC-22-PhNH2. 

 

Figure 3.1 Scheme showing functionalization of carbon surfaces with (a) 4-nitrophenyl (-

PhNO2) through the diazonium reduction reaction and (b) with 4-aminophenyl (-PhNH2) through the 

chemical reduction of the -PhNO2 groups by sodium disulfide.  

 

3.1.5.2 Pentafluorophenyl (-PhF5) surface modified carbons  

     Both as-prepared CIC-22 and as-received VC were surface functionalized with 

pentafluorophenyl (-PhF5), following a procedure reported previously in the Birss group and 

shown in Figure 3.2 [37]. 1.0 g of the carbon powder, 5.6 g of 2,3,4,5,6-pentafluoroaniline 

(Sigma-Aldrich), and 150 mL of acetonitrile were added to a 250 mL flask, and the mixture was 

then sonicated for 1 h under the flow of N2. Then, 6.2 mL of amyl nitrite was added dropwise 

into the mixture in the flask under sonication and N2 protection. This mixture was then refluxed 
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for 24 h under N2. The surface functionalized carbon was then filtered and rinsed with 25 mL of 

dimethylformamide and 50 mL of acetonitrile. Any reaction residues in the functionalized 

carbon powders were removed by Soxhlet extraction with acetonitrile for more than 4 days. 

Finally, the samples were dried at 100 °C in air overnight. The functionalized carbons were 

denoted as CIC-22-PhF5 and VC-PhF5, respectively.  

CH3CN, in N2, Reflux, 24 h

ONO

+

F

F

FF

F

H2N

F

F

FF

F

Carbon surface  

Figure 3.2 Scheme showing functionalization of carbon surfaces with pentafluorophenyl (-PhF5) 

groups through the diazonium reduction reaction. 

 

3.1.6 Preparation of Pt-loaded carbons 

     The synthesized nanoporous carbon scaffold, before (NCS-85) and after heat-treatment (NCS-

85-HT), was loaded with Pt using the wet impregnation method, where H2PtCl6·6H2O was used 

as the Pt precursor and H2 as the reducing agent. Briefly, ca. 0.045 g H2PtCl6.6H2O was 

dissolved in ca. 500 µL of acetone and was then added dropwise onto the glass side (Section 

3.1.3) of ca. 50 cm
2
 of NCS-85 (ca. 0.05 g). The solution penetrated into the carbon scaffold very 

readily. After drying at RT overnight, the Pt compound was reduced by heating from RT to 300 

°C under H2 for 2 h, and was then maintained at this temperature for 2 h under N2 to remove any 

adsorbed hydrogen. The samples were then allowed to cool down to RT and named as Pt/NCS-

85 and Pt/NCS-85-HT for the non-heat-treated and heat-treated NCS-85, respectively.  

     For the preparation of the Pt-loaded CICs and VC powder, before and after surface 

functionalization, the same method as above was used. Here, for 1 g of carbon powder, 0.667 g 

of H2PtCl6.6 H2O salt was used to prepare the 20 wt. % Pt/carbon samples. The H2PtCl6.6 H2O 
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salt was dissolved in acetone and added dropwise to the carbon support with continuous stirring. 

The resulting samples were dried at RT for 12 h and then at 60 °C for 12 h. The rest of the 

procedure was exactly the same as explained above. 

3.2 Physical and chemical characterization of carbons 

3.2.1 N2 sorption analysis 

     The nitrogen sorption isotherms of the carbon samples were obtained at –196 °C using a 

Micromeritics Tristar 3020 analyzer (Department of Chemical and Petroleum Engineering, 

University of Calgary) and a Micromeritics 3Flex
TM

 analyzer (Department of Geosciences, 

University of Calgary). The samples were out-gassed at 250 °C for 4 h in N2 and were then 

degassed again at a pressure lower than 10
-3

 Torr before the measurements. The specific surface 

area (SBET) was obtained using the Brunauer-Emmett-Teller (BET) plot [176] in the range of 

0.05 < P/Po < 0.30, where P is the equilibrium pressure of the N2 and Po is the vapour-saturated 

pressure of N2. The total pore volume was calculated at P/Po = 0.98, and the pore size 

distributions were calculated based on the adsorption and desorption branches of the isotherm, 

using the Barrett-Joyner-Halenda (BJH) method [177]. 

 

3.2.2 X-ray powder diffraction (XRD) 

     All of the X-ray powder diffraction (XRD) patterns of the carbons were obtained using a 

Rigaku Multiflex X-ray diffractometer (Department of Geosciences, University of Calgary). 

CuK radiation ( = 0.15406 nm) was used as the X-ray source and the operating conditions 

were 40 kV and 20 mA. The XRD angle and diffraction intensity were collected from 2 – 90 ° at 

a rate of 2 °/min. The recorded data were processed with Jade software (Version 6.5).  
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3.2.3 Thermogravimetric analysis (TGA) 

     Thermogravimetric analysis (TGA) of the carbons was carried out in air using a Mettler 

Toledo TGA instrument and the weight changes of the samples were recorded at temperatures 

from 30 to 800 °C at a heating rate of 2 °C/min. Using TGA, the content of inorganic residue (e.g., 

silica) within the carbons and the Pt loading of the Pt/carbon samples was determined. 

 

3.2.4 Elemental analysis 

     The carbon, hydrogen, and nitrogen content of the carbons was determined using combustion 

analysis (PerkinElmer 2400, Chemistry Instrumentation Facility, Department of Chemistry, 

University of Calgary). The fluorine content of the surface-functionalized carbons was 

determined [37] using a classical wet chemistry method (potentiometric titration with La(NO3)3 

[178]), conducted by Micro-Analysis (Wilmington, U.S.).  

 

3.2.5 Field emission scanning electron microscopy (FE-SEM) 

     The surface morphology of the carbon samples was determined by field emission scanning 

electron microscopy (FE-SEM) using a Zeiss Sigma VP instrument at an accelerating voltage of 

2 kV. An InLens detector was used to collect the signals. The carbon samples were supported on 

conductive, adhesive carbon tapes for the imaging experiments. A Fiji image processing package 

was used to calculate the Pt nanoparticle size. 

 

3.2.6 Transmission electron microscopy (TEM) 

     All transmission electron microscopy (TEM) images were collected using a Tecnai TF20 G2 

FEG-TEM (FEI, Hillsboro, Oregon, USA) in the Microscopy and Imaging Facility (Health 
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Sciences Centre) at the University of Calgary. In order to prepare the carbon samples for 

imaging, ~ 10 mg of the carbon was dispersed in 1 mL EtOH and sonicated for 15 min. A droplet 

of this solution was then placed on one side of a TEM grid. Cu-carbon coated grids (EMS, 

CF400-Cu) were used in this thesis work and all the imaging was performed in the bright field 

mode. A Fiji image processing package was used to calculate the Pt nanoparticle size.  

 

3.2.7 Wettability measurements 

3.2.7.1 Water vapor sorption (WVS) 

     The water vapor sorption (WVS) measurements were carried out on the dry form of the carbon 

samples in order to evaluate their relative hydrophilicity/hydrophobicity, following a procedure 

reported previously by our group [19, 37, 179, 180]. 0.1 g of carbon was placed into a crucible in a 

sealed desiccator at RT. 100 mL of distilled water was placed in the bottom of the desiccator, 

while the crucible was supported on a grid above the liquid. The weight gain of the carbon 

samples was tracked as a function of time until no further mass changes were seen. The amount 

of water vapor sorbed by each carbon was then obtained using Equation 3.1.  

3

3

sorbed water mass (g)
WVS (cm /g) = 

water density (g/cm )  original carbon mass (g) 
               Equation 3-1 

 

3.2.7.2 Contact angle kinetics (CAK) 

     For the contact angle kinetics (CAK) measurements, the carbon powder samples (0.1 g) were 

pressed into pellets (25 mm in diameter) using a stainless steel die under a pressure of 36 MPa 

for 4 min, while the NCS samples (ca. 1 cm
2
) were simply placed onto a clean gold-sputtered 

glass slide. Then, a 10 μL water droplet was released onto the carbon pellets or NCS from a 
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height of 1 mm. The droplet behavior on the carbon pellets or the carbon scaffolds was captured 

by a high speed camera (DRS Technologies) at a frame rate of 1000 fps and with a shutter time 

of 0.25 ms.  

 

3.3 Electrochemical characterization of carbons 

3.3.1 Preparation of working electrode 

3.3.1.1 Carbon ink 

     For carbon ink preparation, a procedure developed previously in our group was followed 

[104]. In Chapter 4, 0.01 g of the carbon powder was dispersed into 0.4 g of a 1 wt. % 

Nafion/isopropanol solution and the mixture was then sonicated for at least 30 min to obtain a 

carbon/Nafion ink. For the later chapters (Chapter 5-7), a slightly modified procedure was used 

in that 0.01 g of the carbon powder was weighed in a small vial and 0.1 g of 12 wt. % 

H2SO4/EtOH solution was added. The mixture was sonicated for 5 min and then 0.4 g of a 1 wt. 

% Nafion/EtOH solution was added and the mixture was sonicated for about 45 min.  

     For the working electrode (WE) preparation, 14 µL of the ink was deposited onto a glassy 

carbon (GC) disc electrode (surface area = 0.38 cm
2
, Figure 3.3), polished for about 5 min using 

1 μm Al2O3 powder, sonicated in distilled water for 5 min, and then rinsed with distilled water 

prior to each experiment. The deposited ink on the GC was allowed to dry at room temperature 

(RT) to form the carbon film.  

3.3.1.2 Nanoporous carbon scaffold (NCS) electrodes 

     To prepare the nanoporous carbon scaffold (NCS) working electrode, a piece (ca. 1 cm
2
, 0.5 - 

1.5 mg) of the NCS was sandwiched between two gold-sputtered microscope slides using 

Parafilm (Figure 3.4). One of the gold sputtered glass slides was attached to a Ni wire with silver 
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epoxy, serving as the current collector, while the other gold-sputtered slide contained a circular 

hole (1 cm diameter) so that an exact area of the NCS would be exposed to the solution. In all of 

the experiments, the glass side (Section 3.1.3) of the NCS faced the electrolyte. Notably, there 

was no Nafion employed in the construction of these electrodes. 

 

Figure 3.3  Photograph of 7 mm diameter glassy carbon disc electrode, used as the substrate for 

carbon ink deposition.  

 

 

Figure 3.4 Photographs of (a) two gold sputtered glass slides used as the conductive substrate for 

WE preparation, (b) a nanoporous carbon scaffold (NCS) with a geometric surface area of ~ 1 
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cm
2
, and (c, d) NCS sandwiched between the gold sputtered glass slides and sealed completely 

with Parafilm.  

3.3.2 Counter and reference electrodes 

     A platinized Pt mesh was used as the counter electrode (CE) in all of the electrochemical 

experiments. This electrode was prepared by platinizing a Pt gauze (99.9% pure, Alfa Aesar) 

with a geometric surface area of 0.5 - 1 cm
2
, using a Yellow Springs Instruments 3139 

platinizing kit. To prepare the platinizing solution, 3.47 g H2PtCl6.6 H2O and 0.015 g 

Pb(C2H3O2)4 were dissolved in 60 mL 3X distilled H2O. Two Pt gauze electrodes were placed 

several cm apart in the platinizing solution and the current between the electrodes was kept 

constant at 50 mA, reversing the polarity every 30 s for a total of 3 min. The resulting CEs had a 

real Pt area of ~ 190 cm
2
.  

     A reversible hydrogen electrode (RHE) was used as the reference electrode in this work. The 

RHE consisted of a platinized Pt mesh electrode (similar to the CE), immersed in the same 

solution as the WE, but with continuous H2 bubbling. All of the electrochemical data in this 

thesis are referenced to the RHE. 

 

3.3.3 Electrochemical cell and solutions  

     All of the electrochemical experiments were carried out in a two-compartment cell containing 

three electrodes (WE, CE, and RE), normally using 0.5 M H2SO4 (Figure 3.5). The WE and CE 

were placed in one compartment and the RE was placed in the other compartment. The two 

compartments were connected through a Luggin capillary, as shown in Figure 3.5.  

The 0.5 M H2SO4 solution was deaerated by vigorous N2 gas bubbling for 15 min prior to 

each experiment and N2 purging was continued during the experimental measurements. Most of 

the electrochemical experiments were carried out at RT, while in Chapter 8, some of the 
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experiments were carried out at 60 °C. For these higher temperature experiments, the two-

compartment cell was placed in a water bath, as shown in Figure 3.6.  

     All of the electrochemical experiments were carried out using an EG&G 173 potentiostat in 

conjunction with an EG&G PARC 175 function generator. Chart 5 by PowerLab was used for 

data collection/analysis. 

 

Figure 3.5 Photograph of the three-electrode, two-compartment cell used for the electrochemical 

experiments in this thesis work.   

 

 

      

Figure 3.6 Photograph of the water bath used for electrochemical experiments at 60 °C.   
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3.3.4 Cyclic voltammetry (CV) 

     Steady-state cyclic voltammograms (CVs) of freshly prepared carbon powder films or the 

NCS (WE, Section 3.3.1) were collected in the typical potential range of 0.05 – 1.0 V or 0.05 – 

1.1 V at a sweep rate of 10 mV/s in deaerated 0.5 M H2SO4, both before and after the corrosion 

experiments. CV provides important information about the electrochemically active surface area 

and the oxidation state of the carbon surface.  

 

3.3.4.1 Total CV charge and/or capacitance determination 

     The total (pseudo + double layer) capacitance of each carbon, before and after the corrosion 

experiments (Section 3.3.5), was obtained from the sum of the anodic and cathodic charges 

passed in the CV. This charge was then divided by the difference (∆V) between the upper and 

lower potential limits and dividing by 2 (taking into consideration both the forward and reverse 

scans) and then by the mass of carbon, giving the average gravimetric capacitance (F/g). Also, 

the specific capacitance (CS,i, F/m
2
) of the carbons was calculated by dividing the gravimetric 

capacitance (F/g) by the specific surface area (SBET, m
2
/g), as determined using the BET method 

(Section 3.2.1). 

 

3.3.4.2 Pseudo-capacitive and double layer charge/capacitance determination 

     The anodic and cathodic pseudo-capacitive charges of the carbons (QPseudo,a and QPseudo,c) are 

proportional to the Faradaic charge passed, associated with the oxidation/reduction of redox-

active functional groups on the carbon surface (e.g., hydroquinone, quinone (Reaction 3-1)). In 

this thesis work, the anodic pseudo-capacitive charge was chosen for detailed analysis, as its 

value was found to be more reliable and the baseline could be more easily established (Figure 
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3.7) than for the cathodic pseudo-capacitance peak. The anodic pseudo-capacitive charge of the 

carbons was obtained between 0.4 and 0.8 V, as shown in the shaded areas in Figure 3.7.  

2H+ ++ 2e-
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Figure 3.7 Typical cyclic voltammogram (CV) of carbon in the potential range of 0.05 – 1.0 V at 10 

mV/s in 0.5 M H2SO4. The pseudo-capacitive and double layer regions are shown in the CV.  

 

     The double layer charge (QDL,a and QDL,c in Figure 3.7) is the amount of charge build-up at 

the interface between carbon and the H2SO4 solution and is proportional to the electrochemically 

active surface area. In this thesis work, the double layer charge was calculated by subtracting the 

sum of the anodic and cathodic pseudo-capacitive charge contribution from the total (anodic + 

cathodic) CV charge, and then dividing by 2. 
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3.3.5 Carbon corrosion protocols 

     To promote carbon oxidation, the carbon films (WE, Section 3.3.1) were subjected to various 

corrosion testing protocols. The first protocol consisted of a potential step-cycling sequence 

between an upper potential of 1.4 V (50 s) and a lower potential of 0.8 V (10 s), for a total of 18 

min (Figure 3.8). These parameters were chosen in order to mimic the conditions that PEM fuel 

cell cathodes can experience under real operating conditions. The current response as a function 

of time was recorded during each potential pulse, as shown in the inset (c) of Figure 3.8. 

Corrosion Protocol A [1.4 V (50 s) - 0.8 V (10 s), 18 min] was used in Chapters 4, 5, and 7 for 

the evaluation of the corrosion resistance of OMCs (Section 3.1.1), CICs (Section 3.1.2), CICs-

HT (Section 3.1.4), Vulcan carbon, and the carbons that were surface functionalized with –PhF5 

groups (Section 3.1.5.2). 

     The second protocol consisted of 18 CVs in the potential range of 1.0 – 1.4 V, all at 10 mV/s, 

denoted as Protocol B (Figure 3.9). This protocol [18 CVs (1.0 – 1.4 V) at 10 mV/s] was used in 

Chapters 6 and 8 in order to provide more information about the electrochemical oxidation of the      

-PhNO2 and -PhNH2 surface functionalized carbons (Section 3.1.5.1), as well as the Pt-loaded 

carbons (Section 3.1.6).  

     The third protocol was very similar to Protocol A, as shown in Figure 3.10, with the only 

difference being their lower limit potentials. Protocol C consisted of a potential step-cycling 

sequence between an upper potential of 1.4 V (50 s) and a lower potential of 1.0 V (10 s), for a 

total of 18 min (Figure 3.10). Corrosion Protocol C [1.4 V (50 s) - 1.0 V (10 s), 18 min] was used 

in Chapters 6 and 8 for the evaluation of the corrosion resistance of the –PhNO2 and –PhNH2 

surface-functionalized carbons (Section 3.1.5.1), as well as the Pt-loaded heat-treated and non-

heat-treated NCS samples (Sections 3.1.3, 3.1.6, and 3.1.4). 
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Figure 3.8 Potential-time perturbation used to induce carbon corrosion, denoted as Protocol A: 

[1.4 V (50 s) - 0.8 V (10 s), 18 min], in 0.5 M H2SO4. Insets (a) and (b) show the typical cyclic 

voltammograms (CVs) of the carbons, before and after corrosion, respectively, while (c) shows the 

general characteristics of the current-time (i/t) response seen in the first potential step between 0.8 

and 1.4 V and back.  
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Figure 3.9 Corrosion Protocol B, involving 18 CVs in the potential range of 1.0 to 1.4 V at 10 

mV/s [18 CVs (1.0 – 1.4 V) at 10 mV/s] in 0.5 M H2SO4.  
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Figure 3.10 Corrosion Protocol C, using an upper potential of 1.4 V and a lower potential of 1.0 

V [1.4 V (50 s) – 1.0 V (10 s), 18 min] in 0.5 M H2SO4 

 

3.3.6 Mass spectrometry (MS) analysis of carbons during corrosion experiments 

     Online mass spectrometry (MS) measurements were also performed in Chapter 5 to analyze 

the exhaust gas of the electrochemical cell (Figure 3.11) during the carbon corrosion tests at high 

anodic potentials [X= 1.4, 1.6, 1.8 V (150 s)- 0.8 V (30 s)]. The MS analysis was conducted 

using a Proline quadruple mass spectrometer produced by Ametek. A three-electrode cell 

(Section 3.3.3 and Figure 3.5) was used, with inlet/outlet tubes for the He carrier gas added to the 

cell, as shown schematically in Figure 3.11. The cell was sealed completely to prevent any gas 

leakage through the system. 

     To prepare the WE for these experiments, 0.01 g of carbon powder was mixed with 0.4 g of a 

1 wt. % Nafion/acetic acid solution and the mixture was sonicated for about 45 min to form an 

ink. In the subsequent step, the ink was coated on the surface of a GC rod (7 mm diameter), 

including the flat end and the sides of the cylindrical GC rod. This step was repeated several 

times to deposit the full ink sample onto the GC surface. The GC rod, coated with the 

carbon/Nafion film, was then completely dried at RT before the corrosion/MS measurements 
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were made. 

 

Figure 3.11 Schematic of three-electrode cell, used for corrosion testing/mass spectrometry 

measurments in 0.5 M H2SO4. 

 

     Prior to the corrosion experiments, the CVs of the carbon samples were collected in deaerated 

0.5 M H2SO4 solution and then the samples were subjected to the corrosion testing protocols 

(Figure 3.12), using a lower potential limit of 0.8 V (30 s) and various upper limit potentials of 

1.4, 1.6, or 1.8 V (150 s), slightly different from Protocol A (Section 3.3.5, Figure 3.8). The CVs 

of the carbons were collected before and after each corrosion experiments, as shown in Figure 

3.12. During the time of the experiment, the gaseous products were transferred from the 

electrochemical cell to the mass spectrometer via the He carrier gas at a flow rate of 1 mL/min. 

     MS measurements were performed at m/z values of 12 (C
+
), 44 (CO2

+
), 16 (O

+
, from CO2, 

CO, H2O, O2, etc.), 32 (O2
+
), 28 (CO

+
, N2

+
), and 40 (Ar

+
) using a He gas carrier. As our focus in 

this study was to detect any O2 gas formation during the corrosion experiment, only the raw MS 

data (with no calibration) are presented in Chapter 5.  

 



 

56 

 

Figure 3.12 Corrosion protocols used for the electro-oxidation of the carbon samples and the 

generation of the mass spectrometry signals, all in 0.5 M H2SO4. 

 

3.4 Error analysis 

     The mass of the carbon samples was measured with a normal lab balance (AB204, Mettler-

Toledo), having an error of ± 0.1 mg, while the gas sorption measurements (Section 3.2.1) have 

an estimated error of ± 5% for each carbon sample. The error on the X-ray diffraction peak 

widths (XRD, Section 3.2.2) was found to be ± 5%. Also, the error in the content (Section 3.2.4) 

of C, H, and N in the carbon samples was estimated to be ≤ 0.3 wt. %. For the 

Thermogravimetric analysis (TGA, Section 3.2.3), based on the information provided by 

Mettler-Toledo, the error in the weight of the solid residue of the carbons (e.g., silica) was 

estimated to be < 2 wt. %. Also, an error of ± 10 °C was estimated for the temperatures at which 

the main mass loss of carbon is seen during TGA.  

     The error in the contact angle kinetics (Section 3.2.7.2) values, used for the prediction of the 

hydrophilicity/hydrophobicity trends of the carbons, was estimated to be about ± 5 °, while the 

error in the water vapor sorption (Section 3.2.7.1) data was ± 0.01 mL/g. The Pt nanoparticle size 

calculations also contained some error, due to the errors in analysis of the transmission electron 

microscopy images (Section 3.2.6) (± 10%) and in the XRD peak width values (± 5%). 
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     For the electrochemical measurements (Section 3.3), both the EG&G 173 potentiostat and 

EG&G PARC 175 function generator calibration was checked regularly. The error in the applied 

potential was estimated at ± 2 mV, while the error in the measured current was about 0.2%, as 

the potentiostat current scale was used. For the working electrode preparation, an Eppendorf 

pipette (2-20 μL) was used to deposit 14 µL of the ink on the glassy carbon electrode, resulting 

in an error of less than 5%. The reproducibility of the reversible hydrogen electrode potential is 

also believed to be very good, as H2 was bubbled through the solution for at least 15 min before 

the electrochemical experiments began. The temperatures of the solution were at either 22 ± 1 °C 

or 60 ± 1 °C.    

     All of the electrochemistry of the carbon samples, prepared identically, including cyclic 

voltammetry (CV) and the corrosion experiments, was repeated until at least three trials showed 

a difference of ≤ 10% from each other. The average results of these trials are presented through 

the entirety of this thesis work and the error in all of the electrochemical data (e.g., the 

gravimetric charge/capacitance) is estimated at ≤ 5%. The use of a 0.5 M H2SO4/alcoholic 

solution for ink preparation, as explained in Section 3.3.1.1, greatly enhanced the reproducibility 

of the CV data shown in this work. 
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Chapter Four: Development of a Method for the Evaluation of the Corrosion 

Resistance of Carbon Support Materials 

Reproduced with permission from J. Electrochem. Soc., 162 (12) F1333-F1341 (2015). 

Copyright 2015, The Electrochemical Society. 

 

4.1 Introduction 

     As discussed in Section 2.4.2, the electrochemical corrosion of the carbon-based catalyst support 

materials used in proton exchange membrane (PEM) fuel cells, especially at the cathode, has a 

significant impact on PEM fuel cell lifetime [16, 20, 41]. Thus, an effective and reliable method for 

the evaluation of the corrosion resistance of new carbon supports, as they are developed, is required. 

In this chapter, a rigorous approach that allows for the ranking of carbon supports in terms of their 

corrosion susceptibility has been developed, based on the testing of a conventional microporous 

powder (Vulcan carbon, VC) and two ordered mesoporous carbon powders (OMCs), synthesized 

using sucrose and anthracene as the carbon precursors (Section 3.1.1). The results from this chapter 

then serve as a guide for predicting and interpreting the results shown later in this thesis. 

     Prior to exposure of the carbons (VC and the two OMCs) to the corrosion protocol, their physical 

and chemical characterization was carried out. Using N2 sorption analysis (Section 3.2.1), 

information about the porous structure (e.g., the real surface area (m
2
/g)) of the carbons is presented. 

Also, in order to evaluate the degree of crystallinity of the carbons, X-ray diffraction (XRD, Section 

3.2.2) analysis of the carbons was done. It was found that the trend in the degree of crystallinity of 

the carbons is as follows: VC > anthracene-based OMC (OMC-A) > sucrose-based OMC (OMC-S).  

Thermogravimetric analysis (TGA, Section 3.2.3) was employed in order to assess the thermal 
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stability of the carbons, giving a similar trend to that obtained from the XRD analysis. Also, using 

water vapor sorption measurements (WVS, Section 3.2.7.1), it was found that VC is much more 

hydrophobic than the synthesized OMCs. The results of these analyses provided valuable 

information to better understand the electrochemical oxidation of the three carbon powders. 

     In this chapter, a potential step-cycling sequence, introduced as Protocol A in Section 3.3.5 

(Figure 3.8), using an upper potential of 1.4 V for 50 s and a lower potential of 0.8 V for 10 s in 

each cycle, for a total of 18 cycles [1.4 V (50 s) - 0.8 V (10 s), 18 min], was used to accelerate 

the rate of corrosion of the carbons [19]. These parameters were chosen in order to mimic the 

conditions that PEM fuel cell cathodes experience under real operating conditions [126, 128].  

     While accelerated stress tests (AST, Section 2.6.1) are most typically run for several hours at 

a time, one of the main goals of this chapter was to develop a reliable and accurate AST that 

could provide key information in a much shorter time. Here, we show that our corrosion 

protocol, which is completed in less than 30 minutes, allowed for the rapid and reliable screening 

of both VC and the two in-house synthesized OMCs for their propensity towards electrochemical 

oxidation.  

     Similar to what is found in the literature [19, 73, 81, 126, 127, 131, 132, 181, 182], cyclic 

voltammetry (CV, Section 3.3.4) was used to monitor the charge passed by VC and the OMCs, 

both before and after exposure to Corrosion Protocol A (Section 3.3.5, Figure 3.8). The double 

layer charge gave the surface area changes, while the pseudo-capacitive charge [104] was used to 

estimate the extent of surface oxidation (Section 3.3.4.2).  

     Potential stepping was also used to accelerate carbon corrosion and a reliable method of 

interpreting the current-time (i/t) data is also introduced.  It is shown for the first time that the 

anodic charge passed in a step from 0.8 V to 1.4 V, after correction for both the carbon mass and 
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its electrochemically active surface area (obtained from the cathodic step charge), is the best 

parameter to track for corrosion resistance assessment. This approach assumes that there is no or 

negligible O2 evolution on carbon at potentials ≤ 1.4 V, which is consistent with the literature 

[39, 58, 126, 128], and also that there is no or negligible Faradaic charge passed during the 

cathodic step from 1.4 to 0.8 V. This confirmed that the carbons with the higher crystallinity are 

more resistant to corrosion, consistent with the literature [20-23, 183].  

 

4.2 Results and discussion 

4.2.1 Physical characterization of carbon support materials 

     Figure 4.1 shows the N2 sorption isotherms (Section 3.2.1) of the ordered mesoporous 

carbons (OMCs) and Vulcan carbon (VC). A detailed analysis of the N2 sorption isotherms and 

the pore size distributions of these carbons, as well as of the hexagonal mesoporous silica 

template (HMS-16), was previously carried out by our group [17, 37, 104]. Using the Brunauer-

Emmett-Teller (BET) plot [176] in the range of 0.05 < P/Po < 0.30, the specific surface area 

(SBET) of the carbons was obtained and the results are shown in Table 4-1. The SBET of OMC-S 

(1400 m
2
/g) and OMC-A (850 m

2
/g) is comparable to the values given in the literature [102, 

103]. The higher surface area of OMC-S in comparison with OMC-A is due to the formation of 

micropores in OMC-S during the carbonization process [17, 103, 184, 185]. Also, both OMC-A 

and OMC-S have a very similar pore volume of 1.1 and 1.0 cm
3
/g, respectively, which is 

comparable to the value obtained by Zhai et al. [103] for OMC-S. 
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Figure 4.1 N2 sorption isotherms of VC, OMC-A, and OMC-S (VC = Vulcan carbon, OMC-A = 

Anthracene-based OMC, OMC-S = Sucrose-based OMC) [37].  

 

     X-ray diffraction (XRD, Section 3.2.2) was used to determine the crystallinity of OMCs that 

were carbonized at 900 °C for 2 h in N2. During the heating process, the carbon precursors are 

pyrolyzed, forming carbon, as the oxygen-containing groups and/or small volatile molecules are 

eliminated, resulting in differing crystalline structures for the synthesized OMCs [97, 102, 103]. 

The wide angle XRD patterns of VC and the OMCs were previously shown [17, 96] and the 

crystallite size (Table 4-1) was obtained by applying the Scherrer equation to the graphite 002 

XRD peaks [17, 96].  

Table 4-1 Physical properties of OMCs
a
 and VC

b 

Carbon Specific Surface Area 

(SBET, m
2
/g) 

Pore Volume
c
  

(VNSI, cm
3
/g)  

Crystallite size (nm)
d 

 

VC 220 0.5 1.2 

OMC-A 850 1.1 0.8 

OMC-S 1400 1.0 0.6 
a
 Ordered mesoporous carbons (OMCs), A= Anthracene, S = Sucrose. 

b
 Vulcan

®
 XC72R carbon black (Cabot Corporation). 

c 
Total pore volume (VNSI) was determined from N2 sorption isotherms (Figure 4.1) at P/Po= 0.98. 

d 
Obtained from XRD analysis of peak width. 
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     As seen in Table 4-1, the crystallite size (indicative of the degree of crystallinity) follows the 

order of VC > OMC-A > OMC-S, as expected, as VC was likely carbonized at high temperatures 

of ~ 1400 °C during its preparation [186-188], while the OMCs were exposed only to 900 °C 

heating conditions. A large crystallite size is desirable, not only to provide the carbon with high 

electronic conductivity, but also to increase the resistance towards oxidation and electrochemical 

corrosion [20-23].  

     To evaluate the relative hydrophilicity/hydrophobicity of the three carbons, a characteristic that 

has a significant effect on the accessibility of the electrolyte into the carbon pores during PEM fuel 

cell operation, water vapor sorption (WVS, Section 3.2.7.1) measurements were carried out, with the 

changes in the weight of the samples recorded as a function of time [179]. The extent of water vapor 

sorption (cm
3
/g) was calculated using Equation 3-1 (Section 3.2.7.1), where the adsorbed water 

volume was divided by the original mass of the carbon powder (Figure 4.2 (a)).  

     In order to determine the relative wettability of the carbons, the sorption ratio (VWVS/VNSI) was 

defined as the ratio of the total amount of water vapor sorbed (VWVS) to the total pore volume 

obtained from the N2 sorption isotherms (VNSI), with a higher sorption ratio suggesting that the 

material has a more hydrophilic character [179]. Figure 4.2 (b) clearly indicates that OMC-A is more 

hydrophilic than OMC-S, which is much more hydrophilic than VC. The sorption ratio (VWVS/VNSI) 

for OMC-A is larger than 1, likely due to water vapor condensation in large pores (> 100 nm), which 

cannot be detected in the N2 sorption isotherms at P/Po= 0.98 [179].  
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Figure 4.2 (a) Water vapor sorption (WVS) isotherms of VC, OMC-A, and OMC-S, and (b) the 

water sorption ratio (VWVS/VNSI) of the carbons. VNSI = pore volume, obtained from the nitrogen 

sorption isotherms at P/Po= 0.98 (Figure 4.1 and Table 4-1).  

 

4.2.2 Chemical characterization of carbon support materials 

     Table 4-2 shows the chemical composition of VC and the OMCs under study here. The 

oxygen density (μmol/m
2
) of the carbons was obtained by normalizing the oxygen content, 

determined by elemental analysis, to the corresponding specific surface area (SBET, Table 4-1). 

The higher oxygen density for the OMCs may be attributed to the use of concentrated NaOH 

during the removal of the silica template in the final step of OMC synthesis. Comparing the trend 

(OMC-A > OMC-S > VC) of the oxygen surface density (μmol/m
2
) to the hydrophilicity of the 

carbons suggests that the carbons with the higher oxygen surface concentration are more 

hydrophilic. However, the effect of differing microstructures of these carbons on their surface 

oxygen density and wettability is still not clear. Efforts to determine this are currently underway 

in our group [37].  
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Table 4-2 Chemical composition (wt. %) of VC and the OMCs, as determined by elemental 

analysis (Section 3.2.4) 

Carbon C (%) N (%) H (%) Solid Residue (%)  O (%)
a
 

O density
 

(μmol/m
2
)
 b
 

VC 98.4 0.1 0.8 0.0 0.7 2 

OMC-A 84.9 0.0 1.2 4.2 9.7 7.1 

OMC-S 86.6 0.1 1.4 4.6 7.3 3.3 
a
  The oxygen content was obtained by subtracting the C, H and N content and the weight of the 

solid residue (obtained from thermogravimetric analysis (TGA (Figure 4.3)) from the original 

sample mass. 
b
  Surface oxygen density (μmol/m

2
)
 
was obtained by dividing the oxygen content by the 

specific surface area (SBET, Table 4-1) of the carbons. 

 

     In order to evaluate the thermal stability of VC and the synthesized OMCs, thermogravimetric 

analysis (TGA, Section 3.2.3) was carried out from 30 to 800 °C in air at a heating rate of 2 

°C/min, as shown in Figure 4.3 (a). Each profile shows a stable region with little loss in carbon 

weight at low temperatures, followed by a steep region with a significant loss in carbon weight, 

and then a plateau region at high temperatures after the carbon has been completely oxidized. 

Figure 4.3 (b) shows the derivative of the profiles in Figure 4.3 (a) (differential 

thermogravimetry, or DTG). Both figures show that the temperatures at which the carbon mass 

loss reached a maximum, due to carbon oxidation, are in the following sequence: VC (720 °C) > 

OMC-A (490 °C) > OMC-S (450 °C).  

     The interpretation of these data is a challenge, since both the surface area and the crystallinity 

of carbon will have an effect on its oxidation rate. It is seen that carbons with a higher degree of 

crystallinity in their framework (VC, according to the XRD results (Table 4-1)) are thermally 

more stable than those with a lower degree of crystallinity, which is consistent with the literature 

[22, 23, 101]. However, these differences in the initial degradation temperatures of the carbons 

could also be related to differences in their surface area. As the OMCs have a much higher 

surface area than VC, they likely have a larger number of edge sites that can act as reactive sites 
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for carbon oxidation, consistent with the higher propensity of the OMCs towards oxidation in 

Figure 4.3. Also, OMC-A shows a higher resistance to thermal oxidation than OMC-S, again 

likely due to its higher degree of crystallinity and its smaller surface area (fewer available edge 

sites) than that of OMC-S. 
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Figure 4.3 (a) Thermogravimetric and (b) differential thermogravimetric (DTG) profiles of VC, 

OMC-A, and OMC-S in air at a heating rate of 2 °C/min. 

 

4.2.3 CVs of carbons prior to corrosion experiments 

     Figure 4.4 (a) shows the CVs (cyclic voltammograms, 10 mV/s) of freshly prepared OMC-A 

and OMC-S, as well as VC in its as-received state, all in deaerated, room temperature (RT) 0.5 

M H2SO4. Since the upper potential limit in the CVs did not exceed 1.0 V (vs. RHE), the carbon 

surface oxidation should be negligible [83, 117, 126, 181] and the CVs thus give a clear picture 

of the initial state of the carbon surface. The OMCs display the typical set of redox peaks, 

centered at ~ 0.55 V, attributed to the quinone/hydroquinone (Q/HQ) surface redox reaction 

[104, 126, 131], while these pseudo-capacitance peaks are essentially non-existent at VC (Figure 

4.4 (a)), consistent with the literature [73, 126, 132, 181]. 
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Figure 4.4 Cyclic voltammograms (CV) of VC, OMC-A, and OMC-S in N2-saturated 0.5 M 

H2SO4 at 10 mV/s (a) before and (b) after corrosion experiment. The dashed line in the OMC-A 

CV in (b) reflects the approximate baseline used to estimate the anodic pseudo-capacitive charge. 

(c) The cathodic current (---) seen from 0.8 to 0.05 V immediately after exposure to the 

Corrosion Protocol and the first full CV (between 0.05 and 1.0 V) after corrosion for OMC-S in 

0.5 M H2SO4 at 10 mV/s. The CVs of OMC-S before and after corrosion from (a) and (b) are 

also shown in (c) again to help with the visual comparison. 

 

     The total capacitance of each carbon was obtained following the calculation explained in 

Section 3.3.4.1. Briefly, the total charge passed in a scan over a fixed potential range (0.05-1.0 

V) at 10 mV/s was first calculated. Then, this charge was divided by 0.95 V and by 2 

(considering both the anodic and cathodic scans in CV) and then by the mass of carbon (ca. 2.4 × 

10
-4

 g) deposited on the glassy carbon working electrode surface, giving the average gravimetric 

capacitance [104]. The initial (i, before the corrosion experiment) and final (f, after corrosion) 

gravimetric capacitance (CG) of the carbons is denoted as CG,i and CG,f, respectively, as shown in 
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Table 4-3. It is seen that the initial total (pseudo + double layer) gravimetric capacitance values 

are 10.5, 129, and 147 (F/g) for VC, OMC-A, and OMC-S, respectively. 

Table 4-3 Capacitive properties of VC and OMCs obtained from CVs (0.05-1.0 V, 10 mV/s) in 

0.5 M H2SO4 

Carbon 
Before corrosion After corrosion 

Percentage increase in the 

gravimetric capacitance 

CG,i (F/g)
 a
 CS,i (F/m

2
)
 b
 CG,f (F/g)

 c
 ((CG,f - CG,i)/ CG,i)×100 

VC 10.5 0.05 15.5 48 

OMC-A 129 0.15 177 37 

OMC-S 147 0.11 210 43 
a
 CG,i is the total gravimetric capacitance before the corrosion experiments, obtained from the total 

CV charge.   
b
 CS,i = CG,i/SBET, where SBET is the BET-determined specific surface area (m

2
/g) of the fresh  

carbons before the electrochemical experiments (Table 4-1). 
c
 CG,f is the total gravimetric capacitance after the corrosion experiments.  

 

 

     Table 4-3 also gives the initial specific capacitance (CS,i, F/m
2
) of VC and the OMCs, 

calculated by dividing the initial gravimetric capacitance (CG,i, F/g) by their specific surface area 

(SBET, m
2
/g), as also explained in Section 3.3.4.1. It is known that the specific capacitance of 

carbon can vary quite a bit, depending on pore size, the density of surface functional groups, and 

the wetting properties [104]. Although it is expected that the carbons with the highest BET 

surface area should have the largest gravimetric capacitance, the BET surface area and the 

electrochemically active surface area will be comparable only if the meso- and micropores are 

both fully accessible to electrolyte ions during the CV experiment [104, 132, 184].   

     While SBET of as-synthesized OMC-S is 1.6 times higher than for OMC-A (Table 4-1), its 

initial gravimetric capacitance (147 F/g) is only 1.1 times higher than for OMC-A (129 F/g, 

Table 4-3). Although the two synthesized OMCs initially have a similar pore size distribution 

[17] and pore volume (Table 4-1), it seems that the OMC-S micropores, produced during the 

carbonization process by the rapid elimination of volatile or small molecules, are not fully 
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accessible to the solution during CV cycling, even at 10 mV/s. As shown in Figure 4.2 (b), 

OMC-A is also intrinsically more hydrophilic than OMC-S. This should facilitate electrolyte 

accessibility to the full OMC-A surface, resulting in a higher specific capacitance (0.15 F/m
2
) 

compared to OMC-S (0.11 F/m
2
), as shown in Table 4-3.  

 

4.2.4 Corrosion susceptibility gauged from CV charges 

     In this part of the work, the changes in the charge passed in the CVs after the corrosion 

experiments were closely analyzed, similar to prior work by others [73, 126, 127, 131, 132, 181, 

182]. Figure 4.4 (b) shows the CVs of OMC-A, OMC-S, and VC after exposure to the 

aggravating potential stepping conditions of Figure 3.8 (Protocol A), clearly revealing higher CV 

currents (and charges) than before (Figure 4.4 (a)). Many studies have shown that an increase in 

both the double layer and pseudo-capacitive charge is correlated with the extent of carbon 

corrosion after exposure to anodic potentials [22, 73, 126, 127, 131, 132, 181, 182]. The non-

Faradaic double layer capacitive charge is directly proportional to the carbon surface area and 

typically increases after exposure to high potentials, likely indicating the formation of new 

micropores [22, 127, 131]. Also, the surface of carbon becomes oxidized at high potentials, 

forming CO2 and more surface functional groups, which increase the pseudo-capacitive charge 

seen in the following CVs [73, 126, 127, 131, 132, 181, 182].  

     Figure 4.4 (c) (dashed line) shows that a broad cathodic envelope of charge, seen between 0.8 

and 0.05 V, appears in the first negative sweep after the last (18
th

) potential-step cycle of 

Protocol A, applied to OMC-S (Figure 3.8). The presence of this large, broad cathodic peak is 

very likely due to the reduction of a passivating surface oxide formed on the OMC-S surface 

during Corrosion Protocol A. Since a lower limit of 0.8 V was used in Corrosion Protocol A, this 
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was insufficiently negative to reduce this oxide layer, which then accumulated on the surface of 

the carbon and contributed to the decreasing currents seen with time and anodic step number in 

Figure 4.5 (c). It is also seen that this new, broad cathodic peak is not observed between 0.05 and 

0.8 V in the next full CV (Figure 4.4 (c)), demonstrating that this oxide layer can only be formed 

at higher anodic potentials, e.g., in the steps to 1.4 V.   

     It is important to note that all of the carbons studied in this chapter, including VC and OMC-

A, showed a very similar phenomenon in the first negative potential scan following application 

of Corrosion Protocol A. This indicates that the formation of a passive oxide film is not unique to 

the OMC-S (Figure 4.4 (c)), but is part of the intrinsic mechanism of carbon oxidation at high 

potentials in sulfuric acid solutions. Similar results have been reported by other researchers for 

carbon blacks in acidic solutions [189-191]. However, the relationship between the magnitude of 

this cathodic peak and the resistance of the carbon to oxidation at high potentials not clear as yet 

and should therefore be investigated in future work. 

     Table 4-3 (fourth column) gives the total (double layer + pseudo) gravimetric capacitance 

(CG,f in F/g) of VC and the OMCs after the corrosion experiment, in comparison with before. The 

specific capacitance (F/m
2
) of the carbons after corrosion was not included in Table 4-3, since 

their surface area will change during the corrosion process and the BET-determined surface area 

is then no longer applicable for the specific capacitance calculation. Also, the determination of 

SBET of the carbons after corrosion is challenging, since very small masses of carbon (ca. 200 μg) 

were deposited on the glassy carbon surface in each corrosion experiment. Also, Nafion was 

used as a binder to from a stable coating on the glassy carbon electrode. As Nafion cannot be 

easily removed from the carbon pores, its presence would introduce significant errors in the mass 

measurements. The percentage increase in the gravimetric capacitance of the carbons was found 
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to be 48% (VC), 37% (OMC-A) and 43% (OMC-S), as shown in Table 4-3. 

     To better understand whether these large increases in the capacitance arise from surface 

roughening (increased double layer charge) and/or enhanced surface oxidation (increased 

pseudo-capacitive charge), these two charges were examined individually for each carbon. As 

mentioned earlier in Section 3.3.4.2, the anodic pseudo-capacitive charge was used for this 

analysis, as its value was found to be more reliable and the baselines could be more easily 

determined (see CV of OMC-A in Figure 4.4 (b)) than for the cathodic pseudo-capacitance peak. 

Table 4-4 shows the initial and final values of the pseudo-capacitive (QPseudo,i and QPseudo,f, 

respectively) and double layer (QDL,i , QDL,f) charges for each carbon, prior to and after the corrosion 

experiment. The double layer charge was calculated based on the procedure explained in Section 

3.3.4.2, where the sum of the anodic and cathodic pseudo-capacitive charge contribution was 

subtracted from the total (anodic + cathodic) CV charge, and then again divided by 2 [19]. 

     As the double layer charge (QDL) is expected to be a good measure of the electrochemically 

active carbon surface area, the ratio of the pseudo-capacitive charge to the double layer charge 

(QPseudo/QDL) should then be proportional to the density of functional groups, per unit surface 

area, of the carbons. The order of the initial (prior to the corrosion experiments) surface 

functional group density (QPseudo,i/QDL,i) is then VC (0.002) < OMC-S (0.09) < OMC-A (0.12), 

which matches the order of the hydrophilicity of the carbons in Figure 4.2 and also the specific 

capacitance values in Table 4-3. This supports the hypothesis that the wettability of the carbons 

is related to the density of the surface polar functional groups. 
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Table 4-4 Increase in pseudo-capacitive 
a
 and double layer 

b
 gravimetric charge of carbons after 

corrosion, including surface area correction 

Carbon 

Before corrosion After corrosion 
Increase in Qpseudo and QDL  

after surface area correction 
c
 

Qpseudo,i 

(C/g)
 a
 

QDL,i 

(C/g)
 b
 

Qpseudo,f  
(C/g)

 a
 

QDL,f 

(C/g)
 b
 

(QPseudo,f/QDL,f) – 

(QPseudo,i/QDL,i) 

 

((QDL,f – QDL,i)/QDL,i) 

(%) 

VC 0.016 9.9 0.58 14.0 0.039 41 

OMC-A 13 109 28 136 0.09 25 

OMC-S 12 127 33 162 0.11 28 
a
 QPseudo = Initial and final anodic pseudo-capacitive gravimetric charge (QPseudo,i and QPseudo,f, 

respectively), obtained approximately between 0.4 and 0.8 V.  
b
 QDL = Initial and final double layer gravimetric charge (QDL,i and QDL,f, respectively), obtained by 

subtracting the pseudo-capacitive gravimetric charge from the total CV charge.  
c 

Surface area correction for pseudo-capacitive gravimetric charge (Qpseudo) and double layer 

gravimetric charge (QDL) was done by normalizing their values to the double layer gravimetric 

charge, which is expected to be a good measure of the electrochemically active carbon surface 

area. 

 

     The very low initial surface density of functional groups ((QPseudo,i/QDL,i) = 0.002) for VC 

(Table 4-4) explains its very hydrophobic character, as shown in Figure 4.2, and also correlates 

with its very low oxygen density (2 μmol/m
2
,
 
Table 4-2). After exposure to high potentials, more 

oxygen groups were generated at VC, giving a higher surface functional group density 

(QPseudo,f/QDL,f = 0.58/14.0 = 0.041). However, the final surface density of the functional groups 

(QPseudo,f/QDL,f) on VC is still much lower than seen for either OMC-A (0.21) or OMC-S (0.20).  

     Table 4-4 also shows the increase in the surface functional group density (proportional to 

(QPseudo,f/QDL,f) – (QPseudo,i/QDL,i)) after corrosion, with the trend being OMC-S > OMC-A > VC, 

consistent with the predicted trend obtained from XRD analysis (Table 4-1). However, the 

percentage increase in the double layer capacitance charge (((QDL,f – QDL,i)/QDL,i)×100) of VC 

(41%) is seen to be higher than for OMC-S (28%) and OMC-A (25%), attributed to extensive 

surface roughening of VC [22] after the generation of new micropores during surface oxidation. 
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This analysis would leave the impression that VC is the least resistant to corrosion among these 

carbons.  

     However, the active surface area of the carbons is also likely affected by their wettability. The 

small pores in a more hydrophobic carbon will be less accessible to the aqueous solution than for 

a more hydrophilic carbon, thus giving a smaller specific capacitance. As shown in Figure 4.2, 

VC is initially the most hydrophobic and has the lowest gravimetric (CG,i (F/g)) and specific 

capacitance (Cs,i (F/m
2
)) among the carbons in our study (Table 4-3). The corrosion process may 

thus involve the oxidization of the hydrophobic surface, producing surface oxide groups and 

making it more hydrophilic and thus more accessible to the electrolyte, resulting in a significant 

increase in the double layer charge. Since VC is initially more hydrophobic than OMC-S and 

OMC-A, VC exhibits the highest percent increase in its double layer charge after corrosion, 

while OMC-A has the lowest (Table 4-4).  

     Unfortunately, the water vapor sorption test could not be carried out on the carbon samples to 

determine their wettability after the corrosion protocol had been applied, as Nafion cannot be 

easily removed from the carbon inks and also as too little carbon sample was available. Thus, it 

is difficult to draw a final conclusion about the relative corrosion resistance of these carbons 

from the CV charges, also because the CVs give information only about the surface properties of 

the carbons, before and after corrosion. Therefore, a first time analysis of the charge passed at 

both high (1.4 V) and low (0.8 V) potentials, with time, was carried out to more deeply compare 

the corrosion susceptibility of the three carbons under study here.  

 

4.2.5 Corrosion susceptibility from charge passed at 1.4 V 

     To promote carbon oxidation, the carbon films were subjected to a standard potential step 
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corrosion conditions [1.4 V (50 s) - 0.8 V (10 s)] for 18 min (Protocol A (Figure 3.8)). The 

current response as a function of time was recorded during each potential pulse, as also carried 

out previously by others [23, 81, 126, 128, 129, 132]. Figure 4.5 (a) shows a typical current-time 

(i/t) plot for VC and the two OMCs for 18 sequential anodic (0.8 to 1.4 V) and cathodic (1.4 to 

0.8 V) potential steps.  

     The response of the current to each anodic potential step (Figure 4.5 (a)) consists of a current 

spike followed by a rapid current decay over the time of each pulse. It is expected that the initial 

positive current is due to double layer charging, while the current that flows over the remaining 

time at 1.4 V in each pulse is due only to carbon corrosion (oxygen evolution at carbon at 1.4 V 

is negligible [39, 58, 126, 128]), forming carbon surface oxides and/or CO2. In each cathodic 

potential step (Figure 4.5 (a)), the negative current spike is followed by a quick decay of current 

likely due only to the double layer discharging. It should be noted that the current scale in Figure 

4.5 (a) was expanded to more clearly show the differences in the low current signals of the 

carbons. Figure 4.5 (b) shows the full anodic and cathodic currents in the first potential stepping 

cycle applied to OMC-S, as an example. This figure clearly shows that the cathodic current 

becomes very close to zero in less than one second, indicating that the OMC-S double layer is 

fully discharged during the 10 second cathodic step from 1.4 to 0.8 V. In comparison, the current 

in the anodic step takes longer to decay, indicative of the occurrence of other processes, i.e., 

carbon corrosion, under these conditions. The same results were obtained for all of the carbons 

studied in this thesis work. 

     To rigorously analyze the i/t plots, the charge passed in each anodic and cathodic potential 

step was monitored. Figure 4.5 (c) shows the plot of the anodic charge passed in each hold at 1.4 

V (Q+, solid symbols) and the cathodic charge passed in the step back to 0.8 V (|Q-|, empty 
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symbols), for each carbon, divided by its mass. The gravimetric anodic charge (C/g) is the 

highest in the first few 0.8 to 1.4 V potential steps and then decreases significantly in the later 

steps for all three carbons.   
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Figure 4.5 (a) The current-time (i/t) response to a series of anodic (0.8 to 1.4 V) and cathodic 

(1.4 to 0.8 V) pulses for VC and the OMCs, (b) the raw i/t data for the first anodic and cathodic 

step for OMC-S, and (c) the gravimetric charge passed in each anodic (solid symbols) and 

cathodic (empty symbols) step for VC and the OMCs, all in deaerated 0.5 M H2SO4.  

(a) 
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     This drop off in the current with successive potential step cycles could reflect the gradual 

accumulation of corrosion products, e.g., H
+
 and CO2, inside the carbon pores, slowing down the 

rate of carbon corrosion [19], or to the loss of oxidizeable surface sites after the first few cycles 

of potential [81]. Surface oxides that are more resistant to oxidation also accumulate, acting as a 

passive layer and hindering the further oxidation of the carbon surface [53, 81]. Evidence for the 

formation of a passivating surface oxide in the anodic steps is provided in Figure 4.4 (c), where a 

large broad cathodic envelope of charge was seen in the first potential sweep from 0.8 V to 0.05 

V after corrosion. This is because the lower limit potential (0.8 V) in the corrosion protocol was 

not negative enough to remove these oxides from the surface in each cathodic step. Consistent 

with this, Figure 4.5 (c) shows that the gravimetric cathodic charge (C/g, empty symbols), 

considered to be proportional to the active carbon surface area, decays with the number of 

corrosion step cycles.  

     The total gravimetric anodic and cathodic charge passed over 18 positive (0.8 to 1.4 V) and 

negative (1.4 to 0.8 V) potential steps is shown in Table 4-5. Although the magnitude of the 

anodic charges may suggest that the corrosion resistance of VC is significantly higher than of the 

OMCs, this could still be related to the differences in their real surface areas.  

     To more rigorously analyze the current-time data, it was assumed that only capacitive 

(double-layer) charge flows during the cathodic step from 1.4 V to 0.8 V, because there is no 

indication that any Faradaic reactions occur at 0.8 V, as seen in the CVs (Figure 4.4). Therefore, 

the same double-layer charge must have passed during the anodic step from 0.8 V to 1.4 V [19]. 

The double layer charge was thus subtracted from the total anodic charge, in each step, giving 

the net charge due only to carbon corrosion, with Figure 4.6 (a) showing these charges for the 

three carbons in each of the 18 potential step cycles.  
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Table 4-5 Surface area corrected charges passed during potential stepping experiments 

Carbon 

Anodic 

gravimetric 

charge 

(C/g)
a
 

Cathodic 

gravimetric 

charge 

(C/g)
a
 

Gravimetric 

corrosion charge 

[Q+ (1.4 V) – Q- (0.8 V)] 

(C/g)
 b

 

Gravimetric corrosion charge 

(C/g) per real-time surface area  

([Q+ (1.4 V) – Q- (0.8 V)]/Q- (0.8 V)) 
c
 

Cycles 1-4  Cycles 12-18 

VC 270 180 90 1.10 0.25 

OMC-A 2270 1290 980 1.70 0.30 

OMC-S 2770 1475 1295 1.85 0.34 
a
 Anodic (Q+) and cathodic (Q-) gravimetric charge passed in 18 steps between 0.8 V and 1.4 V 

vs. RHE in 0.5 M H2SO4 (Figure 4.5 (c)). 
b
 Gravimetric corrosion charge (anodic gravimetric charge minus cathodic gravimetric charge) 

passed in 18 steps between 0.8 V and 1.4 V (Figure 4.6 (a)). 
c
 Gravimetric corrosion charge divided by cathodic gravimetric charge (1.4 to 0.8 V), where the 

cathodic gravimetric charge (C/g) was assumed to be proportional to the real-time 

electrochemically active surface area, determined from the charge passed in each cathodic 

step (Figure 4.7 (b)). 
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Figure 4.6 (a) Gravimetric corrosion charge [Q+ (1.4 V) – Q- (0.8 V)] passed in each positive (0.8 to 

1.4 V) step, and (b) the gravimetric corrosion charge [Q+ (1.4 V) – Q- (0.8 V)] of VC, OMC-A, and 

OMC-S, normalized to their corresponding specific surface area (SBET, m
2
/g, Table 4-1). 

 

     The plots are very similar in shape to what was shown in Figure 4.5 (c), with the decreasing 

trend in the corrosion charge again indicating that the corrosion rate of all of the carbons 
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decreases with the number of potential step cycles applied. Figure 4.6 (a) suggests that the 

sequence of corrosion susceptibility of the carbons before real surface area correction, as gauged 

from the corrosion charge passed at 1.4 V over 18 sequential cycles, is VC < OMC-A < OMC-S, 

as also shown in the fourth column of Table 4-5.  

     However, the corrosion data (C/g) in Figure 4.6 (a) must still be corrected for the true 

(electrochemically active) surface area of the carbons in order to determine the real corrosion 

rates. One option was to use the BET-determined surface areas (Table 4-1), as shown in Figure 

4.6 (b), but not all of the smaller or deeper pores detected by N2 adsorption may be 

electrochemically active in the acidic solution, as discussed earlier in the CV analysis section. 

Another option was to use the initial CV double layer charge (QDL,i, Table 4-4) as an indication 

of the electrochemically active surface area, with the results shown in Figure 4.7 (a). However, 

this area is likely no longer relevant after the application of a few potential step cycles to 1.4 V, 

as the surface area increases, seen by the increasing CV charges in Figure 4.4 (b).  

     Thus, a novel approach was used here to correct the data in Figure 4.6 (a) for the real surface 

area by assuming that the charge passed in the cathodic step (1.4 to 0.8 V) is due only to double 

layer discharging, and thus that the cathodic charge is linearly proportional to the 

electrochemically active surface area. The corrosion charges [Q+ (1.4 V) – Q- (0.8 V)] in Figure 4.6 

(a) were thus divided by the cathodic (capacitive) charge to correct for the real surface area, as 

shown in Figure 4.7 (b) and in the last column of Table 4-5 (for step cycles 1-4 and 12-18) [19]. 
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Figure 4.7 (a) Gravimetric corrosion charge [Q+ (1.4 V) – Q- (0.8 V)] of VC and the OMCs, 

normalized to their corresponding initial double layer charge (QDL, Table 4-4) obtained from 

their cyclic voltammograms (CV, Figure 4.4 (a)), and (b) ratio of carbon gravimetric corrosion 

charge [Q+ (1.4 V) – Q- (0.8 V)] to the gravimetric charge passed in the cathodic step (1.4 to 0.8 V), 

assumed to be a measure of the real surface area, for VC and the OMCs in 0.5 M H2SO4.  

 

     The decreasing trend in the surface area-corrected corrosion charge plot (Figure 4.7 (b)) is 

similar to what is seen in Figure 4.5 (c). Also, the plots in Figure 4.7 (b) show that, while VC 

continues to display a higher corrosion resistance than the OMCs, the corrosion rates of all three 

carbons are now much more similar, which makes much more sense than the large differences 

seen for the non-area-corrected data in Figure 4.6 (a). Importantly, Table 4-5 and Figure 4.7 (b) 

show clearly that the trend of the corrosion resistance of the carbons after real surface area 

correction is VC > OMC-A > OMC-S, consistent with the trend predicted from the XRD data 

(Table 4-1). 

     It is well-known in the literature that using sucrose as the carbon precursor leads to the 

formation of carbon with an amorphous structure [97, 100-103], as was also reflected by the 

small crystallite size of OMC-S in Table 4-1. This is attributed to the fact that sucrose has a high 
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oxygen content and that most of these oxygen-containing groups are eliminated as small volatile 

molecules (e.g., H2O, CO, CO2) during the polymerization and carbonization steps [17, 103]. 

This also leads to the formation of micropores and thus a high surface area OMC-S product is 

obtained [17, 100, 103, 104, 192], as seen in Table 4-1 (SBET = 1400 m
2
/g). 

     In contrast, the polymerization and carbonization of anthracene, which is an aromatic 

precursor with three conjugated benzene rings and no oxygen content, inside the silica 

mesopores likely produces more polycyclic aromatic oligomers or pitch (large planar sheets with 

an aromatic structure) [101, 193]. This results in a higher degree of crystallinity, as seen in the 

XRD results (Table 4-1), and thus a lower susceptibility to corrosion (Table 4-4, Figure 4.7 (b)). 

     The results shown here suggest that OMCs are more corrosion susceptible than is VC (Figure 

4.7 (b)). This likely correlates with their more hydrophilic surfaces (Figure 4.2), consistent with 

their higher total oxygen (surface) content and the associated larger pseudo-capacitive CV 

charges (Table 4-4) and also their less crystalline nature (Table 4-1 shows the XRD data and 

Figure 4.3 shows the TGA results). The low degree of crystallinity of the OMCs arises from the 

fact that their carbonization temperature was only 900 °C when compared to the ca. 1400 °C [89, 

186-188] used in VC preparation. These results confirm that the novel analysis method, proposed 

in this work, does allow for a reliable screening of carbons in terms of their susceptibility to 

corrosion.  

     In parallel work, these OMCs were treated at higher temperatures (1500 °C) in an inert 

atmosphere. The preliminary results in Figure 4.8 show that heat-treatment makes these carbons 

more corrosion resistant than VC, as expected [23].  
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Figure 4.8 Ratio of carbon gravimetric corrosion charge [Q+ (1.4 V) – Q- (0.8 V)] to the gravimetric 

charge passed in the cathodic step (1.4 to 0.8 V), for VC and the heat-treated (HT) OMCs in 0.5 

M H2SO4. Based on these plots, the OMCs-HT are more corrosion resistant than VC. 

 

4.3 Summary  

     This work has been focused on developing a reliable approach for the evaluation of the 

corrosion resistance of carbons, without Pt interference, for use as PEM fuel cell catalyst 

supports. Vulcan carbon (VC) and two template-synthesized, high surface area, ordered 

mesoporous carbon powders (OMCs) were used here as the test materials, selected partly due to 

their differing degree of crystallinity. The OMCs were formed at 900 °C, using sucrose (S) and 

anthracene (A) as the carbon precursors and the mesopores of hexagonal mesoporous silica 

(HMS) as the template. X-ray diffraction (XRD) analysis indicated that the degree of 

crystallinity of these three carbons is in the sequence of VC > OMC-A > OMC-S, thus predicting 

an increasing susceptibility to oxidation in that order.  

     Several electrochemical approaches were employed in order to compare the stability of these three 

carbons at high oxidizing potentials, with our protocol (Protocol A (Figure 3.8)) involving repeatedly 
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stepping between 0.8 (50 s) and 1.4 (10 s) V vs. RHE in 0.5 M H2SO4, for less than 20 min. In this 

work, cyclic voltammetry (CV) was used to track the changes of both the double layer and 

pseudo-capacitive charges of the carbons before and after the potential stepping experiments. 

The relative percentage increase in the double layer capacitive charge of the carbon CVs 

suggested that the sequence of corrosion resistance is OMC-A > OMC-S > VC, but the relative 

increase in the surface functional group density showed a different trend, i.e., VC > OMC-A > 

OMC-S. Although these CV results were explained by considering the wettability of the carbons, 

it can be concluded that CV, which is commonly used in the literature, may not be sufficiently 

informative in terms of evaluating the corrosion resistance of carbon materials. 

     Therefore, a first time rigorous analysis of the current-time data, collected during the potential 

stepping experiment, was carried out, giving a very reliable estimation of the relative corrosion 

susceptibilities of the carbons. It was assumed that the charge passed in each anodic step was due to 

double layer charging plus carbon corrosion (surface oxide and CO2 formation), while the cathodic 

step was due to double layer charging only, thus being directly proportional to the electrochemically-

accessible surface area. In this way, the anodic charges could be continuously converted to corrosion 

charge densities. Based on these experiments, the corrosion resistance of the carbons trend as 

follows: VC > OMC-A > OMC-S, explained by the differences in crystallinity, wettability, and pore 

structure of these materials.  

     Overall, this work has demonstrated that the experimental and data analysis methods used 

here result in a reliable evaluation of the corrosion resistance of a variety of carbon support 

materials. In the next few chapters, the effect of heat treatment and surface functionalization of 

various types of carbon powders on their corrosion susceptibility will be examined.  
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Chapter Five: Corrosion Resistance of Heat-Treated Colloid-Imprinted 

Carbons in Acidic Media  

5.1 Introduction 

     As discussed in Chapter 2 (Section 2.4), PEM fuel cell cathodes can experience very high 

potentials (> 1.4 V vs. the reversible hydrogen electrode (RHE)) under various operating 

conditions (e.g., start-up/shut-down) [16, 25, 39, 41, 56, 73, 74, 81, 90]. This can cause 

significant carbon corrosion, also catalyzed by the catalytic Pt nanoparticles (NPs) [41, 73, 74], 

thus resulting in considerable loss in performance and lifetime of PEM fuel cells [41, 58, 63, 68, 

194].  

     Based on the literature, graphitized carbons, such as carbon nanotubes [29, 87, 89-91, 195, 

196], carbon nanofibers [29, 87, 90, 197], graphene-based carbons [92], and some mesoporous 

carbon materials [29, 87, 89, 90], are more corrosion resistant than commonly used carbon 

blacks in PEM fuel cell applications. As these graphitized carbons have a higher degree of 

crystallinity and fewer oxygen-containing surface groups [20, 144], there will be fewer 

edges/active sites available on their surfaces to initiate carbon corrosion [31, 98]. Indeed, in 

many studies, carbon materials have been heat-treated (e.g., at 2500 °C) in an inert environment 

(e.g., Ar) in order to increase their degree of crystallinity and decrease the active site density on 

their surfaces [21-23, 31, 101, 110, 144-147, 197-206].  

     In our previous study [179], colloid-imprinted carbons (CICs) with different pore sizes (12 to 

50 nm) were synthesized (Section 3.1.2) and their porous structure, crystallinity, oxygen content, 

and wettability were compared to heat-treated CICs (Section 3.1.4) at 1500 °C under N2 [179]. 

Also, as-received Vulcan carbon (VC) and heat-treated VC at 1500 °C were used as the 
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benchmark [179]. In the present chapter, these carbons, before and after heat-treatment, were 

subjected to the reliable corrosion testing protocol (Protocol A, Figure 3.8) introduced in Chapter 

4, in order to determine the effect of heat-treatment on the corrosion resistance of these carbons. 

Protocol A (Figure 3.8) involved the application of an upper potential of 1.4 V for 50 s and a 

lower potential of 0.8 V for 10 s [1.4 V (50 s) - 0.8 V (10 s)], for a total of 18 cycles [19]. Online 

mass spectrometry analysis was conducted for the as-received VC and the as-synthesized CIC-

22, with the results showing that, even at an upper potential of 1.8 V, no O2 was generated in our 

study.  

     The approach [19] used for current-time data analysis, introduced in Chapter 4, which 

involved correcting the corrosion charges to the real-time electrolyte-accessible carbon surface 

area, was used here in order to fairly assess the corrosion stability of the carbons. It was found 

that heat-treatment improves the corrosion resistance of the carbons by at least 40-60%, in 

agreement with the crystallinity and wettability results obtained in our previous work [179] and 

in Chapter 4 for the ordered mesoporous carbons. CV analysis also provided reliable information 

about surface area changes and the extent of carbon oxidation after corrosion.  

     It was also found that the thermal stability of VC hardly changes after heat-treatment, likely 

due to its thermal history, since the as-received VC was carbonized at high temperatures (> 1400 

°C) during its original preparation. In contrast, the thermal stability of the CICs increased 

significantly after heat-treatment. It is also shown that the mechanism of thermal oxidation of 

carbons in hot air is very different from the electrochemical oxidation of carbons in RT acidic 

environments. Therefore, thermal stability in hot air may not be a fair criterion for the prediction 

of the electrochemical corrosion resistance of carbon materials.  
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5.2 Results and discussion 

5.2.1 Chemical characterization of carbons before and after heat-treatment 

     Similar to Chapter 4, thermogravimetric analysis (TGA, Section 3.2.3) was performed on the 

as-received VC, as-synthesized CICs, and heat-treated carbons, in air from 30 to 800 °C (Figure 

5.1 (a)) to evaluate their thermal stability. The derivative of the profiles, seen in Figure 5.1 (a), is 

shown in Figure 5.1 (b) in the form of differential thermogravimetry (DTG) profiles. As also 

explained in Chapter 4 (Section 4.2.2), each DTG and TGA profile shows a stable region with 

little carbon weight loss at low temperatures (H2O removal), followed by a significant loss in 

carbon weight when the carbon is oxidized at higher temperatures. 
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Figure 5.1 (a) Thermogravimetric and (b) differential thermogravimetric (DTG) profiles of the 

carbons under study here in air at a heating rate of 2 °C/min. 

 

     Carbon oxidation in air (O2) at high temperatures has been extensively studied in the literature 

[22, 23, 56, 93, 101, 146, 205-210] and it was found that carbon monoxide (CO) and carbon 

dioxide (CO2) are the primary products (gaseous oxides), as shown below [56, 93]: 

C + O2 → CO2 Reaction 5-1 

2C + O2 → 2CO Reaction 5-2 

In addition to these gaseous oxides, surface oxides (e.g., phenol, carbonyl, carboxyl, quinone, 
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and lactone groups) may also be produced during carbon oxidation [93, 211]. These surface 

oxides are stable at temperatures < 500 °C. However, they become unstable at higher 

temperatures and can generate CO2 [56, 93]. Based on the literature [212-214], the oxidation of 

carbon occurs by direct collision and reaction of oxygen molecules (air) with the reactive edges 

of carbon surface. The oxidation process may also occur via physical adsorption of oxygen 

molecules onto the graphitized region of the surface, diffusion of the adsorbed oxygen to carbon 

defect/edge sites, and then formation of surface oxides/gaseous oxides.  

     Referring back to Figures 5.1 (a) and (b), the temperature at which the majority of the weight 

loss of carbon occurs due to CO2 formation is in the following sequence: VC-HT (~ 730 °C) > 

VC (~ 720 °C) >> CICs-HT (~ 650 °C) >> CICs (~ 585 °C). The difference between the thermal 

stability of as-received VC and VC-HT is very small, although earlier XRD results showed [179] 

a significant increase in the degree of crystallinity of the as-received VC after heat-treatment. 

This small difference in oxidation temperature is likely related to the thermal history of as-

received VC, which was already carbonized at ca. 1400 °C or even higher during its original 

preparation [89, 186-188]. Also, this is likely because the oxidation temperature of VC in air is 

very close to the upper limit of thermal stability of carbon materials in air (e.g., the onset 

oxidation temperature of highly graphitized carbons is ~ 700 °C) [215]. Thus, any further heat-

treatment may not noticeably improve the oxidation resistance of VC in air, even though this 

treatment can enhance its graphitic nature. 

     Also, it was found in our previous work [19, 179] and in Chapter 4 (Table 4-2) that the initial 

oxygen content of VC is very low (0.7 wt. %). Therefore, if the presence of oxygen-containing 

groups on a carbon surface is one of the factors involved in facilitating thermal oxidation, the 

small difference seen between the thermal stability of the as-received VC and VC-HT (0 wt. %, 
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[179]) samples makes sense. 

     In terms of the CICs, Figures 5.1 (a) and (b) clearly show that the heat-treated CICs are more 

thermally stable than the non-heat-treated CICs. As our earlier field emission scanning electron 

microscopy (FESEM) images [179] and N2 sorption results [179] did not show any changes in 

the particle size (ca. 10 μm in diameter) and real surface area (SBET) of the CICs, respectively, 

with heat-treatment, the increase in thermal stability of the CICs after heat-treatment must be due 

to a significant enhancement in their crystallinity [179]. Also, as heat-treatment removes the 

oxygen-containing surface functional groups [31, 144, 179, 216], such as carboxylic acid and 

phenol, there are fewer active sites available on these carbons to initiate thermal oxidation.  

     These results also show that both as-received and the heat-treated VC are more thermally 

stable than the as-synthesized and heat-treated CICs. The differences between these carbons may 

be attributed to their different microstructures. As shown schematically in Figure 5.2 (a), VC 

possesses a “concentric crystallite” microstructure [56, 93, 94, 217], in that the center portion of 

each particle is made up of small and imperfect crystallites, single-layer planes, and possibly 

amorphous carbon, while the outer shell is made up of larger and more perfect crystallites with 

graphene sheets that are parallel to the particle surface [56, 93]. The thermal oxidation of VC and 

VC-HT particles in air is mainly initiated at the amorphous center of the particles (center-

hollowed primary particles caused by an inside-out oxidation) and also from the outer shell 

(gradual decrease in the primary particle size due to uniform removal of carbon from the surface) 

[56, 217]. The formation of these center-hollowed primary particles as a result of oxidation was 

seen in several prior studies [217-219]. The outer graphene sheets may protect the inner 

graphene layers during thermal oxidation and, to completely oxidize VC, the graphene sheets 

should be stripped off layer by layer. 
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     In contrast, the pore walls of the CICs (Figure 5.2 (b)) have been suggested to be composed of 

graphene-like unit sheets packed together, with many of their edges exposed [179, 220-222]. 

These exposed edges may be continuously oxidized at high temperature in air. This may explain 

why the DTG peaks of the CICs in Figure 5.1 (b) are larger and sharper than those of VC. 

Although heat-treatment at 1500 °C enlarges the crystallite size within the pore walls of CICs 

and also of the VC particles, this should not alter the alignment of their graphene sheets. This 

explains why the heat-treated CICs oxidize at a lower temperature than the heat-treated VC 

(Figure 5.1).  

Amorphous centre

Crystalline shell

(a)

        
Crystalline walls

Pore wall edges(b)

 

Figure 5.2 Schematic of (a) “concentric crystallite” model [217] of VC particles, and (b) porous 

structure of the as-synthesized CIC particles. 

 

 

     However, some of the differences in the oxidation behavior of the carbons in Figure 5.1 could 

also be related to differences in their surface area. As both heat-treated and non-heat-treated 

CICs have a higher surface area than VC [179], they also likely have a larger number of edge 

sites that can initiate oxidation. In some studies [207, 208, 223], the oxidation resistance of 

carbons at high temperature in air was considered to be an indication of some resistance to 

electrochemical oxidation in aqueous solutions. However, it should be noted that the mechanism 

of thermal oxidation of carbon in air is different from the electrochemical oxidation in acidic 
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solution, as discussed in Section 5.2.2.3. Thus, it is not clear if the trends seen for the thermal 

stability of the carbons under study here will translate to their stability against oxidation in acidic 

solutions.  

5.2.2 Effect of heat-treatment on corrosion resistance of as-received VC and CICs, estimated 

from the charge passed at 1.4 V 

     To monitor their oxidation in acidic solutions, the carbon samples, deposited as an ink on a 

glassy carbon electrode surface (Section 3.3.1.1), were subjected to Protocol A in Figure 3.8 [1.4 

V (50 s) - 0.8 V (10 s), 18 min] [19]. Then, a rigorous analysis of the charge passed at both high 

(1.4 V) and low (0.8 V) potentials was done in order to determine the corrosion resistance of 

each carbon. This approach was introduced in Chapter 4 [19] and it was shown that the current-

time data analysis can more reliably differentiate between the corrosion resistances of carbons 

than does cyclic voltammetry (CV) [19], while CV (Section 5.2.3) gives more useful information 

about the surface area and degree of surface oxidation of the carbons. 

5.2.2.1 Nature of products formed  

     In Chapter 4 (Section 4.2.5) [19], we assumed that there is no oxygen evolution at the upper 

potential (1.4 V) to interfere with the analysis of our corrosion results. To confirm this, online 

mass spectrometry (MS) was performed on the as-received VC and the as-synthesized CIC-22 

during the corrosion experiment, following a procedure explained in Section 3.3.6 and Figure 

3.11. Briefly, the samples were subjected to successive corrosion-inducing steps (Figure 3.12) 

with a similar lower potential limit (0.8 V), but varying upper potential limits [1.4, 1.6, or 1.8 V 

(150 s) - 0.8 V (50 s)]. The CVs of the samples were also collected before and after applying the 

corrosion-inducing steps, as shown in Figure 3.12. The gaseous products released during the 

corrosion process were transferred from the electrochemical cell to the mass spectrometer by He 
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at a flow rate of 1 mL/min (Figure 3.11) and the results for VC and the CIC-22 are shown in 

Figures 5.3 (a) and (b), respectively. Using MS, the changes in the signal vs. time (min) at m/z 

12 (C
+
), m/z 44 (CO2

+
), m/z 40 (Ar

+
), m/z 16 (O

+
, from CO2, CO, H2O, O2, etc.), m/z 32 (O2

+
), 

and m/z 28 (N2
+
, CO

+
) were tracked. 

     As can be seen in both Figures 5.3 (a) and (b), there is a slight decrease in the MS signal at 

the beginning of the experiment for all m/z ratios. This is because the system had not yet 

stabilized, requiring about 25 to 50 min to obtain stable signals. Since carbon dioxide and carbon 

monoxide are the expected gaseous products of carbon corrosion, the CO2
+
 (m/z 44), CO

+
 (m/z 

28), and C
+ 

(m/z 12) signals vs. time were tracked during the corrosion experiment. Also, the O
+
 

(m/z 16) signal, which could be a fragment from CO2, CO, H2O, or O2, was monitored in order 

to confirm the generation of CO2 and/or O2.   

     It should be noted that there were significant background signals seen for m/z ratios of 16, 28 

and 32, as observed in Figure 5.3. The m/z ratios of 28 (N2
+
) and 32 (O2

+
) were attributed to air 

leakage into the high vacuum system during testing, also confirmed by the presence of Ar
+
 (m/z 

= 40) signals in both Figures 5.3 (a) and (b). As further proof that the peak at the m/z ratio of 32 

is due to air leakage, the intensity of the peak at a m/z ratio of 28 (N2
+
) is seen to be about 4 

times higher than that of the m/z 32 (O2
+
) (Figure 5.4), consistent with the ratio of N2 to O2 in 

air. Also, since He was bubbled through the aqueous solution during the corrosion experiments, 

H2O was carried into the MS system by He and resulted in the formation of the O
+
 fragments. 

This is the reason why the O
+
 signal (m/z = 16) is much higher than O2

+
 (m/z = 32) (Figure 5.4).  

     During carbon corrosion at high potentials, a slight increase is seen for both O
+
 and CO

+
 in 

Figure 5.4 for both carbons, consistent with the evolution of CO2 (m/z 44) in Figure 5.3. 

However, these figures clearly show that there is no change in the O2
+
 signal during the corrosion  
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Figure 5.3 The MS signal vs. time for varying m/z ratios during the time of corrosion of (a) as-

received VC and (b) as-synthesized CIC-22 using various upper potential limits [1.4, 1.6, or 1.8 

V (150 s) - 0.8 V (50 s)], all in RT 0.5 M H2SO4. 
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Figure 5.4 The MS output vs. time for m/z ratios of 28, 16, and 32, obtained from Figure 5.3 but 

at an expanded scale for (a) as-received VC and (b) as-synthesized CIC-22 during the application 

of various upper potential limits [1.4, 1.6, or 1.8 V (150 s) - 0.8 V (50 s)], all in RT 0.5 M 

H2SO4. Dashed lines (baselines) show the general trend of the background signals. 
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process, suggesting that O2 was not electrochemically generated, consistent with the literature 

[39, 58, 126, 128]. Thus, the CO2
+
, CO

+
, and C

+
 signals allow a qualitative comparison to be 

made between the corrosion resistance of VC and CIC-22 and also to determine the effect of the 

upper potential limit on the corrosion resistance and on the products formed from these carbons. 

Only CIC-22 (selected as a representative example of a CIC) was used in this experiment. CIC-22 

is expected to have very similar properties to the other CIC powders, as the method of 

preparation was very similar and also as the same carbon precursor was used in the synthesis of 

all of the CICs (Section 3.1.2). This results in a very similar crystallinity [179], thermal stability 

(Section 5.2.1), wettability [179], and microstructure [179], especially when compared to 

microporous VC. 

     The lack of CO2
+
 and C

+
 produced by VC in Figure 5.3 (a) shows that the MS system cannot 

detect very low amounts of corrosion products at the potential of 1.4 V. However, when the 

upper potential limit was increased to 1.6 V, there was a clear peak in the signal for both CO2
+
 

and C
+
, which indicates that VC is significantly corroded at this potential. Also, there is an 

obvious increase in the CO2
+
 and C

+ 
signals at 1.8 V, showing that the corrosion of VC at 1.8 V 

is even more significant than at 1.6 V. This makes sense, as the applied potential is a strong 

driving force in the electrochemical oxidation of carbon [56, 83, 126]. 

     However, peaks for CO2
+
 and C

+
 are seen for CIC-22 in Figure 5.3 (b) after exposure to only 

1.4 V, in contrast to VC, which suggests that CIC-22 is more readily corroded at this potential. 

Also, similar to VC, the peaks for CO2
+
 and C

+ 
are seen to have increased (Figure 5.3 (b)) when 

the upper potential limit was increased to either 1.6 V or 1.8 V. Additionally, a qualitative 

comparison of the CO2
+ 

and C
+
 signals for VC (Figure 5.3 (a)) and CIC-22 (Figure 5.3 (b)) may 

again suggest that CIC-22 is more susceptible to corrosion than VC, likely due to its very 
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hydrophilic surface, its very different structure from VC (edges/active sites are exposed in CICs, 

as shown schematically in Figure 5.2 (b)), and its higher real surface area [179]. When 

normalized to the BET-determined surface area (SBET in [179]), the CO2
+
 and C

+
 signals for VC  

and CIC-22 (not shown here) become more similar, while VC continues to display a higher 

corrosion resistance than CIC-22.  

 

5.2.2.2 Current/time analysis 

     The current response to each anodic and cathodic potential step (Protocol A (Figure 3.8)), 

before and after heat-treatment of the carbons, is shown in Figures 5.5 (a) and (b), respectively. 

Each anodic and cathodic current transient consists of an initial current spike followed by a 

significant decay of current over the time of each pulse. As discussed in Chapter 4 [19], the 

positive current (and charge, Q+) in each anodic potential step (0.8 to 1.4 V) involves double 

layer charging at short times (less than one second), followed by carbon corrosion over the 

remaining time at 1.4 V [19], while the negative current (charge, Q-) in each cathodic step (1.4 to 

0.8 V) is believed to be due only to double layer discharging. Thus, Q- is a good measure of the 

relative electrochemically active carbon surface area as a function of time of corrosion [19].  

     Figures 5.5 (a) and (b) show that as-received VC and the as-synthesized CICs exhibit higher 

currents than the heat-treated carbons in each potential step. This is likely due to their lower 

degree of crystallinity [179], more oxygen-containing groups [179], and much more hydrophilic 

surfaces [179] in compared to the heat-treated samples. The current-time data (Figures 5.5 (a) 

and (b)) were then analyzed more rigorously. This is similar to what was done in Chapter 4 

(Section 4.2.5) [19], involving calculating the charge passed over 18 positive (0.8 to 1.4 V) and 

negative (1.4 to 0.8 V) potential steps and then dividing these values by the corresponding  
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Figure 5.5 Current-time (i/t) response in deaerated 0.5 M H2SO4 to 18 anodic (0.8 to 1.4 V, 50 s) 

and cathodic (1.4 to 0.8 V, 10 s) pulses for carbon powders (VC, CIC-12, CIC-22, and CIC-50) 

(a) before and (b) after heat-treatment.  

 

carbon mass to obtain the gravimetric charge passed (C/g). Table 5-1 shows that the calculated 

total anodic gravimetric charges for the as-received VC and the CICs trend as follows: CIC-22 > 

CIC-12 > CIC-50 > VC, which is consistent with the trend in their real surface areas (SBET (m
2
/g) 
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in [179]), since a carbon with a higher SBET is expected to give a higher anodic charge if all of 

the carbon pores are accessible to the solution. 

 

Table 5-1 Anodic and cathodic gravimetric charge passed during potential step corrosion 

experiment (Protocol A) 

Carbon
a
 

Anodic 

gravimetric 

charge 

(C/g)
 b

 

Cathodic 

gravimetric 

charge 

(C/g)
 b

 

Corrosion 

gravimetric charge 

[Q+(1.4 V) – Q-(0.8 V)]
 

(C/g)
 c
 

Corrosion gravimetric charge 

per real-time surface area 

([Q+(1.4 V) – Q-(0.8 V)]/ Q-(0.8V))
 d
 

Cycles 1-18  
% Protection 

by HT
e
 

VC 490 315 175 0.56  

59 VC-HT 160 130 30 0.23 

CIC-12 900 560 340 0.61  

44 CIC-12-HT 645 480 165 0.34 

CIC-22 1330 800 530 0.66  

42 CIC-22-HT 940 680 260 0.38 

CIC-50 665 385 280 0.73  

53 CIC-50-HT 470 350 120 0.34 
a
 HT= Carbon samples were heat-treated at 1500 °C under N2 atmosphere for 2 h (Section 3.1.4). 

The numbers in the sample names reflect the size (nm) of the colloidal silica hard template used 

in the colloid-imprinted carbon (CIC) synthesis and thus the approximate pore diameters of the 

CICs (Section 3.1.2). 
b
 Anodic (Q+) and cathodic (Q-) gravimetric charge passed in 18 steps between 0.8 V (10 s) and 

1.4 V (50 s) vs. RHE in 0.5 M H2SO4. 
c
 Carbon corrosion gravimetric charge (anodic gravimetric charge minus cathodic gravimetric 

charge) passed in 18 steps between 0.8 V and 1.4 V. 
d
 Corrosion gravimetric charge (C/g) divided by cathodic gravimetric charge (1.4 to 0.8 V), with 

the later assumed to be proportional to the real-time electrochemically active surface area [19]. 
e
 % Protection by heat-treatment process, obtained from the difference between  

[Q+(1.4V)–Q-0.8V)]/Q-(0.8V) before and after heat-treatment and then dividing by  

[Q+(1.4 V) – Q-(0.8 V)]/ Q-(0.8V) before heat-treatment, ×100.  

 

     Table 5-1 also shows that the trend for the total anodic gravimetric charge (2
nd

 column in 

Table 5-1) of the heat-treated carbons (CIC-22-HT > CIC-12-HT > CIC-50-HT > VC-HT) is 

similar to what was seen for the as-received VC and CICs, even though all of the anodic 

gravimetric charge values for the heat-treated carbons are much smaller than for the non-heat-
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treated carbons. This trend is also consistent with real surface areas (SBET (m
2
/g)), obtained from 

the Brunauer-Emmett-Teller (BET) isotherms and reported in [179]).  

     As concluded from Chapter 4 [19], it can be assumed that the cathodic gravimetric charge 

passed in each 0.8 V hold is related only to the double layer discharging process and that no 

Faradaic charge passes. Thus, the same capacitive charge must have passed in the anodic steps 

(0.8 to 1.4 V) during the double layer charging process. The net gravimetric charge attributed 

only to carbon corrosion was thus calculated by subtraction of the cathodic gravimetric charge 

from the anodic gravimetric charge, with the results shown in Table 5-1 (4
th

 column) for all of 

the carbons, before and after heat-treatment.  

     To fairly compare the corrosion resistances of the carbons, the corrosion gravimetric charge 

(C/g) must also be corrected for the electrochemically active surface area. Therefore, based on 

the assumption that the charge passed in the cathodic step (1.4 to 0.8 V) is due only to double 

layer discharging and that the cathodic charge should be linearly proportional to the 

electrochemically active surface area [19], the corrosion gravimetric charge was divided by the 

cathodic (capacitive) charge. These results are shown in the second to last column in Table 5-1 

and in Figure 5.6 for all of the carbons, before and after heat-treatment. This approach [19] 

reliably shows the difference between the corrosion resistances of the carbons.  

     The value of the corrosion gravimetric charge, corrected for real-time surface area and shown 

in Table 5-1 and Figure 5.6, suggests that CIC-50 (0.73) and as-received VC (0.56) are the least 

and most corrosion-resistant carbons, respectively, before heat-treatment. This makes sense, as 

the as-received VC was already carbonized at ca. 1400 °C or even higher during its preparation 

[89, 186-188]. Also, as was discussed earlier (Figure 5.2), the CIC surface is composed mainly 

of graphene sheet edges [179, 220-222], while planar graphene sheets dominate the VC surface 
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[56, 93, 217].  

 

Figure 5.6 The average values (5
th

 column of Table 5-1) of the corrosion gravimetric charge, 

corrected for real-time surface area, over 18 potential steps ([Q+(1.4 V) – Q-(0.8 V)]/Q-(0.8 V), 

reflecting the corrosion susceptibility) for all of the heat-treated and non-heat-treated carbons, in 

deaerated 0.5 M H2SO4. 

 

     Table 5-1 and Figure 5.6 also show that the corrosion resistance of CIC-12 is slightly higher 

than for CIC-22, which is slightly higher than CIC-50. It seems that the larger the CIC pore size, 

the slightly higher is the corrosion susceptibility, perhaps due to faster diffusion of corrosion 

products out of the pores, thus exposing more carbon surface. More importantly, the results in 

Table 5-1 and Figure 5.6 clearly show that the corrosion resistance of all of the carbons has 

improved by 40-60% after heat-treatment, assumed to be due to the significant increase in their 

degree of crystallinity [179] and hydrophobicity [179], as well as the decrease in the surface 

density of the oxygen-containing groups [179].  

     It can be seen that the corrosion resistance of the three CICs with differing pore sizes is very 

similar after heat-treatment. Although diffusion of water and products (e.g. H
+
) into and out of 

the larger pores should have been easier than for the smaller pores, it seems that the increase in 
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crystallinity and hydrophobicity of the carbons after heat-treatment, which has led to a much 

lower corrosion rate, overrides the effect of pore size. A more aggressive or longer corrosion 

protocol may be able to differentiate the corrosion resistance of the heat-treated carbons with 

different pore sizes. 

 

5.2.2.3 Electrochemical vs. thermal oxidation of carbons 

     Our results showed that the increase in the corrosion resistance of the CICs, after heat-

treatment, in acidic media at room temperature sulfuric acid solutions is well-matched with their 

increased stability in air at high temperature (TGA results in Figure 5.1). However, it should be 

noted that the mechanism of thermal oxidation of carbon in air (Section 5.2.1) is very different 

from the mechanism of electrochemical oxidation of carbon in acidic solutions. As seen from 

Reactions 2-4 to 2-7 in Chapter 2 (Sections 2.4.2 and 2.4.2.1), water plays a critical role in the 

electrochemical oxidation of carbon and thus a more hydrophobic carbon should be less prone to 

electrochemical oxidation. However, there should be no effect of wettability on the thermal 

oxidation of carbon.  

     Consistent with this, the increased corrosion resistance of heat-treated vs. as-received VC in 

acidic media contradicts the predictions from the TGA results (Figure 5.1). TGA suggested that 

the thermal stability of as-received VC does not change significantly after heat-treatment, likely 

as it was carbonized at ca. 1400 °C during its preparation (Section 5.2.1). However, our 

electrochemical data suggest that the corrosion resistance of VC increases significantly after 

heat-treatment (59%), which is believed to be due to the increase in its hydrophobicity [179] and 

degree of crystallinity [179], as well as the decrease in the surface density of the oxygen-

containing groups [179].  
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     Additionally, as seen in Figure 5.2 (a), it is expected that there are micropores between the 

graphite planes of the crystallites or between the edges of two crystallites in the VC primary 

particles [95]. Heat-treatment could then lead to reorganization/sintering of these graphite planes 

[179] and also to a decrease in the size of the gaps between the edges of crystallites that can 

block water from penetrating the center of the VC particles, thus improving its corrosion 

resistance. 

     Also, when comparing the thermal stability of carbons in air to their electrochemical stability 

in acidic media, it should be noted that thermal oxidation in air is a fast process (100% carbon 

weight loss in a few hours) vs. the electrochemical oxidation process at RT (< 5% loss in a few 

hours). Also, in the present study, the electrochemical results have been surface-area corrected, 

while there is no reliable method to correct the TGA results to the real surface area of the 

carbons during the thermal oxidation process.  

     Thus, it is not completely fair to compare between the thermal stability of carbons in air and 

their electrochemical stability, especially when carbons with different microstructures are used. 

For instance, the TGA results in Figure 5.1 show clearly that the CIC-HT samples are less 

thermally stable than VC, while the surface-area corrected electrochemical results showed that 

the CIC-HT samples are more corrosion resistant than VC. The TGA results make sense, though, 

as the CIC-HT materials have a much higher real surface area than does VC [179], thus showing 

a lower thermal stability than VC. The electrochemical results also make sense as the CIC-HT 

samples are much more hydrophobic and crystalline than VC, which make them more 

electrochemically corrosion resistant.    

 



 

100 

5.2.3 Effect of heat-treatment of carbons on their cyclic voltammetry (CV) response 

     Figures 5.7 (a) and (b) illustrate the steady-state cyclic voltammograms (CVs) of VC and the 

CICs, before and after heat-treatment, respectively, all at 10 mV/s in deaerated 0.5 M H2SO4. 

According to the literature [56, 73, 104, 126, 131], the CVs of carbons typically show two 

components, the Faradaic pseudo-capacitive current, attributed to the reaction of surface 

quinone/hydroquinone (Q/HQ, Reaction 3-1) groups, and the non-Faradaic double layer-

capacitive current, attributed to the electrostatic charging/discharging of carbon in solution. As 

also discussed in Chapter 4 (Section 4.2.3), the size of the pseudo-capacitive peaks (typically 

centered at ~ 0.55 V) is correlated with the number of oxygen-containing groups on the carbon 

surface, while the magnitude of the double-layer capacitive current is directly proportional to the 

electrochemically accessible carbon surface area. As seen in Figure 5.7 (a), in contrast to the 

CICs, there are almost no visible pseudo-capacitance peaks for as-received VC, consistent with 

the literature [73, 126, 132]. VC was already carbonized at ca. 1400 °C during its preparation 

[89, 186-188] and thus is known to have a very low surface oxygen content (O wt. % = 0.7 in 

Table 4-2, [19, 179]).  

     As seen clearly in Figure 5.7, both the pseudo-capacitive and double-layer capacitive currents 

decrease significantly after heat-treatment of all of the carbons, likely due to the marked changes 

in their wettability, crystallinity, functional group density, surface area, etc. For example, the 

hydrophobicity of all of the carbons will have increased significantly after heat-treatment [144, 

179, 224], since the oxygen-containing surface functional groups (e.g., carboxylic acid and 

phenolic groups) will have been removed during heat-treatment at 1500 °C [179], consistent with 

their very small pseudo-capacitive peak currents in Figure 5.7 (b).  
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Figure 5.7 Cyclic voltammograms (10 mV/s in N2-saturated 0.5 M H2SO4) of as-received VC 

and CICs (a,c) before and (b,d) after heat-treatment at 1500 °C under N2 and before (a,b) and 

after (c,d) the corrosion experiments.   

 

     In order to obtain more detailed information from the CVs, the total charge passed in the 

potential range of 0.05 - 1.1 V at 10 mV/s was normalized to the mass of carbon (~ 2.0 × 10
-4

 g), 

deposited on the glassy carbon working electrode surface, thus giving the total gravimetric CV 

charge in C/g (Section 3.3.4.1 and [19]). The initial (prior to the corrosion experiment) 

gravimetric charge of the carbons is denoted as Qi, as shown in Table 5-2. A slow sweep rate of 

10 mV/s was selected for this study, as the electrolyte ions can then access the smaller and 

deeper pores, and thus the obtained CV charges are a more accurate reflection of the active 

carbon surface area. The lower and upper potential limits in the CVs were 0.05 and 1.1 V vs. 

RHE, respectively, consistent with the literature [74, 83, 126]. This potential range provides a 

clear picture of the initial state of the carbon surface and the carbon CV can then be compared to 

the CV of carbon when Pt nanoparticles are present. Notably, the literature [74, 83] indicates that 
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there is no measurable carbon corrosion at 1.1 V in 0.5 M H2SO4 at RT, thus making this 

potential a safe choice. 

 

Table 5-2 Gravimetric charge (C/g) and specific capacitance (F/m
2
) of as-received VC, as 

synthesized CICs, and the heat-treated
a
 carbons, from the CV responses 

Carbon
b
 Qi

 
(C/g)

 c
 

CS,i
 

(F/m
2
)
 d
 

Qf
 
(C/g)

 e
 

Percentage increase in the gravimetric 

charge (area corrected) 

((Qf - Qi)/ Qi)×100 

VC 23 0.10  32 39 

VC-HT 7.6 0.05 10.5 38 

CIC-12 51 0.15 71 39 

CIC-12-HT 28 0.07 44 57 

CIC-22 81 0.19  117 44 

CIC-22-HT 41 0.09 64 56 

CIC-50 41 0.17 59 44 

CIC-50-HT 19 0.08 32 68 
a
 Carbon samples were heat-treated (HT) at 1500 °C under N2 atmosphere for 2 h (Section 3.1.4). 

b
 The numbers in the sample names reflect the size (nm) of the colloidal silica hard template used in 

the colloid-imprinted carbon (CIC) synthesis (Section 3.1.2).   
c
 Qi is the initial total gravimetric charge between 0.05 – 1.1 V vs. RHE (prior to the corrosion 

experiments).   
d
 CS,i = CG,i/SBET, where CG,i was obtained by dividing the initial total gravimetric charge (Qi 

(C/g), Table 5-2) by 1.05 V (potential range in CVs, Figures 5.7 (a) and (b)). SBET is the BET-

determined specific surface area (m
2
/g) of the fresh carbons [179].

  

e 
Qf is the final total gravimetric charge (after the corrosion experiments).   

 

     Here, it is seen that as-received VC exhibits a significantly higher gravimetric charge (23 C/g) 

than was observed in Chapter 4 (10.5 C/g in Table 4-3, [19]), likely related to a new method of 

ink preparation used (Section 3.3.1.1). Here, 0.1 g of 12 wt. % H2SO4/Ethanol (EtOH) solution 

was mixed with the carbon powder before the addition of 0.4 g of a 1 wt. % Nafion/EtOH 

solution, which improved the wetting of the hydrophobic meso- and micropores by the 0.5 M 

H2SO4 solution. One of our previous papers showed [180] that a dried VC/Nafion composite film 
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can even be superhydrophobic, so the use of ethanol/acid mixtures seems to have made the VC 

sufficiently hydrophilic to allow complete internal wetting.  

     The results in Table 5-2 also show that the initial gravimetric charge (Qi) of the carbons, 

before heat-treatment, trends as follows: CIC-22 > CIC-12 > CIC-50 > VC, which matches the 

trend in their real surface areas (SBET (m
2
/g) [179]). This makes sense, as the carbon with the 

higher SBET should theoretically have a higher initial gravimetric charge if all of the carbon pores 

are accessible to the solution [19, 104, 132, 184]. The CIC-12 surface area (340 m
2
/g) is 

unexpectedly smaller than for CIC-22 (410 m
2
/g). This is consistent with previous reports that 

showed that the 12 nm silica colloids do not close-pack and thus the properties of the CIC-12 do 

not follow the same trends as seen for the CICs with larger pores [113].   

     Another important parameter is the area specific capacitance (F/m
2
) of the carbons, which has 

been used by many others in the literature [104, 225, 226] to help compare the results of studies 

where different potential ranges were used in the CVs or in potential step experiments, and thus 

where the charges differ from one study to another. The specific capacitance of carbon generally 

depends on the pore size, the surface area, the density of the surface functional groups, and the 

carbon wettability [104]. Therefore, similar to what was done in Chapter 3 (Section 3.3.4.1) and 

Chapter 4 (Section 4.2.3), the specific capacitance (CS,i, F/m
2
) of VC, the CICs, and the heat-

treated carbons was obtained by dividing the initial total gravimetric charge (Qi (C/g), Table 5-2) 

by 1.05 V (CV potential range used in Figures 5.7 (a) and (b)) and then by their dry surface area 

(SBET (m
2
/g) in [179]), as shown in the third column in Table 5-2. It is seen that the specific 

capacitance of as-received VC is the lowest among the carbons, before heat-treatment. This was 

as expected, due to the small size of the VC pores (< 2 nm), many of which are likely poorly 

interconnected, and also due to the low oxygen content of VC [179].  
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     As discussed in Chapter 4 (Section 4.2.3 and [19]), the electrochemically measured surface 

area of the carbons is fully dependent on their wettability. Thus, a more hydrophobic carbon 

should exhibit a lower surface area that is accessible to the aqueous solution than a more 

hydrophilic one, as is seen for our new vs. old carbon inks (discussed above). Our wettability 

results [179], based on contact angle kinetics and water vapor sorption measurements, showed 

clearly that the as-synthesized CICs are much more hydrophilic than as-received VC, likely due 

to the presence of more oxygen-containing surface groups on the CICs, as confirmed by 

elemental analysis [179]. During carbonization of the CICs, the carbon surfaces that are in 

contact with the templating SiO2 nanoparticles may have formed a C-O-Si bond. After removal 

of the silica template in the final step using concentrated NaOH, some C-OH groups may be left 

behind on the carbon surfaces, leading to the very high intrinsic hydrophilicity of the CICs. 

     Table 5-2 also shows that the trend for the initial gravimetric charge of the heat-treated 

carbons (CIC-22-HT > CIC-12-HT > CIC-50-HT > VC-HT) is very similar to what was seen for 

the carbons before heat-treatment, even though all of the CV currents are now much smaller 

(Figure 5.7). This trend is also consistent with the trend seen in their dry surface areas (SBET 

(m
2
/g) in [179]). For instance, CIC-22-HT, with the highest SBET (420 m

2
/g), shows the highest 

gravimetric charge (41 C/g, Table 5-1) among the carbons.  

     The specific capacitance of all of the carbons decreases significantly after heat-treatment 

(Table 5-2), as expected. Since as-received VC and non-heat-treated CICs have a higher oxygen 

content [179] than their heat-treated analogs and are intrinsically much more hydrophilic, 

electrolyte accessibility into the carbon pores should be facilitated, giving a higher specific 

capacitance compared to the heat-treated carbons.  
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     Figures 5.7 (c) and (d) show the CVs of the carbons, before and after heat-treatment, 

respectively, and after the corrosion experiment (Protocol A, Figure 3.8). An increase in both the 

pseudo-capacitive and double-layer currents is seen in comparison to their corresponding 

magnitudes before corrosion (Figures 5.7 (a) and (b)). The cartoons in Figures 5.7 (a) and (b) 

show the expected changes in the surface of the carbons before and after corrosion, respectively. 

As also explained in Chapter 4 (Section 4.2.4), the increase in the double-layer current is likely 

due to the formation of new meso- and micropores [22, 127, 131] at high oxidation potentials, as 

carbon is oxidized to CO2. Notably, the increased double layer current value should be directly 

proportional to the electrochemical active carbon surface area. The increase in the magnitude of 

the pseudo-capacitive peak currents, attributed to the Q/HQ redox reaction, is proportional to 

both the real surface area and the extent of oxidation of the carbon surface [19, 126, 127, 131, 

132, 181], as shown schematically in Figure 5.8 (b).  

 

 

Figure 5.8 Schematic of possible microstructure of carbon (CICs or VC) surfaces (a) before and 

(b) after corrosion experiment. 

     The final (after corrosion experiment) total gravimetric charge (Qf) of the as-received VC, the 

CICs, and the heat-treated carbons is also shown in Table 5-2. According to Chapter 4 (Section 



 

106 

4.2.4 and [19]), the surface area corrected CV results provide useful information about both the 

extent of surface oxidation and surface area changes (Figure 5.8) of the carbons due to 

electrochemical oxidation. Therefore, the percentage increase in the gravimetric charge (i.e., the 

surface area corrected CV results) was obtained by subtracting the initial gravimetric charge (Qi) 

from Qf and then dividing by the initial gravimetric charge ((Qf - Qi)/ Qi)×100), as shown in the 

last column of Table 5-2.  

     This shows that the percentage increase in the gravimetric charge ((Qf - Qi)/ Qi)×100) of the 

heat-treated CICs and as-received VC is higher than for the corresponding carbons before heat-

treatment. This may leave the impression that heat-treated carbons experienced more surface area 

changes and/or more surface oxidation than non-heat-treated carbons due to exposing to the high 

anodic potentials. However, the heat-treated carbons have a very low specific capacitance (Cs,i 

(F/m
2
), Table 5-2), few oxygen-containing groups (small pseudo-capacitive current in Figure 5.7 

(b)), and a low initial gravimetric charge (Qi (C/g), Table 5-2) when compared to the carbons 

before heat-treatment. Also, heat-treated carbons are intrinsically very hydrophobic [179]. The 

corrosion process involves the oxidization of the heat-treated carbon surfaces, producing surface 

oxide groups (Figure 5.8 (b)) and a clear increase seen in the pseudo-capacitive currents in 

Figure 5.7 (d). This makes them more hydrophilic and thus more accessible to the electrolyte, 

resulting in a significant increase in their total gravimetric charge (Table 5-2).  

     Thus, the results in Table 5-2 show that, even though CV gives valuable information about 

both the surface area changes and the extent of surface oxidation, this information is not enough 

to fairly predict their corrosion resistance. This is because many factors, including the specific 

capacitance, wettability, surface concentration of oxygen-containing groups, and the percentage 

of micropores, must be considered in understanding the CV results. Also, as shown in Reaction 
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2-4, carbon can be oxidized to CO2 in the presence of water at high potentials, while CV analysis 

cannot predict how much charge was consumed in CO2 (g) generation.  

     In contrast, the area corrected current-time data (Figure 5.6 and the second last column in 

Table 5-1) gives the total charge lost due to the generation of both surface oxides and gaseous 

products (CO2) (Figure 5.8), and thus the current-time data analysis (Figure 5.6 and the second 

column in Table 5-1) predicts the corrosion resistance of carbon in aqueous solutions quite well. 

Indeed, the electroactive surface area corrected current-time results (Table 5-1 and Figure 5.6) 

have shown that heat-treatment of the carbons at 1500 °C in N2 improves the corrosion resistance 

of the corresponding carbons in acidic environments by 40-60%. This is also in good agreement 

with our TGA (Figure 5.1) and XRD [179] results. 

 

5.3 Summary 

     The work described in this chapter was focused on determining the effect of heat-treatment on 

the electrochemical corrosion resistance of as-received Vulcan carbon (VC) and as-synthesized 

colloid-imprinted carbons (CICs) with varying pore sizes (12, 22 and 50 nm). These carbons, 

before and after heat-treatment at 1500 °C (under N2 for 2 h), were subjected to a corrosion 

protocol [19] that involved stepping between an upper potential limit of 1.4 V (50 s) and a lower 

potential of 0.8 V (10 s) for a total of 18 cycles (Protocol A, Figure 3.8), all in RT 0.5 M H2SO4. 

On-line mass spectrometry measurements confirmed that there was no O2 evolved under these 

conditions to interfere with the current-time data analysis.  

     A reliable approach, introduced in Chapter 4 (Section 4.2.5 and [19]), was used to analyze the 

current-time data obtained, with the results clearly showing that heat-treatment improves the 

corrosion resistance of all of the carbons by 40-60%. This improvement is due to the significant 
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increase in the degree of crystallinity [179] and hydrophobicity [179] of the carbons after heat-

treatment, as well as a decrease in the surface functional group density [179]. 

     More specifically, the current-time results demonstrated that CIC-50 and VC are the least and 

most corrosion resistant carbons, respectively, before heat-treatment, as VC was already 

carbonized at ~ 1400 °C during its original preparation. Also, it was found that the larger the CIC 

pore size, the slightly higher is the corrosion susceptibility, likely due to the faster diffusion of 

corrosion products out of the pores. However, the corrosion resistance of all of the CIC-HT 

samples is very similar, as the significant increase in crystallinity and hydrophobicity of the 

carbons after heat-treatment, which has led to a much lower corrosion rate, overrides the effect 

of their pore sizes. CV analysis also provided valuable information about the surface area 

changes and the extent of carbon oxidation. However, this information was not able to reliably 

predict the corrosion resistance of the carbons.  

     Although the increase in the corrosion resistance of the CICs after heat-treatment, evident 

from the current-time analysis, is in agreement with their thermal stability, it was explained here 

that the oxidation of carbon in hot air is very different from electrochemical oxidation in acidic 

solutions at RT. Thus, the trends in the thermal stability in air is not expected to correlate directly 

with the electrochemical stability. For example, the wettability of carbons will have a significant 

impact on the electrochemical stability, although not on thermal stability. Thus, the less 

hydrophobic carbons (e.g., VC before heat-treatment) are less prone to electrochemical corrosion 

when compared to the more hydrophobic carbons (e.g., CIC-HT). However, a less hydrophobic 

carbon, such as VC, is less prone to thermal oxidation than is CIC-HT, due to the differences in 

their microstructures (Figure 5.2).  
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     It was also seen in the TGA data that the thermal stability of VC hardly changed after heat-

treatment, proposed to be due to the thermal history of the VC (carbonized at ca. 1400 °C). The 

results also showed that VC and VC-HT are more thermally stable than the CICs and CIC-HT 

samples, likely due to the fact that the CIC pore walls are composed of graphene sheets edges 

where carbon oxidation can be initiated. However, in VC, there are fewer edge sites available to 

initiate carbon oxidation. Additionally, the observed differences in the TGA results (Figure 5.1) 

are likely related to differences in the real surface area of carbons, as both the CICs and CIC-HT 

samples have a much higher SBET than either VC or VC-HT.      
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Chapter Six: Effect of –PhNO2 and –PhNH2 Surface Groups on the Corrosion 

Resistance of Colloid-Imprinted Carbons   

 

6.1 Introduction 

     According to the literature [16, 29, 85, 89, 91, 195, 227], Pt-carbon interactions play an 

important role on Pt nanoparticle (NP) size, their distribution on carbon surfaces, and also on the 

stability and activity of the Pt NP/carbon catalyst layer under PEM fuel cell operating conditions. 

For instance, highly graphitized carbon supports (e.g., carbon nanotubes (CNTs, Section 2.5.2) 

and carbon nanofibers (CNFs)) do not possess sufficient surface functional groups to nucleate Pt 

nanoparticles (NPs) uniformly on their surfaces [16, 29, 50, 89, 91, 195, 228]. Thus, in many 

studies, CNT or CNF surfaces have been chemically treated using various oxidants (e.g., HNO3, 

H2SO4, etc.) to introduce oxygen-containing groups onto their surfaces and improve the Pt NP 

distribution [16, 29, 50, 85, 89, 91, 195, 228]. However, the addition of oxygen-containing 

functional groups can also increase the propensity towards carbon corrosion [21, 229, 230].  

     Using diazonium chemistry (Section 2.7.3), the surface of carbon can be functionalized with 

various groups (e.g., SO3H, Ph-NO2, etc.) for use in electrochemical devices [50, 85, 153, 160, 

165, 166, 170, 229-237]. It was found [85, 153, 162, 167, 238-242] that, using this approach, the 

carbon surfaces can be functionalized with nitrogen-containing groups, since this can improve the 

distribution of Pt NPs on the carbon surface, expected to enhance fuel cell performance. For 

example, as mentioned in Section 2.7.3, Pt-loaded, highly oriented, pyrolytic graphite (HOPG), when 

surface-modified with 4-aminophenyl (-PhNH2), has very good catalytic activity towards 

methanol oxidation, likely due to the strong interactions between Pt and carbon [167]. Although 
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Vulcan carbon (VC), glassy carbon and various carbon powders have previously been modified 

with 4-nitrophenyl (PhNO2), 4-aminophenyl (PhNH2), and other groups [153, 161-163, 175, 229, 

230, 236, 238-241, 243-251] by using diazonium chemistry, their corrosion resistance at high 

anodic potentials under PEM fuel cell operating conditions has not been reported as yet. 

     This chapter is focused on determining the effect of surface functionalization of a novel 

mesoporous colloid imprinted carbon (CIC) powder with nitrogen-containing groups on its 

electrochemical properties, especially at high potentials, including its corrosion resistance. The CIC 

(Section 3.1.2), with a pore size of ca. 22 nm (CIC-22), was functionalized with 4-nitrophenyl (-

PhNO2, forming CIC-22-PhNO2) using a straightforward diazonium reduction reaction (Section 

3.1.5.1, Figure 3.1 (a)), and then reduced to aminophenyl (-PhNH2) using sodium sulfide (Section 

3.1.5.1, Figure 3.1 (b)), producing 4-aminophenyl functionalized CIC-22 (CIC-22-PhNH2).  

     In Chapter 5, it was shown that heat-treatment of CICs with different pore sizes (12 to 50 nm) at 

1500 °C under N2 improves their corrosion resistance by 40-60% (Table 5-1). This improvement was 

due to the significant increase in the degree of crystallinity [179] and hydrophobicity [179] of the 

carbons after heat-treatment. However, in this chapter, the effect of surface functionalization on the 

corrosion resistance of the CIC is investigated without any change in their crystallinity, since the 

diazonium reduction reaction conditions are known to be mild [153]. Also, since it was found in 

Chapter 5 that the differences in the corrosion resistance of CICs with different pore sizes are minor 

(Table 5-1), in this chapter, only CIC-22 was functionalized with the -PhNO2 and -PhNH2 surface 

groups. In future work, the effect of surface functionalization of CICs with other pore sizes on their 

corrosion resistance will be evaluated.  

     The effect of surface functionalization on the porous structure, crystallinity, thermal stability, and 

wettability of the CIC-22 powder is presented first here. The N2 sorption (Section 3.2.1) results 
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confirm that the -PhNO2 and -PhNH2 groups were successfully attached to the surface of the CIC-22 

pores, while x-ray diffraction (XRD, Section 3.2.2) demonstrated that there is no change in the 

crystallinity of the CIC-22 powder after functionalization, as expected. Thermogravimetric analysis 

(TGA, Section 3.2.3) also confirmed that the -PhNO2 and -PhNH2 groups are covalently attached to 

the CIC-22 as no carbon weight loss is seen at temperatures < 250 °C. Using contact angle kinetics 

(CAK, Section 3.2.7.2) and water vapor sorption (WVS, Section 3.2.7.1) measurements, the 

hydrophilicity trends for the carbons was found to be CIC-22-PhNH2 > CIC-22 > CIC-22-PhNO2. 

The surface coverage of the -PhNO2 and -PhNH2 groups (7.9 and 7.5 μmol/m
2
, respectively) on the 

CIC-22 was also determined by elemental analysis (Section 3.2.4). 

     The corrosion resistance of the carbons under study here was investigated using Protocol B 

[18 CVs (1.0 – 1.4 V) at 10 mV/s] (Figure 3.9) and Protocol C [1.4 V (50 s) – 1.0 V (10 s), 18 

min] (Figure 3.10), different from Protocol A [1.4 V (50 s) – 0.8 V (10 s), 18 min] (Figure 3.8), 

which was used in Chapters 4 and 5. The trend of the corrosion resistance of the CICs, obtained 

by using both Protocols B and C, is CIC-22 > CIC-22-NO2 > CIC-22-NH2. This shows that these 

surface groups likely do not protect the CICs from electrochemical oxidation, even though the           

-PhNO2 and -PhNH2 groups are not lost from the surface during cycling or stepping to anodic 

potentials of up to 1.4 V vs. RHE.  Also, it is demonstrated that the presence of the -PhNH2 group on 

the CIC-22 surface leads to a better Pt NP distribution and smaller sizes (1.7 vs. 3.6 nm on CIC-22-

PNH2 for CIC-22, respectively, based on XRD analysis).  
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6.2 Results and discussion 

6.2.1 Physical and chemical properties of CIC-22 before and after surface functionalization 

6.2.1.1 Gas sorption results  

     In order to track the changes in the porous structure of the as-synthesized colloid-imprinted 

carbon (CIC-22) powders after surface functionalization (Figure 3.1), N2 sorption isotherms 

(NSI) of CIC-22, before and after modification with 4-nitrophenyl (-PhNO2) and 4-aminophenyl 

(-PhNH2), were collected (Section 3.2.1), with the results shown in Figure 6.1 (a). All of the 

functionalized and non-functionalized CIC-22s exhibit Type IV isotherms with H1 hysteresis 

[252]. This confirms that CIC-22 is mesoporous both before and after functionalization, while 

the H1 hysteresis indicates that all of the samples have spherical pores, which is consistent with 

the fact that spherical colloidal silica was used to form them (Section 3.1.2).  
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Figure 6.1 (a) N2 sorption isotherms and (b, c) pore size distribution, calculated from the 

adsorption and desorption branches of the N2 sorption isotherms, respectively, using the Barrett-

Joyner-Halenda (BJH) method [177], all for colloid-imprinted carbon, before (CIC-22) and after 

surface functionalization with 4-nitrophenyl (CIC-22-PhNO2) and 4-aminophenyl (CIC-22-

PhNH2) groups (Section 3.1.5, Figure 3.1). 

 

     It is seen in Figure 6.1 (a) that, at a P/Po of around 0.8, the adsorption-desorption hysteresis 

shifts to lower pressures after surface functionalization, suggesting a slight decrease in the 

average pore size of CIC-22. Also, Figure 6.1 (a) shows that, after surface modification, the 
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amount of adsorbed N2 on CIC-22 decreased significantly at higher partial pressures (P/Po > 0.9), 

which indicates a lower specific pore volume (VNSI (mL/g)) of the modified CIC-22 carbons 

(Table 6-1). This is because the attachment of the -PhNO2/-PhNH2 groups onto the CIC-22 pore 

walls will also decrease the volume of each pore, leading to an overall lower specific pore 

volume of the functionalized carbons.  

Table 6-1 Structural properties of CIC-22 before and after surface functionalization
a
 

Carbon 
VNSI 

(mL/g)
b
 

Pore size 

(nm)
 c
 

Pore neck 

size (nm)
 c
 

SBET 

(m
2
/g)

 d
 

Sexternal 

(m
2
/g)

 e
 

Smicro 

(m
2
/g)

 f
 

Smicro/SBET 

(%)
g
 

CIC-22 1.7 22 9 420 330 85 20 

CIC-22-PhNO2 1.2 21 7 330 260 70 20 

CIC-22-PhNH2 1.2 21 8 370 280 90 24 
a
 CIC-22 was functionalized with 4-nitrophenyl (-PhNO2) and 4-aminophenyl (-PhNH2) groups 

(Section 3.1.5, Figure 3.1). The “22” in the sample names is the particle size (in nm) of the 

colloidal silica template used in the colloid-imprinted carbon (CIC) synthesis.  
b
 VNSI = specific pore volume, obtained from N2 sorption isotherms (NSI) at P/Po = 0.98 (Figure 

6.1 (a)). 
c
 Pore size and pore neck size were obtained from the maximum in the pore size distribution 

plots in Figures 6.1 (b) and (c), respectively. 
d
 SBET = total surface area, obtained using the Brunauer-Emmett-Teller (BET) plot [176] in the 

partial pressure range of 0.05 < P/Po < 0.30.  
e
 Sexternal = external surface area obtained using the t-plot method [253] in the partial pressure 

range of 0.2 < P/Po < 0.5. 
f
 Smicro = micropore surface area, obtained by subtracting the external surface area (Sexternal) from 

the total surface area (SBET). 

 

     In order to obtain the pore sizes of the functionalized and non-functionalized CIC-22, the 

Barrett-Joyner-Halenda (BJH) method [177] was used to analyze both the N2 adsorption and 

desorption branches of the isotherms, with the results shown in Figures 6.1 (b) and (c), 

respectively, as well as in Table 6-1. The pore size obtained from the adsorption branch of the 

carbons isotherms (Figure 6.1 (b)) reflects the diameter of the spherical pores, while that 

obtained from the desorption branch (Figure 6.1 (c)) reflects the size of the necks (or connecting 

pores) between adjacent spherical pores [37, 179]. Both Figures 6.1 (b) and (c) show that surface 
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functionalization decreased the pore/neck size of CIC-22 by a small amount (ca. 1nm), as 

expected.  

     As also seen in Table 6-1, both the pore and pore neck diameters of CIC-22 decreased slightly 

after surface functionalization, suggesting that the -PhNO2 and -PhNH2 groups were successfully 

attached to the inner surface of the CIC-22 pores, as well as at the pore necks. Also, Table 6-1 

shows that both the specific surface area (SBET (m
2
/g)) and external surface area (Sexternal (m

2
/g)) 

of the CIC-22 powder decreased after surface functionalization with the -PhNO2 and -PhNH2 

groups, which again indicates that these groups were successfully attached to the surface. These 

mass-specific surface areas decreased because the attachment of the functional groups increased 

the mass of the carbon pore walls, decreased the pore diameters, and thus decreased the effective 

surface area of each mesopore. 

 

6.2.1.2 Crystallinity of surface-modified CICs 

     Figure 6.2 shows the wide angle X-ray diffraction (XRD) patterns of the as-synthesized 

colloid imprinted carbon (CIC-22), before and after surface functionalization with 4-nitrophenyl 

(-PhNO2) and then with the 4-aminophenyl (-PhNH2) group. Using Bragg’s law and the Scherrer 

equation [22] for the graphite (002) peak at 2θ = 25 
o
, the corresponding interlayer spacing (d002) 

and the crystalline dimension in the c-axial direction (Lc) were obtained for each carbon. Surface 

functionalization of the carbons did not significantly change the position or the width of the 

graphite peak, and the d002 and Lc values are almost the same for the carbons before (CIC-22) and 

after surface modification (CIC-22-PhNO2 and CIC-22-PhNH2). This indicates that the 

modification occurred only on the surface of the carbons, in agreement with the conclusions 

reached from the pore properties in Table 6-1.  
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Figure 6.2 XRD patterns of CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2. Using Bragg’s law 

and the Scherrer equation [22], the interlayer spacing (d002) and the crystalline dimension in the 

c-axial direction (Lc) were obtained for each CIC at 2θ = 25°. The lines beneath the XRD 

patterns show the baseline. 

 

 

6.2.1.3 Thermal stability of surface-modified CICs  

     Figure 6.3 (a) illustrates the thermogravimetric analysis (TGA) profiles of the functionalized 

(CIC-22-PhNO2 and CIC-22-PhNH2) and non-functionalized (CIC-22) carbons. Similar to what 

was done in Chapters 4 and 5, the TGA experiments were carried out in order to evaluate the 

thermal stability of the carbons in air from 30 to 800 
o
C. Figure 6.3 (b) shows the derivative of 

the profiles seen in Figure 6.3 (a) (differential thermogravimetry, or DTG). Each DTG and TGA 

profile shows a stable region with little carbon weight loss at low temperatures (< 150 
o
C), 

followed by a marked loss in carbon weight, with the carbons being fully oxidized at higher 

temperatures. 

     The temperature at which the main weight loss of the carbons is seen, due to their oxidation in 

air, is in the following sequence: CIC-22-PhNO2 (645 °C) > CIC-22-PhNH2 ≈ CIC-22 (630 °C). 

According to the literature [161, 163], the aryl groups should be grafted covalently to the carbon 

surface if most of the weight loss occurs at temperatures > ~ 250 °C. Thus, the results in Figures 
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6.3 (a) and (b) clearly indicate that the -PhNO2 and -PhNH2 functional groups are covalently 

attached to the CIC surfaces.  
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Figure 6.3 (a) Thermogravimetric and (b) differential thermogravimetric (DTG) profiles of CIC-

22, CIC-22-PhNO2, and CIC-22-PhNH2 in air at a heating rate of 2 °C/min.  

 

     It is also seen in Figures 6.3 (a) and (b) that the functionalized carbons, CIC-22-PhNO2 and 

CIC-22-PhNH2, are less thermally stable than the non-functionalized carbon, CIC-22, at < 500 

°C. This is consistent with the results obtained for other modified carbons (e.g., Vulcan carbon 

(VC)-NH2 and VC-NO2) in the literature [161, 163]. The lower onset temperature for thermal 

oxidation of CIC-22-PhNO2 and CIC-22-PhNH2 than CIC-22 indicates that these nitrogen-

containing phenyl groups are lost from the carbon pore wall surfaces at lower temperatures than 

the oxygen-containing groups on the CIC-22 sample. As seen in Figure 6.3, the –PhNO2 and            

–PhNH2 functionalized carbons lose ca. 30% of their original mass at ca. 600 °C, which is very 

close to the weight content of the –PhNO2 and –PhNH2 groups on the carbons (elemental 

analysis in Section 6.2.1.4). After removal of these surface groups, the thermal stability of the 

functionalized CIC-22 approaches that of CIC-22, even slightly exceeding it for the PhNO2-

modified CIC. This could be due to the fact that the crystallinity of the functionalized CIC-22 

surface is almost the same as that of the non-functionalized CIC-22 (Figure 6.2). 
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     The difference in the thermal stability of CIC-22-PhNO2 vs. CIC-22 and CIC-22-PhNH2 may 

also be linked to the differences in their real surface areas (SBET, m
2
/g). In fact, a carbon with a 

higher real surface area (m
2
/g) should have a lower thermal stability than a carbon with a lower 

real surface area because it has more active/edge sites available for thermal oxidation. The N2 

sorption results (Table 6-1) showed that CIC-22-PhNO2 has the smallest surface area (330 m
2
/g) 

among the carbons and thus a higher thermal stability for this carbon is expected. 

 

6.2.1.4 Surface coverage of functional groups on CICs 

     The elemental composition of the CIC-22 surface, before and after functionalization with the 

-PhNO2 and -PhNH2 groups, was evaluated (Section 3.2.4) in order to determine the surface 

coverage (μmol/m
2
)
 
of the functional groups grafted onto the carbon surface, with the results 

shown in Table 6-2. Similar to what was done in Section 4.2.2, the carbon, hydrogen and 

nitrogen contents were obtained by combustion analysis and the solid residues were determined 

by burning out the carbon under an air atmosphere using thermogravimetric analysis (TGA, 

Figure 6.3). 

Table 6-2 Elemental content (wt. %) of CIC-22 before and after surface functionalization
a
 

Carbon C 

(%)
b
 

H 

(%)
b
 

N 

(%)
b
 

Solid residue 

(%)
c
 

Coverage of -PhNO2 and -PhNH2 

functional groups on CIC-22 

(μmol/m
2
)
 d
 

CIC-22 93.0 1.0 0.2 1.8 N/A 

CIC-22-PhNO2 84.0 1.8 3.8 1.6 7.9 

CIC-22-PhNH2 87.3 2.2 3.8 1.3 7.5 
a 

CIC-22 was
 
surface functionalized with 4-nitrophenyl (-PhNO2) and 4-aminophenyl (-PhNH2) 

groups (Section 3.1.5.1, Figure 3.1). The “22” in the sample names is the particle size (in nm) of 

the colloidal silica template used in the colloid-imprinted carbon (CIC) synthesis.  
b 

Obtained from combustion analysis.  
c 
Obtained from thermogravimetric analysis (TGA) in air (Figure 6.3). 

d 
Obtained by normalizing the nitrogen content from the -PhNO2 and -PhNH2 groups to the 

external surface area (Sexternal = 330 m
2
/g, Table 6-1) of CIC-22 before functionalization. 
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    As seen in Table 6-2, CIC-22-PhNO2 and CIC-22-PhNH2 have a similar surface coverage (7.9 

and 7.5 μmol/m
2
) of the nitrogen-containing functional groups (-PhNO2 vs. -PhNH2), 

respectively. The coverage was estimated by normalizing the number of moles of nitrogen to the 

external surface area of CIC-22 before functionalization (Sexternal = 330 m
2
/g, Table 6-1). The 

external surface area, calculated by subtraction of the micropore surface area (Smicro, Table 1) 

from the specific surface area (SBET, Table 1), was used here for the coverage calculation, as it 

was assumed that the functional groups would not fit into the micropores, but are instead 

covalently bonded only to the surface of pores that are > 2 nm in size [37, 230].  

     Since the –PhNO2 groups are attached to the CIC-22 surface through a C-C single covalent 

bond (Figure 3.1 (a)), they should be perpendicularly aligned and free to rotate (shown 

schematically in Figure 6.4). Assuming that a freely-rotating -PhNO2 group occupies a surface 

area of ca. 20 Å
2
, similar to benzene (C6H6) [254, 255], the maximum coverage (one monolayer) 

of the -PhNO2 groups on carbon would be 8.4 μmol/m
2
. This would indicate that the -PhNO2 and     

-PhNH2 groups have a surface coverage on CIC-22 of ca. 95 and 90%, respectively. 

  

            

(a)

Top view Side view

PhNO2

   

Side view
(b)

 

Figure 6.4 Schematic of two forms of –PhNO2 that would be present on (a) a planar graphene 

surface and (b) on a surface composed of graphene edges.  
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6.2.1.5 Wettability of surface-modified vs as-synthesized CICs 

     To better understand the surface chemistry of CIC-22, before and after functionalization with 

the -PhNO2 and -PhNH2 groups, contact angle kinetics (CAK, Section 3.2.7.2) and water vapor 

sorption (WVS, Section 3.2.7.1) measurements were carried out. Figure 6.5 shows the sequential 

images of a water droplet impinging on the CICs, with the last row showing the time at which 

the water droplet was completely absorbed by the CIC pellets. The relative wettability of the 

carbons can be estimated from the water droplet contact angle and also the time to reach 100% 

dryness.  

     As seen in Figure 6.5, CIC-22-PhNO2 shows a larger contact angle and slower water droplet 

sorption than CIC-22 at times ≥ 0.1 s. Also, it took ~ 7.5 s for a water droplet to be fully 

absorbed on CIC-22-PhNO2, which is much longer than at CIC-22 (1 s). These results suggest 

that CIC-22-PhNO2 is more hydrophobic than CIC-22. This makes sense, as the –PhNO2 groups 

on the CIC-22-PhNO2 surface are poor at hydrogen bonding in comparison to the oxygen-

containing groups (e.g., –OH groups). Also, it was reported previously [175, 236] that the 

attachment of the –PhNO2 group onto a glassy carbon surface increased its hydrophobicity.  

     In terms of CIC-22-PhNH2, it shows a slightly larger contact angle than CIC-22 at ≤ 0.2 s in 

Figure 6.5. However, the time for it to fully absorb a water droplet was seen to be slightly shorter 

(0.8 s) than for CIC-22. This suggests that CIC-22-PhNH2 is slightly more hydrophilic than CIC-

22, also consistent with the literature [175], as the oxygen-containing groups on the CIC-22 

surface were replaced with the more polar –PhNH2 groups, which can form strong hydrogen 

bonds with water. 
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Figure 6.5 Contact angle kinetic (CAK, Section 3.2.7.2) measurements from sequential images 

of water droplets deposited on CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2 pellets. The time to 

100% dryness in the last row shows how long it takes for the carbon pellets to completely absorb 

the water droplet deposited on it.  

 

     Although the contact angle kinetics data for water droplets on the CIC pellets do provide a 

measure of the relative wettability of the samples, longer term water vapor sorption (WVS, 

Section 3.2.7.1) experiments were also carried out in order to confirm these results. Figure 6.6 

shows the sorption ratio (VWVS/VNSI) of each carbon vs. time, where VWVS/VNSI is defined as the 

ratio of the total amount of water vapor absorbed (VWVS) by the carbons to the corresponding total 

pore volume obtained from their N2 sorption isotherms (VNSI). A higher sorption ratio would indicate 

that the carbon has a more hydrophilic character.  

     As seen in Figure 6.6, the sorption ratio for CIC-22-PhNH2 is larger than 1, likely due to water 

vapor condensation in a few large pores that are > 100 nm in diameter, which cannot be detected in 

the N2 sorption isotherms at P/Po = 0.98 (Figure 6.1 (a)). Figure 6.6 also shows that the trend of the 

hydrophilicity of the carbons is: CIC-22-PhNH2 > CIC-22 > CIC-22-PhNO2, which is fully 
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consistent with what was obtained from the CAK measurements (Figure 6.5).  
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Figure 6.6 Water vapor sorption (WVS, Section 3.2.7.1) data for CIC-22, CIC-22-PhNO2, and 

CIC-22-PhNH2, normalized to their corresponding pore volumes (VNSI, Table 6-1), obtained 

from the nitrogen sorption isotherms (Figure 6.1 (a)). 

 

6.2.2 Cyclic voltammograms (CVs) of CIC-22 before and after functionalization 

6.2.2.1 CIC-22 CVs  

     Figure 6.7 (a) illustrates the cyclic voltammograms (CVs) of CIC-22 from its initial state to 

its steady-state, at 10 mV/s in 0.5 M H2SO4, before the corrosion experiments. It is seen that the 

cathodic current at potentials < 0.4 V vs. RHE decreases as the number of CV scans increases. 

This cathodic current is attributed to the oxygen reduction reaction (ORR) on the CIC surface. 

The dissolved oxygen content in 0.5 M H2SO4 decreases due to the continuous purging of N2, 

which leads to smaller currents with scan number. Also, it is possible that oxygen trapped inside 

the carbon pores is being reduced and gradually depleted.  
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Figure 6.7 Cyclic voltammograms (CVs) of (a) as-synthesized CIC-22, from its first cycle to 

steady-state, (b) CIC-22-PhNO2 in the first 2 scans with an initial potential of 0.5 V and then an 

anodic sweep to 1.1 V, (c) CIC-22-PhNO2 from its initial state to steady-state, (d) CIC-22-

PhNH2 from its initial state to its steady-state, and (e) steady-state CVs of CIC-22, CIC-22-

PhNO2, and CIC-22-PhNH2, all at 10 mV/s in 0.5 M H2SO4, prior to the corrosion experiments. 
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     The redox peaks, centered at ~ 0.55 V in the CVs of CIC-22 (Figure 6.7 (a)), are attributed to 

the familiar quinone/hydroquinone (Q/HQ, Reaction 3-1) redox couple seen at carbon surfaces 

[56, 73, 104, 126, 131]. The peak currents increase a little as the number of CV scans increases, 

suggesting that the CIC-22 surface is oxidizing slightly in each scan to potentials > 0.8 V and 

that some new electroactive surface functional groups are generated on the surface. This is 

consistent with the fact that the anodic currents at > 0.8 V in the initial CV scans are higher than 

those in later CV scans. However, it should be noted that the extent of carbon oxidation in these 

CVs is negligible in comparison to what occurs at higher potentials (e.g., 1.4 V, Figure 6.8). 

Overall, the steady-state CV (last CV in Figure 6.7 (a)) gives a clear picture of the carbon surface 

prior to the corrosion experiments, described in Section 6.2.3. 

 

6.2.2.2 CIC-22-PhNO2 CVs 

     Figure 6.7 (b) shows the first two CV scans of CIC-22-PhNO2 in the potential range of -0.05 

to 1.1 V, starting at a positive sweep from an initial potential of 0.5 V, with only the small 

charging current seen until the potential was extended to ca. 0.3 V in the negative scan. A large 

cathodic current then flows, attributed to the irreversible reduction of the -PhNO2 to -PhNHOH 

(phenyl-hydroxyl amine) groups or even further to -PhNH2, as shown in Reaction 6-1 and 

Reaction 6-2, respectively [175, 239, 242, 247-249, 256-259].  

PhNO2 + 4 H
+
 + 4 e

-
 → PhNHOH + H2O Reaction 6-1 

PhNHOH + 2e
-
 + 2H

+
 → PhNH2 + H2O Reaction 6-2 

     The -PhNHOH groups, formed on the carbon surface at < 0.3 V, can then be oxidized to           

–PhNO, based on Reaction 6-3. Thus, the second CV in Figure 6.7 (b) shows a pair of large, 

reversible pseudo-capacitance peaks, centered at ca. 0.6 V, due to the oxidation/reduction of the 

PhNHOH/PhNO surface groups [175, 239, 242, 247-249, 256-259].  



 

125 

PhNHOH ↔ PhNO + 2H
+
 + 2e

-                                                    
 Reaction 6-3 

     Figure 6.7 (c) shows all of the CVs for the CIC-22-PhNO2 material, from its initial state to its 

steady-state, again at 10 mV/s in room temperature (RT) 0.5 M H2SO4. It was found that it takes 

a long time for the CVs to reach steady-state if the lower limit potential is kept at 0.05 V because 

in each cycle, only a small fraction of the -PhNO2 surface groups is reduced to –PhNHOH and 

thus the anodic peak current at 0.6 V (-PhNO/-PhNHOH redox couple, Reaction 6-3) increases 

very gradually. After reaching a maximum, the anodic peak current begins to decrease slowly 

due the slow conversion of -PhNHOH to -PhNH2 (Reaction 6-2), which is irreversible, in each 

cathodic scan. In order to accelerate the reduction process (Reaction 6-1) and generate more -

PhNHOH surface groups, the cathodic potential was therefore extended negatively to -0.05 V for 

only two cycles (Figure 6.7 (c)). It is seen that the anodic peak current then reached its maximum 

in the first scan and then started to decrease in the following cycles until a steady-state CV was 

obtained (Figure 6.7 (c)).  

     The significant difference in the peak anodic current at 0.6 V between the maximum and the 

steady-state value reflects the fact that a significant fraction of the –PhNHOH groups have been 

converted to the –PhNH2 form during the time of CV cycling. However, it is difficult to quantify 

this, as Reactions 6-1 and 6-2 both occur at low potentials (at < 0.4 V). The results suggest, 

however, that the –PhNO2, -PhNO, -PhNHOH, and –PhNH2 groups are all present on the carbon 

surface at the same time. 

     The CVs in Figure 6.7 (c) show two small peaks (shoulders) at ca. 0.4 V and ca. 0.8 V, which 

are not well-understood [175, 248], with their size increasing from the initial to the steady-state 

CV. These peaks may reflect the formation of small amounts of other nitrogen-containing 
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surface groups that can be oxidized/reduced at potentials slightly higher or lower than the -

PhNHOH/-PhNO redox couple. 

     The gravimetric CV charge, due to the oxidation/reduction of the surface PhNHOH/PhNO 

groups in the potential range of 0.2-1.0 V vs. RHE, was calculated (95 C/g) by subtracting the 

double-layer gravimetric charge (64 C/g) from the total gravimetric charge (159 C/g) passed in 

the CV from 0.05 – 1.1 V. For simplification, the two redox peaks, centered at 0.4 and 0.8 V, are 

attributed to the PhNHOH/PhNO redox couple (Reaction 6-3) [175].  

     The surface concentration of the PhNHOH groups (ГPhNHOH) was then obtained from Q/2FA, 

where 2 is the assumed number of electrons involved in Reaction 6-3, F is the Faraday constant 

(96485 C/mol), and A is the real surface area (SBET, 330 m
2
/g) of CIC-22-PhNO2. From this, the 

surface concentration of the electrochemically active -PhNHOH group was found to be 2.0 

µmol/m
2
 at steady-state, which is equivalent to about 25% of the original -PhNO2 coverage (7.9 

µmol/m
2
, Table 6-2). This is somewhat low coverage likely because some fractions of the 

surface -PhNO2 groups, attached to the surface, are not electrochemically active [175, 239, 256]. 

Also, the -PhNHOH/-PhNO groups can be converted to electrochemically inactive –NH2 or other 

N groups during CV cycling (0.05 – 1.1 V). These factors, taken together, may cause the 

relatively low coverage of the reduced -PhNO2 groups obtained from the analysis of the CV peak 

charges.  

 

6.2.2.3 CIC-22-PhNH2 CVs  

     After the CIC-22-PhNO2 powder was chemically reduced to CIC-22-NH2 at 60 
o
C using 

sodium disulfide as the reducing agent, its CVs were collected in the potential range of 0.05-1.1 

V at 10 mV/s, as shown in Figure 6.7 (d). The CV of the CIC-22-PhNH2 shows three redox pairs, 
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centred at ca. 0.4, 0.6, and 0.8 V. The current associated with the redox couple 

(PhNHOH/PhNO) at 0.6 V for CIC-22-NH2 is much smaller than that of CIC-22-PhNO2. This 

confirms that the -PhNO2 surface groups were chemically reduced to -PhNH2 [175, 258]. 

     As seen in Figure 6.7 (d), the first few CVs show significant anodic currents at potentials > 

0.8 V and then the current decreases after several further cycles. This current is attributed to the 

partial oxidation of carbon and of the -NH2 groups to other nitrogen-containing surface groups. 

The peaks at 0.4 V and 0.8 V, which were seen for CIC-22-PhNO2 as shoulders in Figures 6.7 

(b) and (c), are clearly visible in the CIC-22-PhNH2 CVs.  

     In order to provide a direct comparison of the CVs of the carbons, the steady-state CV (last 

CV) of CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2, all prior to any corrosion experiments, is 

shown in Figure 6.7 (e). It is seen that the double layer current at 0.2 and 1.0 V for these three 

CICs is comparable, consistent with their comparable real surface areas (Table 6-1).  

 

6.2.3 Effect of –PhNO2 and –PhNH2 surface functionalization on CIC corrosion resistance 

(using Protocol B [18 CVs (1.0 – 1.4 V) at 10 mV/s]) 

     To examine the corrosion resistance of the as-synthesized CIC-22, CIC-22-PhNO2, and CIC-

22-PhNH2 materials, the carbons were subjected to a corrosion protocol consisting of 18 CVs (24 

min) in the potential range of 1.0 – 1.4 V, all at 10 mV/s. This is denoted as Protocol B [18 CVs 

(1.0 – 1.4 V) at 10 mV/s] and is shown in Figure 3.9 (Section 3.3.5). In Chapters 4 and 5, a 

different protocol, denoted as Protocol A [1.4 V (50 s) – 0.8 V (10 s), 18 cycles] (Section 3.3.5, 

Figure 3.8), was used to corrode the carbon materials and a reliable current-time data analysis 

method was also introduced in Chapter 4 to fairly compare their performance (Section 4.2.5, 

[19]). The analysis in Chapters 4 and 5 was based on the assumption that no Faradaic reactions 
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occur at carbon in the cathodic step from 1.4 V to 0.8 V and thus the charge passed at this 

potential is attributed only to the charging/discharging of the carbon surface (Sections 4.2.5 and 

5.2.2.2, [19]). This was used to determine any changes in real surface area with time. 

     However, in this chapter, it was seen (e.g., in Figure 6.7) that both CIC-22-PhNO2 and CIC-

22-PhNH2 exhibit same redox activity at 0.8 V, suggesting that a different lower potential limit 

should be used. For this reason, a lower limit of 1.0 V was employed in the corrosion experiment 

here, since no Faradaic activity was seen at this potential for the CIC-22-PhNO2 (Figure 6.7 (c)) 

and CIC-22-PhNH2 surfaces (Figure 6.7 (d)).  

     Figures 6.8 (a-c) show the 18 CVs (1.0 – 1.4 V), as well as the CVs before and after 

corrosion, for the CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2 samples, respectively. This 

showed that the anodic current for the three CICs is the highest in the first CV, with the currents 

at > 1.2 V decreasing very rapidly in the subsequent CV cycles, especially from the first to 

second scan. The currents then become constant at values that are the same as what is assumed to 

be the double layer charging current, passed at 1.0 – 1.1 V. The anodic current in the first CV is 

likely associated with the formation of some oxide groups at the unprotected surface sites, likely 

related to the broad reduction peak seen in Chapter 4 (Figure 4.4 (c)) after multiple steps or times 

spent at high potentials, as well as the formation of CO2 and new meso-/micropores. Since the 

cathodic potential of 1.0 V in the corrosion CVs is not negative enough to reduce and remove the 

surface oxide groups (again refer to Chapter 4), this suppresses the anodic charge current 

increasingly with each cycle (1.0 – 1.4 V) in the following CVs, as shown by the down pointing 

red arrows in Figures 6.8 (a-c).  

     Similar to what was shown in Figure 4.4 (c) for OMC-S, evidence for the formation of a 

passive oxide film at high potentials is seen when the cathodic potential limit was extended to 
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0.05 V after the 18
th

 CV between 1.0 and 1.4 V. Again, a broad envelope of cathodic charge is 

seen from 0.6 V to the 0.05 V lower limit, showing that the passive oxide formed at > 1.1 V 

requires significantly more negative potentials to be reduced. Again, it cannot be reformed until 

similarly high anodic potentials are applied. 

 

 

Figure 6.8 18 successive CVs (1.0 – 1.4 V) of (a) CIC-22, (b) CIC-22-PhNO2, (c) CIC-22-

PhNH2, and (d) the first CV (1.0 – 1.4 V) of the carbons after normalizing to the average (anodic 

+ cathodic) double layer current at 1.0 V, obtained from their corresponding CVs (before 

corrosion), all at 10 mV/s in 0.5 M H2SO4. The first CV (0.05 and 1.1 V) after corrosion, as well 

as the steady-state CVs, before and after corrosion, are also shown in (a) – (c).  
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     For CIC-22 (before functionalization), both the double layer and pseudo-capacitive currents 

increase after extending the potential to the 1 – 1.4 V range, as expected. The non-Faradaic 

double layer current is directly proportional to the active carbon surface area and typically 

increases after corrosion due to the formation of new meso-/micropores (surface roughening) 

[19, 22, 56, 127, 131]. The Faradaic pseudo-capacitive currents, attributed to the Q/HQ redox 

reaction (centered at ca. 0.55 V), also increase in size after corrosion due to the formation of 

more surface oxide groups and a higher carbon surface area [19, 56, 126, 127, 131, 132, 181].  

     Similar to what was seen for CIC-22, the double layer currents for both CIC-22-PhNO2 and 

CIC-22-PhNH2 increase with time at 1.0 – 1.4 V, as seen in Figures 6.8 (b) and (c), respectively, 

again reflective of an increasing surface area. However, the CV of CIC-22-PhNO2 after 

corrosion (Figure 6.8 (b)) shows that the redox peaks centered at ca. 0.6 V have decreased 

somewhat, while the redox peaks centered at ca. 0.8 V have increased. This shows that some of 

the -PhNHOH surface groups on CIC-22-PhNO2 have been converted to other nitrogen-

containing surface groups after exposure to high potentials (>1.0 V), with these new species 

being electroactive at ca. 0.8 V. Thus, the currents at ca. 0.8 V increase, while the current 

attributed to the PhNHOH/PhNO redox couple at ca. 0.6 V decreases. Also, the increase in the 

peak current at ca. 0.4 V after corrosion is attributed to the formation, at high potentials, of some 

other nitrogen-containing surface oxide groups, which are electroactive at 0.4 V.  It is interesting 

to note that, based on the CVs, the –PhNO2 and –PhNH2 surface groups have generally survived 

Protocol B [18 CVs (1.0 – 1.4 V) at 10 mV/s], as their redox peaks are still seen afterwards 

(Figures 6.8 (b) and (c)), although they are a little smaller in size.  

     As discussed in Chapters 4 and 5, CV data for carbon materials should be surface area 

corrected to fairly evaluate their relative corrosion resistance. Thus, the double layer currents 
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prior to the corrosion experiment were used as a measure of the electrochemically active initial 

surface area and was then used to correct the later CV currents. To do this, the currents at 1.0 V 

were measured, as it is seen in Figures 6.7 and 6.8 (a-c) that there is no Faradaic activity at this 

potential.  

     As seen in Figure 6.8 (d), the anodic currents at > 1.1 V at the CIC-22-PhNO2 and CIC-22-

PhNH2 materials are larger than what is seen for CIC-22 without surface modification. Assuming 

that these higher anodic currents (surface area corrected) indicate more CIC oxidation, both CIC-

22-PhNO2 and CIC-22-PhNH2 would then be considered to be less corrosion resistant than CIC-

22. In fact, the results in Figure 6.8 (d) do suggest that the -PhNH2 and -PhNO2 functionalized 

carbons are more susceptible to oxidation at > 1 V and that these surface groups may not be 

protective in nature. At the same time, the steady-state CVs, before and after corrosion, shown in 

Figure 6.8 (a-c), suggest that the double layer charging currents have increased more for CIC-22 

than for the functionalized CICs.  

     To help understand these results, as well as to determine if there is any effect of pre-reducing 

the –PhNO2 groups to –PhNHOH (Reaction 6-2) and/or –PhNH2 (Reaction 6-2) on the CIC-22-

PhNO2 corrosion resistance, as was done in Figure 6.8, the CVs of the three CICs were collected 

in the potential range of 0.5 to 1.1 V (Figure 6.9 (a)). By not scanning to below 0.5 V, this 

prevented the reduction of the –PhNO2 groups. The carbons were then exposed to oxidizing 

conditions by increasing only the upper potential limit, extending it to 1.4 V for one cycle only.  

     Figure 6.9 (a) shows that the shape of the steady-state CV of the CIC-22-PhNO2 sample 

between 0.5 - 1.1 V is now very similar to that of CIC-22, as the –PhNO2 groups (now referred 

to as ‘CIC-22-PhNO2-not reduced’) were not reduced to either the electroactive –PhNHOH or –

PhNH2 forms. However, the CV of CIC-22-PhNH2 in Figure 6.9 (a) shows the presence of redox 
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peaks at 0.6 and 0.8 V, similar to those seen in Figure 6.7 (d). 

     Also, the trend for the double layer currents at 1.0 V (CIC-22-PhNO2-not reduced << CIC-22 

< CIC-22-PhNH2) in Figure 6.9 follows the same trend seen for the hydrophilicity of the carbons 

(Figure 6.5 and Figure 6.6). The higher double layer currents of CIC-22 than CIC-22-PhNO2 can 

be related the higher real surface area of CIC-22 (420 vs. 330 m
2
/g, respectively). Also, as seen 

from the hydrophobicity trend above, CIC-22 is more hydrophilic than CIC-22-PhNO2, making it 

more accessible to the 0.5 M H2SO4 solution. 

 

 

Figure 6.9 (a) Steady-state CVs in the potential range of 0.5 - 1.1 V and (b,c) one corrosion CV 

from 0.5 V to 1.4 and back, before (b) and after (c) normalizing to the average (anodic + 

cathodic) double layer current obtained from the CVs (shown in a) for all of the carbons (CIC-

22, CIC-22-PhNH2, and CIC-22-PhNO2-not reduced) at 10 mV/s in 0.5 M H2SO4 
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     Figures 6.9 (b) and (c) show a single CV cycle between 0.5 V and 1.4 V (corrosion) for the 

three CICs, before and after surface area correction, respectively. Similar to what was done to 

produce Figure 6.8 (d), the CVs in Figure 6.9 (c) were obtained by dividing the CV currents in 

Figure 6.9 (b) by the double layer currents at 1.0 V (from Figures 6.9 (a) or (b)) for each carbon. 

As there are no Faradaic currents seen at 1.0 V, this makes it a safe potential for the double layer 

current calculation. According to Figure 6.9 (c), the corrosion resistance of the carbons then 

trends as follows: CIC-22-PhNO2-not reduced ≈ CIC-22 >> CIC-22-PhNH2, different from what 

was seen in Figure 6.8 (d) and in agreement with the hydrophobicity trend seen in Figures 6.5 

and 6.6.  

     Overall, it can be concluded that maintaining the -PhNO2 groups in their fully oxidized form, 

vs. pre-reducing them to form the -PhNHOH (Reaction 6-1)/–PhNH2 (Reaction 6-2) surface 

moieties, results in less carbon oxidation than if the -NO2 group had been electrochemically 

reduced first (Figure 6.9 (c) vs. Figure 6.8 (d)). In order to better understand the effect of the      

–PhNO2 and –PhNH2 surface groups on the corrosion resistance of CIC-22, chronoamperometry 

was employed by stepping the potential between 1.0 and 1.4 V. It was shown in Chapters 4 and 5 

that this approach yields a more reliable prediction of the propensity of carbon towards 

electrochemical oxidation. 

 

6.2.4 Corrosion resistance of CIC-22 before and after functionalization (Using Protocol C [1.4 

V (50 s) – 1.0 V (10 s) - 18 min])  

     The CVs used in Protocol B [18 CVs (1.0 – 1.4 V) at 10 mV/s] (Figure 3.9) provided valuable 

information about the surface area changes and the extent of surface oxidation of CIC-22, CIC-

22-PhNO2, and CIC-22-PhNH2, showing that the magnitude of the currents that flow at > 1 V are 
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in the following sequence: CIC-22 < CIC-22-PhNO2 < CIC-22-PhNH2. Also, the surface area 

corrected CV results in Figure 6.8 (d) showed that the corrosion resistance of CIC-22 decreased 

after surface functionalization with either the -NH2 or -NO2 groups. However, Figure 6.9 (c) 

showed that the oxidation currents seen at > 1.0 V at CIC-22-PhNO2 are slightly higher than 

when the –PhNO2 groups were reduced first.  

     In the next experiments, the corrosion resistance of the -PhNH2 and -PhNO2 modified CIC-22 

supports was determined by using another corrosion protocol, denoted as Protocol C (Section 

3.3.5, Figure 3.10). This protocol consisted of 18 potential-step cycles with an upper potential of 

1.4 V (50 s) and a lower potential of 1.0 V (10 s) [1.4 V (50 s) – 1.0 V (10 s), 18 min], as shown 

in Figure 3.10 (Section 3.3.5). Similar to Protocol B [18 CVs (1.0 – 1.4 V) at 10 mV/s], a lower 

potential limit of 1.0 V was used in order to avoid any contribution to the charge from Faradaic 

reactions, as some Faradaic current (e.g., Reaction 6-3) was seen to flow at 0.8 - 1.0 V in the 

CVs of the -PhNH2 and -PhNO2 functionalized carbons in Figure 6.7. The upper potential limit 

was kept at 1.4 V, as it was found in the literature [39, 58, 126, 128] and shown in Chapter 5 that 

this is adequately aggressive, and yet there is no contribution from oxygen evolution at this 

potential. CVs (0.05 – 1.1 V, 10 mV/s) of the carbons, before and after the application of 

Corrosion Protocol C, were also collected. 

     Similar to what was done in Sections 4.2.5 [19] and 5.2.2.2, rigorous analysis was carried out 

of the charge passed in each cathodic (1.4 to 1.0 V) and anodic (1.0 to 1.4 V) step to fairly 

evaluate the effect of surface modification on the corrosion susceptibility of the CIC-22 carbons. 

Figure 6.10 shows the raw current-time responses to each anodic and cathodic potential step. 

Again, a large current spike is seen at the beginning of each anodic and cathodic potential step, 

followed by a significant decay over time, very similar to what was seen for other carbons using 
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Protocol A in Chapters 4 and 5. The anodic current reflects double layer charging and carbon 

corrosion (surface oxide and CO2 formation), while the cathodic current is attributed only to the 

double layer discharging process, as there are no Faradaic reactions occurring at 1.0 V (Figure 

6.7). Similar to what was done in Sections 4.2.5 [19] and 5.2.2.2, the total anodic and cathodic 

gravimetric charge was obtained from 18 positive (1.0 to 1.4 V) and negative (1.4 to 1.0 V) 

potential steps and then dividing by the carbon mass, as shown in Table 6-3.  

 

 

Figure 6.10 Raw current-time (i/t) data for CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2 during 

18 anodic (1.0 to 1.4 V) and cathodic (1.4 to 1.0 V) pulses (Protocol C, Section 3.3.5, Figure 

3.9), all in a deaerated 0.5 M H2SO4 solution.  

 

     The net corrosion charge (C/g) was again obtained by subtracting the cathodic gravimetric 

charge from the anodic gravimetric charge [19], as shown in Table 6-3 (4
th

 column), and was 

then corrected for the electrochemically active surface area . The results are shown in Table 6-3 

(last column) and Figure 6.11 for the three CICs under investigation here. Table 6-3 shows that 

the surface area-corrected corrosion gravimetric charge values are 1.25, 1.5, and 2.3 C/g for CIC-
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22, CIC-22-PhNO2, and CIC-22-PhNH2, respectively. 

     Figure 6.11 shows that the corrosion gravimetric charge (C/g) per real-time surface area for 

all of the carbons decreases when the number of cycles increases, as was also the case in the 

results shown in the earlier chapters. This is again likely due to a combination of passive oxide 

film formation (as these oxides cannot be reduced at 1.0 V) and product buildup in the carbon 

pores. Also, it is possible that the number of defect sites available for carbon oxidation decreases 

after a few potential steps, contributing to the lower carbon corrosion rate in the later cycles [19, 

53, 81]. 

Table 6-3 Total anodic and cathodic gravimetric charge passed during potential step (corrosion) 

experiments 

Carbon 
a
 

Anodic 

gravimetric 

charge 

(C/g)
b
 

Cathodic 

gravimetric 

charge 

(C/g)
b
 

Corrosion 

gravimetric charge 

[Q+(1.4 V) – Q-(1.0 V)] 

(C/g)
c
 

Corrosion gravimetric 

charge (C/g) per real-time 

surface area 
d
  

[Q+(1.4 V) – Q-(1.0 V)]/Q-(1.0 V) 

Cycles 1-18 

CIC-22 610 270 340 1.25 

CIC-22-PhNO2 680 245 435 1.8 

CIC-22-PhNH2 815 220 595 2.7 
a
 CIC-22 was functionalized with 4-nitrophenyl (-PhNO2) and 4-aminophenyl (-PhNH2) groups. 

The “22” in the sample names is the particle size (in nm) of the colloidal silica template used in 

the colloid-imprinted carbon (CIC) synthesis.  
b
 Anodic (Q+) and cathodic (Q-) gravimetric charge passed in 18 steps between 1.0 V and 1.4 V 

vs. RHE in 0.5 M H2SO4. 
c
 Carbon corrosion gravimetric charge (anodic gravimetric charge minus cathodic gravimetric 

charge) passed in 18 steps between 1.0 V and 1.4 V. 
d
 Carbon corrosion gravimetric charge (C/g) divided by cathodic gravimetric charge (C/g), with 

the latter assumed to be proportional to the real-time electrochemically active surface area, 

determined in each cathodic step [19].  

 

     Both Figure 6.11 and the corresponding values of the corrosion gravimetric charges (C/g) per 

real-time surface area in Table 6-3 suggest that the sequence of the corrosion resistance of the 

carbons remains as CIC-22 > CIC-22-PhNO2 > CIC-22-PhNH2, showing that the corrosion 
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resistance of CIC-22 decreased after surface functionalization with either -PhNO2 or -PhNH2. As 

mentioned in the CV section, the -PhNO2 groups are partially reduced to -PhNHOH or –PhNH2 

groups during the collection of the full CVs (0.05 to 1.1 V) prior to the application of Protocol C 

and thus the surface properties of the original CIC-22-PhNO2 have been changed. For instance, 

based on the wettability results (Figures 6.5 and 6.6), CIC-22-PhNO2 is more hydrophobic than 

the other two carbons and could be expected to show a better corrosion resistance (Figure 6.9 

(c)). However, after partial conversion of the -PhNO2 groups to –PhNHOH or –PhNH2, the 

carbon is likely more hydrophilic than before, which may lead to the its higher corrosion rate 

[175, 239]. 
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Figure 6.11 Ratio of carbon corrosion gravimetric charge [Q+(1.4 V) – Q-(1.0 V)] to the gravimetric 

charge passed in each cathodic step (1.4 to 1.0 V), assumed to be a measure of the real-time 

surface area, for CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2 in 0.5 M H2SO4. Based on these 

plots, the trend of the corrosion resistance of the carbons is CIC-22 > CIC-22-PhNO2 > CIC-22-

PhNH2. 

 

     The steady-state CVs of the carbons after Corrosion Protocol C [1.4 V (50 s) – 1.0 V (10 s), 

18 min] (Section 3.3.5, Figure 3.10) are shown in Figure 6.12 (b). The peaks at 0.6 V, attributed 
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to the –PhNHOH/-PhNO redox couple, are still present, although they are now a little smaller, 

while the shoulder peaks at 0.4 and 0.8 V are a little larger than before. Although the overall 

charge is smaller than before, this still demonstrates that these electroactive surface groups are 

not fully lost from the surface after multiple steps to 1.4 V (Figure 6.12 (a)).  

 

 

Figure 6.12 Steady-state CVs of CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2, all at 10 mV/s in 

0.5 M H2SO4 (a) before and (b) after exposure to corrosion Protocol C [1.4 V (50 s) – 1.0 V (10 

s), 18 min]. 

 

     In order to estimate the percentage loss of the –PhNO2 groups from the CIC-22-PhNO2 

surface, the gravimetric CV charge due to the oxidation/reduction of PhNHOH/PhNO was 

calculated from Figure 6.12 (b) using the same method explained in Section 6.2.2.2. It was found 

that the gravimetric charge (80 C/g) after corrosion is lower by 15% than before corrosion (95 

C/g from Figure 6.12).   

 

6.2.5 Effect of –PhNO2 and –PhNH2 surface groups on Pt nanoparticle size  

     It was shown in Sections 6.2.3 and 6.2.4 that neither the –PhNO2 nor the –PhNH2 groups are 

particularly good at protecting CIC-22 from electrochemical corrosion. However, for Pt-loaded 

carbons, it has been reported [167, 238] that nitrogen-containing functional groups can help to 
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decrease the size of Pt nanoparticles (NPs) and improve their distribution on carbon support 

surfaces, due to their strong interactions with Pt. This could lead to an enhanced oxygen 

reduction reaction (ORR) rate, which would increase the performance of PEM fuel cells.  

     In order to evaluate the effect of surface functionalization of CIC-22 on Pt NP sizes, CIC-22, 

CIC-22-PhNO2, and CIC-22-PhNH2 were loaded with 20 wt. % Pt through a wet impregnation 

method [17, 18, 50]. The XRD peak width of the Pt-loaded carbons in Figure 6.13 shows that the 

–PhNH2 group does play a role in controlling the Pt NP size. Using the Scherrer equation [17, 

18, 96], the average Pt NP size on the CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2 supports was 

found to be 3.6, 4.4, and 1.7 nm, respectively, as also shown in Table 6-4. This shows that the     

–PhNH2 group on the CIC-22 surface serves as a good anchoring site for the Pt salt during the 

initial nucleation process, which leads to the formation of smaller Pt NPs on the CIC-22-PhNH2 

surface. The –PhNO2 groups did not decrease the Pt NP size, likely because these groups are less 

polar than –PhNH2. However, the Pt NPs size (4.4 nm) on CIC-22-PhNO2 is still in the optimum 

range (2-6 nm) [20] for use in PEM fuel cell applications.   

 

Figure 6.13 XRD patterns of 20 wt. % Pt-loaded CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2. 

Using the Scherrer equation [17, 18, 96], the average Pt nanoparticle size was obtained. 
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Table 6-4 Pt nanoparticle size obtained from XRD and TEM analysis 

Carbon Pt NP size from XRD (nm) Pt NP size from TEM (nm) 

CIC-22 3.6 2.5 

CIC-22-PhNO2 4.4 2.7 

CIC-22-PhNH2 1.7 1.9 

 

     TEM imaging (Section 3.2.6) was performed of the Pt/CIC samples in order to verify these Pt 

particle sizes and to also obtain a better understanding of the CIC pore structure and Pt NP 

distribution. As seen in Figure 6.14, the Pt particles are uniformly distributed in the large pores 

(~ 20 nm) of the CICs and only a few agglomerates of Pt are observed on each of the Pt/CIC 

samples. These agglomerates (7-10 nm) would likely not have blocked the entrance of the carbon 

pores, as the pore size of the carbons is 20-25 nm (Table 6-1).  

     More than 50 Pt NPs were analyzed for each Pt/CIC sample and the average Pt particle sizes 

are seen to be 2.5, 2.7, and 1.9 nm for 20 wt. % Pt/CIC-22, 20 wt. % Pt/CIC-22-PhNO2, and 20 

wt. % CIC-22-PhNH2, respectively, as also shown in Table 6-4. The trend seen for the Pt NP size 

in TEM is the same as the trend seen in XRD, as shown in Table 6-4. The small differences in 

the Pt NP size obtained from the XRD and TEM data are normal and also seen in the literature 

[18, 113]. The effect of the smaller Pt particle sizes on the ORR and also on the corrosion 

resistance of these three carbons will be tested in future work.  
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Figure 6.14 TEM images of 20 wt. % Pt on (a) CIC-22, (b) CIC-22-PhNO2, and (c) CIC-22-

PhNH2 supports.   

 

6.3 Summary 

     The effect of surface functionalization of a mesoporous colloid-imprinted carbon (CIC-22, 22 

nm pore size) with various nitrogen-containing groups on its electrochemical corrosion 

resistance was studied in this chapter. The stability of these surface groups under PEM fuel cell 

operating conditions is very important, as has been reported in the literature [167] that nitrogen-

containing surface groups can serve as nucleation sites for Pt nanoparticle (NP) deposition. 
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These groups can improve the distribution of the Pt NPs on the carbon surface and lead to higher 

Pt NP utilization, which results in improved performance of the fuel cell. 

     The synthesized CIC-22 was functionalized with 4-nitrophenyl (-PhNO2), using a straightforward 

diazonium reduction reaction. The -PhNO2 was then reduced to aminophenyl (-PhNH2), using 

sodium sulfide. N2 sorption data showed that the pore diameter and the specific surface area (SBET 

(m
2
/g)) of the two functionalized CICs (CIC-22-PhNO2 and CIC-22-PhNH2) are both a bit 

smaller than CIC-22, confirming that the -PhNO2 and -PhNH2 groups were successfully attached 

to the inner surface of the CIC-22 pores. The x-ray diffraction (XRD) results demonstrated that 

surface functionalization of CIC-22 did not change the position or width of the graphite peak.  

     Thermogravimetric analysis (TGA) showed that the -PhNO2 and -PhNH2 groups were grafted 

covalently to the carbon surface, as most of the weight loss of the functionalized carbons 

occurred at temperatures above 250 °C, consistent with the literature. Using contact angle 

kinetics and water vapour sorption measurements, the hydrophilicity trend of the carbons was 

found to be CIC-22-PhNH2 > CIC-22 > CIC-22-PhNO2. Based on elemental analysis, the 

coverage of the -PhNO2 and –PhNH2 functional groups on CIC-22 was 7.9 and 7.5 μmol/m
2
, 

respectively, reflecting the presence of ca. one monolayer of these groups on the CIC-22 surface.  

     The corrosion resistance of the CIC-22-PhNO2, CIC-22-PhNH2, and CIC-22 materials was 

investigated using Protocol B [18 CVs (1.0 – 1.4 V) at 10 mV/s] (Figure 3.9) and Protocol C [1.4 

V (50 s) – 1.0 V (10 s), 18 min] (Figure 3.10). The area-corrected results showed the following 

trend for the corrosion resistance: CIC-22 > CIC-22-NO2 > CIC-22-NH2, showing little advantage 

of these surface groups in minimizing carbon oxidation. It was suggested that the partial conversion 

of the -PhNO2 groups –PhNHOH and/or –PhNH2 during CV scanning (0.05 – 1.1 V) likely 

increases the hydrophilicity of the CIC-22-PhNO2 and thus decreases its corrosion resistance. 
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However, it was found in this work that the –PhNO2 and –PhNH2 groups survived both protocols 

after exposure to high anodic potentials, at least for relatively short times. 

     Using XRD, the Pt NP size on the 20 wt. % Pt-loaded CIC-22, CIC-22-PhNO2, and CIC-22-

PhNH2 powders was found to be 3.6, 4.4, and 1.7 nm, respectively, confirmed also from 

transmission electron microscopy (TEM) analysis. This shows that the Pt NP size is notably 

smaller on Pt/CIC-22-PhNH2 than on the other CICs. In future work, the corrosion resistance of 

the Pt-loaded CICs will be evaluated in order to better understand the effect of surface 

functionalization on the stability of the Pt/carbon samples under PEM fuel cell operating 

conditions.    
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Chapter Seven: Improving the Corrosion Resistance of Carbon Supports by 

Pentafluorophenyl (-PhF5) Surface Functionalization 

7.1 Introduction   

     As discussed in Section 2.7, to mitigate the degradation of the Pt/carbon catalyst layer in PEM 

fuel cells, two approaches have been presented in the literature, system mitigation strategies 

(Section 2.7.1) and material improvements (Section 2.7.2) [31, 43, 58, 63, 64, 87, 89, 92, 110, 

139, 141, 144, 145, 205, 260]. In the first approach, the system conditions are modified in order 

to prevent the application of high potentials to the cathode [43, 58, 63, 64, 139, 140], while in the 

second approach, more stable catalysts and/or catalyst supports are sought to resist the relatively 

harsh operating conditions of PEM fuel cell cathodes [31, 87, 89, 92, 110, 141, 144, 145, 205, 

260]. 

     As discussed in Chapters 2 and 5, many studies [29, 31, 89-91, 98, 144, 197] have focused on 

the use of highly graphitized carbons (e.g., carbon nanotubes, carbon nanofibers, etc.) as catalyst 

supports in PEM fuel cells, since they have fewer active/edge sites on their surfaces to initiate 

carbon corrosion. Also, in order to improve the corrosion resistance of carbon blacks, commonly 

used in PEM fuel cell technology, these carbons have been heat-treated at very high temperatures 

(e.g., 2000 °C) in an inert atmosphere [22, 31, 144, 146, 199]. The heat-treatment leads to an 

increased degree of graphitization and thus enhances the corrosion resistance of these carbons 

[22, 31, 144, 146, 199]. Consistent with this, Chapter 5 showed that heat-treatment of Vulcan 

carbon (VC) and the colloid-imprinted carbons (CICs) at 1500 °C under N2 for 2 h improves 

their corrosion resistance by ca. 40-60% (Section 5.2.2.2).  



 

145 

     As mentioned in Section 2.7.3, surface modification of carbon materials with specific 

functional groups can also help to increase the corrosion resistance of carbon support materials, 

as well as to improve Pt catalyst stability and activity in PEM fuel cell applications [16, 85]. 

Consistent with this, in Chapter 6 it was shown that by using the diazonium reduction reaction, 

the surface of an in-house prepared CIC powder with a pore size of 22 nm (CIC-22) was 

successfully functionalized with nitrophenyl (-PhNO2) or aminophenyl (-PhNH2) groups. 

However, these N-based surface groups did not help to protect the CIC-22 surface from 

corrosion. Although Chapter 6 did show that the presence of the –PhNH2 groups on the CIC-22 

surface led to the formation of smaller Pt NPs (1.7 vs. 3.6 nm on bare CIC-22), other surface 

groups should be used if the primary goal is to improve the carbon corrosion resistance.  

     Based on the literature, surface modification of carbon materials with more hydrophobic 

functional groups (e.g., fluorine-containing moieties) could improve the corrosion resistance of 

the carbon support (Reaction 2-4) [148-150, 152-154]. Using diazonium reduction reactions, 

various fluorine-containing moieties (e.g., 4-trifluoromethylphenyl, 4-trifluoromethoxyphenyl, 4-

fluorophenyl, etc. [150, 152, 154, 159, 166]) have been successfully attached onto carbon 

surfaces. Interestingly, there are only a few prior studies that have used surface modification with 

fluorine-containing functional groups to decrease carbon corrosion in PEM fuel cell applications 

[148, 150, 151].  

     Here, the effect of surface functionalization of the CIC-22 powder (as a typical CIC), as well as 

Vulcan carbon (VC, which served as the benchmark),with hydrophobic fluorine-containing groups 

on their corrosion resistance was investigated. The synthesized CIC-22 (Section 3.1.2) and as-

received VC were functionalized with a 2,3,4,5,6-pentafluorophenyl (-PhF5) group using a 

straightforward diazonium reduction reaction (Section 3.1.5.2). Our previous work showed that both 
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of the VC and CIC-22 supports became hydrophobic after -PhF5 surface functionalization, due to the 

high electronegativity and low polarizability of fluorine [37]. Thus, a higher corrosion resistance 

for the PhF5-functionalized carbons was expected. The porous structure and oxygen/fluorine 

content of CIC-22 and VC, both before and after surface functionalization with the –PhF5 group, 

was also studied in detail in our previous work [37], showing a ca. 90% surface coverage [35].  

     Using X-ray diffraction (XRD, Section 3.2.2), it is shown here that surface functionalization 

does not change the degree of crystallinity of the carbons, very similar to what was seen for the   

-PhNO2/-PhNH2 surface functionalized CIC-22 in Chapter 6. Thermogravimetric analysis (TGA, 

Section 3.2.3) confirmed that the –PhF5 surface groups are covalently attached to the surface of 

the carbons, similar to the -PhNO2/-PhNH2 modified CIC-22 in Chapter 6, as the main carbon 

weight loss in the functionalized carbons occurs at temperatures > 250 °C [161, 163].  

     In terms of the corrosion resistance, a rigorous analysis of the current-time data, with continuous 

correction for the active surface area, was used to reliably evaluate the effect of surface 

functionalization on the corrosion resistance of the carbons. It is shown that the -PhF5 surface 

groups improve the corrosion resistance by ca. 50%, likely due to surface passivation and 

increased surface hydrophobicity [37]. The sequence of corrosion resistance (after correction for 

real surface area) of the carbons was found to be VC-PhF5 > CIC-22-PhF5 > VC > CIC-22, 

revealing the beneficial effect of the –PhF5 groups in protecting the carbon surface from 

electrochemical oxidation. 

     The effect of the –PhF5 groups on the CIC-22 and VC surfaces on Pt nanoparticle (NP) size is also 

demonstrated. Using XRD and transmission electron microscopy (TEM), it is shown that the Pt NP 

size increases slightly in the presence of the –PhF5 surface groups. The TEM images also show that 

the Pt NPs are well-dispersed on both the functionalized and non-functionalized carbon surfaces. 
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7.2 Results and discussion 

7.2.1 Crystallinity of carbons before and after surface functionalization with –PhF5 

     Figure 7.1 shows the wide angle X-ray diffraction (XRD) pattern of as-received Vulcan 

carbon (VC) and the as-synthesized (Section 3.1.2) colloid imprinted carbon (CIC-22), before 

and after surface functionalization with the –PhF5 groups (Section 3.1.5.2). Using Bragg’s law 

and the Scherrer equation [22] for the graphite (002) peak at 2θ = 25 °, the corresponding 

interlayer spacing (d002) and the crystalline dimension in the c-axial direction (Lc) were obtained 

for each carbon, as shown in Figure 7.1.  

     Surface functionalization of the carbons did not change the position or width of the graphite 

peak, and the d002 and Lc values are almost the same for the carbons before and after surface 

modification (VC vs. VC-PhF5 and CIC-22 vs. CIC-22-PhF5). This indicates that the 

modification occurred only on the surface of the carbons and that it did not change the 

underlying structure of the carbons, as was also shown for the –PhNO2 and –PhNH2 surface 

groups in Chapter 6 (Section 6.2.1.2). The similarity in the XRD patterns of the carbons, before 

and after surface functionalization, is consistent with the literature [162, 164, 261-266], as the 

diazonium reduction reaction conditions are mild and straightforward. 

     Although carbons with a higher degree of crystallinity, i.e., lower d002 and larger Lc values, 

are expected to be more corrosion resistant [20-23], the degree of exposure of planar graphene 

sheets vs. edge sites to the acidic environment may significantly affect the corrosion rate 

(Section 5.2.2.2), since carbon oxidation is known to initiate at edge sites [31, 98]. As explained 

in Section 5.2.1 (Figure 5.2), the graphene sheet edges are likely exposed to air in the as-

synthesized CIC-22 pore walls, while the VC surface is known to be composed primarily of 

planar graphene sheets [56, 93, 94, 217]. Also, as mentioned in Chapter 5, as-received VC was 



 

148 

carbonized at high temperatures (ca. 1400 °C) during its original preparation [89, 186-188], 

while the CIC-22 was exposed only to 900 °C heating conditions (Section 3.1.2). Thus, VC is 

expected to be less reactive, overall, vs. CIC-22. 

 

Figure 7.1 XRD patterns of as-received Vulcan carbon (VC) and as-synthesized colloid 

imprinted carbon (CIC-22), before and after surface functionalization, where “22” indicates the 

particle size (in nm) of the colloidal silica used for CIC synthesis and hence the CIC pore size. 

Using Bragg’s law and the Scherrer equation [22], the interlayer spacing (d002) and the 

crystalline dimension in the c-axial direction (Lc) are given for each carbon at 2θ = 25 °. The 

lines beneath the XRD patterns show the baseline. 

 

7.2.2 Thermal stability of carbons before and after surface functionalization with –PhF5 

     Figure 7.2 illustrates the thermogravimetric analysis (TGA) profiles of Vulcan carbon (VC) 

and the colloid imprinted carbon with ca. 22 nm pores (CIC-22), as well as the corresponding 

surface functionalized carbons (VC-PhF5 and CIC-22-PhF5), in air from 30 to 800 °C. Similar to 

Chapter 6 (Section 6.2.1.3), these experiments were carried out to confirm that the –PhF5 groups 

are covalently attached to the carbon surface. Figure 7.2 (b) shows the derivative of the profiles 

in Figure 7.2 (a) (differential thermogravimetry, or DTG). Each DTG and TGA profile shows a 

stable region with little carbon weight loss at low temperatures (< 150 °C), followed by a marked 
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loss in carbon weight, with the carbons being fully oxidized at higher temperatures (450 – 750 

°C). 

 

Figure 7.2 (a) Thermogravimetric and (b,c) differential thermogravimetric (DTG) profiles of the 

carbons in air at a heating rate of 2 °C/min. Figure 7.2 (c) is similar to Figure 7.2 (b), but with an 

expanded y-axis.  

 

     The temperature at which the majority of the weight loss of the carbons is seen, due to their 

oxidation in air, is seen to be in the following sequence: VC (720 °C) > VC-PhF5 (665 °C) > 

CIC-22 (630 °C) > CIC-22-PhF5 (575 °C). As also mentioned in Section 6.2.1.3, based on the 

literature [161, 163], if most of the carbon weight loss from the functionalized samples occurs at 

temperatures > ~ 250 °C, the aryl groups are expected to be covalently grafted to the carbon 

surface. Thus, the results in Figure 7.2 confirms the covalent attachment of the –PhF5 surface 

functional groups to the VC and CIC-22 surfaces. It is also seen that the functionalized carbons, 
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VC-PhF5 and CIC-22-PhF5, are less thermally stable than the corresponding non-functionalized 

carbons (VC and CIC-22), consistent with the results obtained for other surface modified carbons 

(e.g., VC-NH2 and VC-NO2) in the literature [161, 163] and our PhNO2/PhNH2-functionalized 

CIC-22 in Section 6.2.1.3.  

     To obtain more detailed information, the y-axis of the DTG profiles in Figure 7.2 (b) was 

expanded, with the profiles presented in Figure 7.2 (c). It can be seen that the onset of the burn-

off temperature (at > 400 °C) for both of the non-functionalized carbons (VC and CIC-22) is 

significantly higher than those (at > 150 °C) for the functionalized carbons (VC-PhF5 and CIC-

22-PhF5), suggesting that the -PhF5 surface groups are partially decomposed at low temperatures 

[161, 267]. The departure of these functional groups may lead to the introduction of local defects 

on the carbon surface, which can then locally facilitate carbon oxidation [161, 267].  

     It is also possible that some reactive F2 and/or HF gases are generated during the 

decomposition of the –PhF5 groups, which can attack the carbon surfaces. Both of these options 

could result in the generation of more active sites and thus a lower temperature would be seen for 

the thermal oxidation (Figure 7.2) of the functionalized (VC-PhF5 and CIC-22-PhF5) vs. non-

functionalized carbons (VC and CIC-22). Also, it should be mentioned that the thermal stability 

of the -PhNO2/-PhNH2 functionalized CIC-22 (Section 6.2.1.3) and VC [161, 163] is higher than 

that of -PhF5 functionalized CIC-22, likely because the gases (e.g., N2) generated during the 

partial oxidation of the nitrogen-containing groups at high temperatures would not be as 

aggressive as F2/HF in attacking the CIC-22 surface.  

     However, as discussed in Section 5.2.2.3, the trend seen in the thermal stability of the carbons 

(Section 5.2.1) cannot be used as a criterion for the prediction of the electrochemical stability of 

the carbons in aqueous acidic solutions (Section 2.4.2.1). In fact, water plays a critical role in the 
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electrochemical oxidation of carbon and thus a more hydrophobic carbon is likely less prone to 

electrochemical oxidation, while there should be no effect of surface wettability on the thermal 

oxidation of carbons.  

     The results in Figure 7.2 suggest that VC is more thermally stable than CIC-22 in both the 

functionalized and non-functionalized forms. This is reasonable as the as-received VC was 

already carbonized at high temperatures (ca. 1400 °C vs. 900 °C for CIC-22) during its original 

preparation [89, 186-188]. Also, both VC (O wt. % = 0.7) and VC-PhF5 (O wt. % = 2.1) have a 

lower oxygen content than CIC-22 (O wt. % = 4.1) and CIC-22-PhF5 (O wt. % = 3.7) [37], due 

to the removal of the oxygen-containing functional groups from VC at high temperatures. 

Considering that the presence of oxygen-containing groups on a carbon surface will facilitate its 

thermal oxidation, VC should then have a higher thermal stability in both the functionalized and 

non-functionalized forms than CIC-22 and CIC-22-PhF5, as is observed.  

     As discussed above, the CIC-22 and CIC-22-PhF5 surfaces are composed mainly of graphene 

sheet edges [37, 220-222], while planar graphene sheets dominate the VC surface [56, 93, 94]. 

Thus, the CICs should have a larger number of active sites for the initiation of carbon oxidation 

at lower temperatures than VC. Also, the surface area of CIC-22 (SBET = 400 m
2
/g) and CIC-22-

PhF5 (SBET = 390 m
2
/g) is much higher than VC (SBET = 220 m

2
/g) and VC-PhF5 (SBET = 160 

m
2
/g) [37], so this should also give a higher number of edge sites on their surfaces that can 

initiate carbon oxidation [56]. However, there is no reliable method to correct the TGA results 

for the real surface area during thermal oxidation to confirm this hypothesis.  

7.2.3 Corrosion resistance (estimated from charge passed at 1.4 V) of –PhF5 functionalized 

and non-functionalized carbons 

     To examine the corrosion resistance of as-received VC and as-synthesized CIC-22 (Section 
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3.1.2), before and after -PhF5 surface functionalization (Section 3.1.5.2), the samples, loaded on 

glassy carbon (Section 3.3.1.1), were subjected to Corrosion Protocol A [1.4 V (50 s) - 0.8 V (10 

s), 18 min] (Section 3.3.5, Figure 3.8), similar to what was done in Chapters 4 and 5, but 

different from Protocols B (Figure 3.9) and C (Figure 3.10), used in Chapter 6. Similar to the 

work described in Chapters 4-6, rigorous data analysis was done on the charge passed in each 

cathodic (e.g., 0.8 to 1.4 V) and anodic (e.g., 0.8 to 1.4 V) potential step to fairly evaluate the 

effect of carbon surface modification on its oxidation resistance in acid. Although cyclic 

voltammetry (CV) also provides valuable information about electrochemical accessible surface 

area and the extent of surface oxidation through double layer and pseudo-capacitive charge 

analysis (Section 7.2.4), respectively, it cannot always fairly differentiate the corrosion resistance 

of carbons [19].   

     As shown in the previous chapters, the electrochemically accessible surface area of the 

carbons is affected by many factors, such as wettability, percentage of micropores, functional 

group density, etc., with all of these factors changing significantly during carbon oxidation. CV 

only provides information on the initial (before corrosion) and final (after corrosion) states of 

carbon, but it does not give any information about the real-time extent of oxidation of carbon 

during the corrosion process. In contrast, current-time data analysis gives information on both 

the total oxidation charge and the accessible surface area during the corrosion process, leading to 

a more reliable corrosion resistance comparison. 

     Figure 7.3 shows the raw current-time responses of the four carbons to each anodic and 

cathodic potential step, demonstrating a large current spike at the beginning of each step and then 

a significant decay over time. Using mass spectrometry, it was shown in Chapter 5 (Section 

5.2.2.1) that there is no measurable oxygen produced during the corrosion protocol (1.4 V vs. 
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RHE) for the VC and CIC-22 carbons, also consistent with the literature [39, 58, 126, 128]. 

Thus, the anodic current in Figure 7.3 is again assumed to represent only double layer charging 

(non-Faradaic process) and carbon corrosion (Faradaic process), including the generation of 

surface oxide groups and/or CO2 evolution [19]. Similar to what was concluded in Chapters 4 

and 5, the cathodic current is assumed to be due to the double layer discharging process only, as 

no Faradaic reaction should occur in the cathodic step from 1.4 to 0.8 V [19]. 

 

Figure 7.3 Current-time (i/t) data for both functionalized and non-functionalized carbons in 18 

anodic (0.8 to 1.4 V) and cathodic (1.4 to 0.8 V) pulses (Protocol A [1.4 V (50 s) – 0.8 V (10 s), 

18 min]), all in deaerated 0.5 M H2SO4 solution.  

 

     As seen in Figure 7.3, the anodic currents passed at the non-functionalized carbons are higher 

than seen at the corresponding functionalized carbons. To further understand these results, 

similar to what was done in Chapters 4 and 5, the anodic and cathodic gravimetric charges were 

obtained from the charge passed over 18 positive (0.8 to 1.4 V) and negative (1.4 to 0.8 V) 

potential steps and then divided by the carbon mass, as shown in Table 7-1. The anodic 

gravimetric charges in Table 7-1 (2
nd

 column) suggest that the corrosion resistance of VC and 

VC-PhF5 is significantly higher than in that of CIC-22 and CIC-PhF5. However, these results 
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have not been corrected for the significant differences in their BET-determined surface area 

(SBET of VC, VC-PhF5, CIC-22, and CIC-22-PhF5 is 220, 160, 400, and 390 m
2
/g, respectively, 

as reported in [37]).  

Table 7-1 Anodic and cathodic gravimetric charge passed during potential step (corrosion) 

experiment 

Carbon
a
 

Anodic 

gravimetric 

charge 

Q+(1.4 V) 

(C/g)
 b

 

Cathodic 

gravimetric 

charge  

Q-(0.8 V) 

(C/g)
 b

 

Corrosion 

gravimetric charge 

[Q+(1.4 V) – Q-(0.8 V)] 

(C/g)
 c
 

Corrosion gravimetric 

charge per real-time surface 

area 
d
 

([Q+(1.4 V) – Q-(0.8 V)]/ Q-(0.8V)) 

Cycles 1-18 
% Protection 

by PhF5
e
 

VC 490 315 175 0.56  

VC-PhF5 160 125 35 0.28 50 

CIC-22 1150 675 475 0.70  

CIC-22-PhF5 620 465 155 0.33 53 
a
 Carbon samples were surface-functionalized with pentafluorophenyl (-PhF5) groups through 

diazonium reduction reaction (Section 3.1.5.2). The number in the sample names reflect the 

size (nm) of the colloidal silica hard template used in the colloid-imprinted carbon (CIC) 

synthesis. 
b
 Anodic (Q+) and cathodic (Q-) gravimetric charge passed in 18 steps between 0.8 V and 1.4 V 

vs. RHE in 0.5 M H2SO4. 
c
 Carbon corrosion gravimetric charge (anodic gravimetric charge minus cathodic gravimetric 

charge) passed in 18 steps between 0.8 V and 1.4 V. 
d
 Carbon corrosion gravimetric charge (C/g) divided by cathodic gravimetric charge (1.4 to 0.8 

V), where the cathodic gravimetric charge (C/g) was assumed to be proportional to the real-

time electrochemically active surface area, determined from the charge passed in each cathodic 

step [19].  
e
 %Protection by surface functionalization process, obtained by calculating the difference 

between [Q+(1.4 V) – Q-(0.8 V)]/ Q-(0.8V) values for before and after functionalization and then 

dividing by the [Q+(1.4 V) – Q-(0.8 V)]/ Q
-
(0.8V) value for before functionalization multiply by 100. 

 

     The net corrosion charge (corrosion gravimetric charge) was thus obtained by subtracting the 

cathodic gravimetric charge from the anodic gravimetric charge (C/g) [19], as shown in Table 

7-1 (4
th

 column). Assuming that the corrosion gravimetric charge is due only to CO2 gas 

formation (Reaction 2-4), the % of the total carbon mass loss for VC, VC-PhF5, CIC-22, and 

CIC-22-PhF5 would be 0.5, 0.1, 1.5, and 0.5%, respectively. This may suggest that 
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functionalized carbons are less corroded than non-functionalized carbons. However, surface 

area-correction must also be done in order to obtain a fair comparison of the corrosion resistance 

of the carbons by dividing the corrosion gravimetric charge values by the cathodic (capacitive) 

charge in each anodic potential step [19]. These results are shown in Table 7-1 (5
th

 column) and 

in Figure 7.4 for the functionalized and non-functionalized carbons. Table 7-1 shows that the 

corrosion gravimetric charge ratios are 0.56, 0.28, 0.70, and 0.33 for VC, VC-PhF5, CIC-22, and 

CIC-22-PhF5, respectively, reflecting the area-corrected corrosion rate. These data suggest that 

the attachment of the –PhF5 groups may be beneficial in decreasing the corrosion rate of both VC 

and CIC-22. 
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Figure 7.4 Ratio of carbon corrosion gravimetric charge [Q+(1.4 V) – Q-(0.8 V)] to the gravimetric 

charge passed in the cathodic step (1.4 to 0.8 V), assumed to be a measure of the real surface 

area, for VC, VC-PhF5, CIC-22, and CIC-22-PhF5 in 0.5 M H2SO4. Based on these plots, the 

trend of the corrosion resistance of carbons is VC-PhF5 > CIC-22-PhF5 > VC > CIC-22. 

 

     Also, similar to the earlier chapters, Figure 7.4 shows that the corrosion gravimetric charge 

(C/g), corrected for the real-time surface area, is the highest in the first few potential steps and 
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then diminishes significantly in the later steps for all of the carbons under study here. This may 

reflect the formation of some passive oxide on the unprotected carbon surface, which will then 

diminish the rate of carbon corrosion, similar to what was explained in previous chapters (e.g., 

Figure 4.4 (c)), as well as the accumulation of corrosion products (e.g., H
+
, CO2) in the carbon 

pores [19]. Also, after the first few 0.8 to 1.4 V steps, fewer surface defect sites are likely 

available for oxidation in later steps.  

     The values of the corrosion gravimetric charge (C/g) per real surface area (double-layer 

charge) in Table 7-1 suggest that the sequence of corrosion resistance of the carbons is VC-PhF5 

> CIC-22-PhF5 > VC > CIC-22, with ca. 50% protection provided by the -PhF5 surface groups. 

A set of schematics of the microstructure of the non-functionalized and functionalized carbons, 

before and after corrosion, is presented in Figure 7.5. As seen in Figure 7.5 (a), the surface of the 

non-functionalized carbons typically contains oxygen-containing groups (e.g., -OH, COOH, 

etc.), which make the surface hydrophilic [37].  

     However, after functionalization, the surface of the carbons (excluding surface area of 

micropores) is likely covered mainly with the hydrophobic –PhF5 groups, as shown in Figure 7.5 

(c). In fact, using a similar coverage calculation as was carried out in Chapter 6 (Section 6.2.1.4), 

it was found that the surface coverage of the –PhF5 groups on the functionalized carbons is ca. 

90% [35]. It is also assumed that the –PhF5 groups cannot penetrate the carbon micropores 

during the functionalization process (Section 3.1.5.2) but could be located at the micropore 

entrances, similar to what was assumed in Chapter 6 for the –PhNO2 and –PhNH2 surface groups 

(Section 6.2.1.4). Thus, some of the micropores may not be wetted by the sulfuric acid solution 

during the electrochemical studies, as their entrances are blocked by the hydrophobic -PhF5 

group, as depicted in Figure 7.5 (c) (in the micropore on the right). Even so, the surface carbon 
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atoms that are protected by the –PhF5 groups would be less susceptible to electrochemical 

oxidation (Reaction 2-4).    

     According to the literature [22, 73, 126, 127, 131, 132, 181, 182], when the carbon surface is 

exposed to high anodic potentials (e.g., 1.4 V), its surface is corroded, meaning that a large 

amount of new oxygen-containing surface groups are formed on the surface, as shown in both 

Figures 7.5 (b) and (d). Also, the carbon surface can be further oxidized to CO2 gas, based on 

what was seen in the mass spectrometry results in Chapter 5 (Figure 5.3), which then generates 

new meso- and micropores on the carbon surface [22, 127, 131] and also widens them (Figure 

7.5 (b) and (d)). However, the rate of carbon corrosion is slower on the –PhF5 functionalized 

carbon when compared to the non-functionalized carbons, likely as the more susceptible sites are 

now covered with the -PhF5 groups. 

     Referring back to the results shown in Table 7-1 and Figure 7.4, the significant improvement 

in the corrosion resistance of the carbons after surface functionalization with the –PhF5 groups 

may be due to the passivation of the edge sites or to the loss of the oxidizeable surface sites 

during the functionalization process, since carbon corrosion typically initiates in these regions 

(Figure 7.5). Also, the enhanced resistance of VC-PhF5 and CIC-22-PhF5 to electro-oxidation 

may be partly due to the enhanced hydrophobicity of the carbons (Figure 7.5 and [37]), as it is 

likely difficult for water to attack and break the C-F and C-PhF5 bonds during the corrosion 

experiment. 
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Figure 7.5 Cartoon showing surface changes for the non-functionalized and –PhF5 surface 

functionalized carbons (e.g., VC and CIC-22), before (a,c) and after (b,d) the corrosion 

experiment (Protocol A, Figure 3.8). 
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     These area-corrected results (5
th

 column in Table 7-1 and Figure 7.4) also show that VC is 

more corrosion resistant than CIC-22 in either the functionalized or non-functionalized forms. As 

discussed earlier in Sections 7.2.1 and 5.2.1 (Figure 5.2), the CIC-22 pore walls are composed 

mainly of graphene sheet edges [37, 220-222], while the VC surface is likely composed of planar 

graphene sheets [56, 93, 94, 217]. Thus, CIC-22 has more active surface sites for the initiation of 

carbon oxidation. Also, as-received VC was carbonized at high temperatures (ca. 1400 °C) 

during its original preparation [89, 186-188] and thus already has a lower oxygen content in both 

the functionalized and non-functionalized states than do CIC-22 and CIC-22-PhF5 (carbonized at 

only 900 °C). 

 

7.2.4 Effect of -PhF5 surface functionalization of carbons on CV data 

     Figure 7.6 (a) illustrates the steady-state CVs of the surface-functionalized carbons (VC-PhF5 

and CIC-22-PhF5), as well as the non-functionalized VC and CIC-22 as the reference states, 

before the corrosion experiments, all at 10 mV/s in deaerated 0.5 M H2SO4. Since the upper limit 

in the CV study was kept at ≤ 1.1 V vs. RHE, there should be no measurable corrosion of the 

carbon surfaces during the CV experiments [39, 83, 114]. Figure 7.6 (b) shows the CVs of VC 

and CIC-22, before and after surface functionalization, after a typical corrosion experiment 

(Protocol A, Figure 3.8), showing notably larger currents. 
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Figure 7.6 Cyclic voltammograms (10 mV/s) of VC, VC-PhF5, CIC-22, and CIC-22-PhF5 (a) 

before and (b) after the corrosion experiments, all in N2-saturated 0.5 M H2SO4. The shaded area 

in the CV of CIC-22-PhF5 shows the pseudo-capacitive charge (between 0.25 and 0.85 V).   

 

     As also mentioned in the previous chapters (e.g., Section 4.2.3), the CV of carbon (before or 

after corrosion) typically shows both the non-Faradaic double layer charge/discharge currents 

and Faradaic pseudo-capacitive currents (redox peaks centered at ~ 0.55 V, shown in the shaded 

area in the CV of CIC-22-PhF5 in Figure 7.6 (a)) [56, 73, 104, 126, 131]. These redox peaks are 

typically ascribed to the one-electron redox reaction of the quinone/hydroquinone (Q/HQ, 

Reaction 3-1) groups attached to the carbon surface (Figure 7.5) [56, 104, 126, 131].  

     As discussed in Sections 4.2.3 and 4.2.4, the size of the pseudo-capacitive peaks is correlated 

with the number of electroactive oxygen-containing groups (e.g., Q/HQ) on the carbon surface, 

while the magnitude of the double layer capacitive current is directly proportional to the 

electrochemically accessible carbon surface area [22, 127, 131]. It should be mentioned that a 

slow sweep rate of 10 mV/s was used here [104, 131], as the electrolyte ions can then access the 

smaller and deeper pores. Thus, the CV charges are a good reflection of the true carbon surface 

area and the surface density of the oxygen-containing functional groups. 



 

161 

     Some rapid qualitative information can be gained from the CVs in Figures 7.6 (a) and (b). For 

instance, as seen clearly in Figure 7.6 (a), the double layer capacitive currents decrease after 

functionalization for both VC and CIC-22, likely due to the changes in their wettability ([37] and 

Figure 7.5), surface area [37], specific capacitance, etc. Also, Figure 7.6 (b) shows larger CV 

currents after corrosion vs. before for all of the carbons. The literature suggests that an increase 

in both the double layer and pseudo-capacitive currents (and charges) is correlated with the 

extent of carbon corrosion [22, 73, 126, 127, 131, 132, 181, 182], although the exact relationship 

is not clear. An increase in the double layer charge is attributed primarily to the formation of new 

meso- and micropores at high anodic potentials (Figure 7.5), with its value being directly 

proportional to the active carbon surface area [22, 127, 131]. The increase in the pseudo-

capacitive CV charge has been attributed to a higher surface area compounded by the formation 

of more oxygen-containing surface groups per unit area (Figure 7.5) [73, 126, 127, 131, 132, 

181, 182].  

     In order to obtain more quantitative information from the CVs in Figures 7.6 (a) and (b), the 

double layer and pseudo-capacitive charges of the carbons, before and after corrosion, are shown 

in Table 7-2. Also, the initial (before corrosion) specific capacitance (F/m
2
) of the carbons is 

shown for all of the carbons (Table 7-2). The CV-determined specific capacitance (CS,i, F/m
2
) of 

the carbons, before and after surface functionalization, was obtained (Section 3.3.4.1) by 

dividing the total (double layer plus pseudo-capacitive charge) gravimetric charge (C/g) of the 

carbons by 1.05 V (the potential range used in the CV experiments shown in Figure 7.6 (a)) and 

then by the real surface area (SBET (m
2
/g) in [37]). The specific capacitance is often used in the 

literature, as it helps to compare the results of different studies because different potential ranges 

are used in the CVs and thus the CV charges would differ from one study to another [104].  
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     Generally, it should be noted that the carbon pore size, the surface area of the pores, the 

surface density of the functional groups, and the carbon wettability all have a significant effect 

on the specific capacitance values [104]. In the present work, the specific capacitance of VC 

(0.10 F/m
2
) and CIC-22 (0.16 F/m

2
) decreased by 30% and 20%, respectively, after surface 

functionalization (VC-PhF5 (0.08 F/m
2
) and CIC-22-PhF5 (0.14 F/m

2
)). Since both VC and CIC-

22 are intrinsically more hydrophilic [37] than the -PhF5 surface functionalized forms, solution 

accessibility to the carbon pores should be facilitated, giving a higher specific capacitance 

compared to the functionalized carbons.  

Table 7-2 Double layer and pseudo-capacitive gravimetric charge (C/g) of non-functionalized 

and functionalized carbons, before and after corrosion 

Carbon 
QDL,i 

(C/g)
a
 

QDL,f 

(C/g)
a
 

% Increase in QDL 

after area correction
 b
 

((QDL,f –QDL,i)/QDL,i)×100  

% 

Protection 

by PhF5
c
 

 

Qpseudo, i 

(C/g)
d
 

Qpseudo,f 

(C/g)
d
 

Increase in Qpseudo 

after area 

correction 
e 

(QPseudo,f/QDL,f) – 

(QPseudo,i/QDL,i) 

VC 22 31 41  0.15 1.1 0.03 

VC-PhF5 11 13 18 56 1.2 1.8 0.03 

CIC-22 59 80 36  6.0 16 0.10 

CIC-22-PhF5 50 59 18 50 5.6 11 0.07 
a
 Initial (QDL,i) and final (QDL,f) double layer gravimetric charge (C/g) obtained by subtracting the 

pseudo-capacitive gravimetric charge (shaded area in Figure 7.6 (a)) from the total CV charge. 
b
 Surface area correction for the double layer gravimetric charge (QDL) was done by normalizing both 

the QDL,i and QDL,f values to QDL,i (QDL,i/QDL,i and QDL,f/QDL,i, respectively), and the increase in the 

area-corrected QDL after corrosion was then calculated by subtraction of (QDL,i/QDL,i) from 

(QDL,f/QDL,i) and multiplying by 100.  
c
 %Protection by surface functionalization process, obtained by calculating the difference 

between ((QDL,f –QDL,i)/QDL,i)×100 values, before and after functionalization, and then dividing by 

the ((QDL,f –QDL,i)/QDL,i)×100 value before functionalization multiply by 100. 
d
 Initial (QPseudo,i) and final (QPseudo,f) anodic pseudo-capacitive gravimetric charge, obtained over the 

potential range of  0.25-0.85 V vs. RHE.  
e
 Surface area correction for both initial and final pseudo-capacitive gravimetric charge was done by 

normalizing their values to the corresponded double layer gravimetric charge (QPseudo,i/QDL,i and 

QPseudo,f/QDL,f, respectively) and the increase in the area-corrected QPseudo was then obtained by 

subtraction of (QPseudo,i/QDL,i) from (QPseudo,f/QDL,f). 
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     Pognon et al. [244] functionalized the surface of a high surface area carbon black with 

anthraquinone (AQ) groups using diazonium chemistry. They found that the percent increase in 

the double layer specific capacitance of the carbon black was 24 and 87% when the AQ group 

loading was 3.2 and 14 wt. %, respectively. This is because the real surface area (SBET (m
2
/g) of 

the carbon black changed significantly after functionalization. In fact, they proposed that, at a 

lower coverage of AQ, only the ultramicropores (< 0.8 nm) are blocked, while at a higher 

coverage, the micropores and some mesopores are blocked as well. This was proposed to 

substantially lower the electrolyte-accessible surface area of the carbon and thus the specific 

double layer capacitance of the carbon black material was seen to increase. 

7.2.4.1 Double-layer charge of carbons (obtained from CV)  

     As shown in Section 3.3.4.2, the double layer gravimetric charge (QDL, C/g) can be calculated 

by subtracting the pseudo-capacitive gravimetric charge (shaded area in Figure 7.6 (a), QPseudo) 

contribution from the total gravimetric charge [19]. The initial double layer charges (QDL,i) of the 

carbons are given in the 2
nd

 column of Table 7-2. This shows that the initial double layer charge of 

VC is significantly higher, by a factor of ~ 2, than for VC-PhF5. This is likely due to the 

differences in their real surface areas [37], as VC has a higher SBET (220 m
2
/g) than VC-PhF5 

(160 m
2
/g). It should also be noted that the electrochemically accessible surface area of the 

carbons is closely correlated with their wettability, as a more hydrophobic carbon will be less 

accessible to the aqueous solution than a hydrophilic carbon (Figure 7. 5) [19]. In our previous 

work [37], the contact angle kinetics (CAK) results clearly showed that the functionalization of 

VC with -PhF5 significantly enhanced the VC hydrophobicity, which matches the marked 

decrease in the double layer gravimetric charge of VC-PhF5 (Table 7-2).  
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     Table 7-2 shows that the double layer gravimetric charge for CIC-22 decreased after surface 

functionalization, even though the real surface area of these two carbons (400 m
2
/g (CIC-22) vs. 

390 m
2
/g (CIC-22-PhF5), [37]) is very similar. The wettability results from both the CAK and 

water vapor sorption (WVS) experiments [37] showed that CIC-22-PhF5 is the most hydrophobic 

carbon in our study. Thus, it may exhibit poorer accessibility to the aqueous electrolyte, resulting 

in a smaller gravimetric charge (Figure 7.5). However, this decrease in the gravimetric charge of 

CIC-22, after functionalization, was much smaller than the difference observed for VC before 

and after functionalization (Table 7-2). 

     As seen in Table 7-2, the double layer charge of CIC-22 (59 C/g) is significantly higher than 

for VC (22 C/g), as expected, due to their large differences in real surface areas [37] and also as 

CIC-22 is considerably more hydrophilic than VC [37]. In addition, the transport of ions in the 

hydrophilic mesopores of CIC-22 is easier than in the hydrophobic micropores of VC, giving a 

much higher gravimetric charge than seen for VC. Also, it is shown in Table 7-2 that the double 

layer gravimetric charge of CIC-22-PhF5 (50 C/g) is much higher than for VC-PhF5 (11 C/g), 

again likely due to the differences in the SBET values (390 m
2
/g vs. 160 m

2
/g) [37]. 

     Table 7-2 also shows the final (after the corrosion experiments) double layer gravimetric 

charges (QDL,f) of the functionalized and non-functionalized carbons. The QDL,f values for VC, 

VC-PhF5, CIC-22, and CIC-22-PhF5 are 31, 13, 80, and 59 (C/g), respectively. Similar to what 

was done in Section 4.2.4, the percentage increase in the double layer charge ((QDL,f - QDL,i)/ 

QDL,i)×100) of the carbons was obtained, with the results shown in the 4
th

 column of Table 7-2.     

Based on these results, it is seen again that -PhF5 surface functionalization significantly improves 

the corrosion resistance of both carbons by at least 50% (5
th

 column in Table 2), similar to what 

was observed in the current-time data analysis (Section 7.2.3). 
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7.2.4.2 Pseudo-capacitive charge of carbons before/after -PhF5 surface functionalization 

     To more rigorously analyze the pseudo-capacitive charge of the carbons, before and after 

surface functionalization, similar to what was done in Chapters 4, the anodic peak in the carbon 

CVs (Figure 7.6 (a) and (b)) was used, as the current baseline (ca. 0.25 - 0.85 V) could be more 

reliably identified than for the cathodic pseudo-capacitance peak. Similar to what was seen in 

Chapters 4 and 5 and consistent with the literature [61, 68-70], the pseudo-capacitance peaks are 

negligible in size at VC (Figure 7.6), indicating a very low surface density of edge sites that can 

be oxidized and undergo the Q/HQ reaction (Reaction 3-1).  

     To obtain the density of the electrochemically active functional groups per surface area of the 

carbons (QPseudo,i/QDL,i) from the CV response, similar to what was done in Section 4.2.4, both the 

initial and final pseudo-capacitive charges (QPseudo) were divided by the corresponding double 

layer charge (QDL), which is expected to correlate with the real carbon surface area. As seen in 

Table 7-2, the surface density of the oxygen-containing functional groups (QPseudo,f/QDL,f), after 

corrosion, has increased. After exposure to high potentials, more surface oxygen-containing 

functional groups were generated, giving a higher functional group density for all of the carbons. 

The increase in the surface functional group density ((QPseudo,f/QDL,f) – (QPseudo,i/QDL,i)) for CIC-22 

(0.10) is comparable with what was seen for CIC-PhF5 (0.07), while for VC-PhF5 (0.03), it is 

very similar to VC (0.03). This suggests that the increase in the surface functional group density 

in this work does not help in assessing the corrosion resistance of the carbons.  

     Overall, the CV results (Table 7-2) for the –PhF5 functionalized and non-functionalized 

carbons have shown a similar corrosion susceptibility trend to that obtained by rigorous current-

time data analysis (Table 7-1), which is normally the more reliable method [19]. These analyses 
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have confirmed that the surface of both carbons are protected from electrochemical oxidation by 

ca. 50% after functionalization. This is likely due to the passivation/blocking of the more 

reactive sites on the carbon surface, as the chemical functionalization of carbons is expected to 

occur at these sites (Figure 7.5). Also, as can be seen in Figure 7.5, the carbon surfaces became 

much more hydrophobic after –PhF5 functionalization [37], as fluorine groups are known for 

their hydrophobic character [148-150, 152-154]. 

     It was shown in Chapter 5 that heat-treatment of VC and a range of CICs improved their 

corrosion resistance by ca. 40-60%, comparable to the ca. 50% protection offered by the –PhF5 

surface groups. However, heat-treatment of carbons leads to an increased degree of both 

crystallinity and hydrophobicity, while -PhF5 surface functionalization increases the 

hydrophobicity while also blocking active surface sites from oxidation. Notably, the surface 

modification of CIC-22 with the –PhNO2 and –PhNH2 groups in Chapter 6 was shown to be 

unhelpful in the protection of its surface from corrosion, indicating that the –PhF5 groups are 

superior in this respect. 

  

7.2.5 Electrochemical vs. thermal oxidation of carbons 

     Very similar to what was reported in Chapter 5 for VC and several CICs, it is shown here that 

the thermal stability of the carbons (VC > VC-PhF5 > CIC-22 > CIC-22-PhF5) in air at high 

temperatures (Figure 7.2) do not follow the trends in their electrochemical stability in acidic 

solutions. The TGA results showed that the thermal stability of VC and CIC-22 decreases after 

functionalization, while our current-time and CV data analysis (Tables 7-1 and 7-2) clearly show 

that the electrochemical stability of the carbons in acidic media at room temperature is improved 

by ca. 50% after –PhF5 surface functionalization. As explained in Chapter 5, water plays an 
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essential role in the mechanism of the electrochemical oxidation of carbons (Section 2.4.2.1). In 

fact, a more hydrophobic carbon (e.g., CIC-22-PhF5) should be less prone to electrochemical 

oxidation than a more hydrophilic carbon (e.g., CIC-22), as was also observed in this chapter. 

However, based on the mechanism explained in Section 5.2.1, the wettability of carbon can be 

ignored in the thermal oxidation of carbons in air as there is no H2O present under these 

conditions. Thus, the same trend for the thermal and electrochemical oxidation resistance of the 

carbons should not be expected. 

 

7.2.6 Effect of –PhF5 surface groups on Pt nanoparticle dispersion 

     In this Chapter, it has been shown that –PhF5 surface functionalization improves the corrosion 

resistance of the carbon supports by ca. 50%, hypothesized to be due to the passivation of the 

edge/active sites of the carbons during the functionalization process and also as the –PhF5 

surface groups should enhance the carbon hydrophobicity. While the results shown here for VC 

and CIC-22 and the beneficial effect of surface modification with –PhF5 groups have relevance 

to many applications of carbon materials, such as in redox flow batteries, capacitors, etc., the 

present work is focused more on PEM fuel cell applications. For this reason, catalytic Pt 

nanoparticles (NPs) were deposited on these carbon supports to evaluate the effect of the –PhF5 

groups on the Pt NP size/distribution (analogous to what was done in Chapter 6 for the –PhNO2 

and –PhNH2 surface functionalized CICs), which is critical to PEM fuel cell performance. 

     As also discussed in Chapter 6 (Section 6.2.5), the interactions between Pt NPs and carbon 

surfaces influence Pt NP dispersion and also the stability of the NPs under cathode catalyst layer 

operating conditions [16]. Based on the literature [16, 20, 31], oxygen- and nitrogen-

containing/polar groups present on the carbon surface can act as Pt NP anchoring sites during the 
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Pt-loading process and improve Pt NP dispersion, consistent with the results shown for Pt-loaded 

–PhNH2 surface functionalized CIC-22 in Chapter 6. Thus, in order to evaluate the effect of the 

hydrophobic –PhF5 surface groups on the Pt NP size and dispersion, the functionalized (VC-PhF5 

and CIC-22-PhF5) and non-functionalized carbons (VC and CIC-22) were loaded with 20 wt. % 

Pt through the wet impregnation method (Section 3.1.6). Then, transmission electron microscopy 

(TEM) and XRD analysis were employed to analyze the Pt NP size and dispersion on both the 

functionalized and non-functionalized carbons (Figures 7.7 and 7.8).  

     Figure 7.7 exhibits the TEM images of the Pt-loaded carbons, before and after surface 

functionalization, showing that the Pt NPs are well-dispersed on both the functionalized and non-

functionalized carbons. The Pt NP size for each carbon was calculated by averaging the diameter 

of more than 50 NPs, giving diameters of 2.3, 2.5, 3.8, and 3.7 nm for VC, CIC-22, VC-PhF5, 

and CIC-22-PhF5, respectively, as shown in Table 7-3. Based on the TEM images, the Pt NP size 

is seen to increase slightly, however, after –PhF5 surface functionalization. 

     Figure 7.8 shows the XRD patterns of the Pt-loaded carbons, with/without surface 

functionalization. Using the Scherrer equation [17, 18, 96], the Pt NP size for VC, CIC-22, VC-

PhF5, and CIC-22-PhF5 was calculated, giving NP diameters of 2.7, 3.6, 6.8, and 5.2 nm, 

respectively. These results (Table 7-3 and Figure 7.8) indicate that the Pt NP size increases in the 

presence of the –PhF5 hydrophobic surface groups on both VC and CIC-22 surfaces, in 

agreement with the TEM results. The small differences seen in the Pt NP size from the XRD and 

TEM results are not entirely unexpected [113]. While XRD provides the average Pt NP 

crystallite size for the full sample, TEM analysis gives the Pt NP size only from a small region of 

the sample.  
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     The size of the Pt NPs on the CIC-22 support material increased by 45% in the presence of 

the –PhF5 groups, while it decreased by 50% in the presence of –PhNH2 (Figure 6.13). However, 

it should be noted that the Pt NPs, supported on the -PhF5 surface functionalized carbons, are still 

within a very good range (2-6 nm) for use in the cathode catalyst layer of PEM fuel cells [20].  

 

     

    

Figure 7.7 TEM images of 20 wt. % Pt (a) VC, (b) CIC-22, (c) VC-PhF5, and (d) CIC-22-PhF5. 
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Figure 7.8 XRD patterns of 20 wt. % Pt-loaded CIC-22, CIC-22-PhNO2, and CIC-22-PhNH2. 

Using the Scherrer equation [17, 18, 96], the Pt nanoparticle sizes were obtained. 

 

Table 7-3 Pt nanoparticle size obtained from TEM and XRD analysis 

Carbon Pt NP size from TEM (nm)  Pt NP size from XRD (nm) 

VC 2.3 2.7 

CIC-22 2.5 3.6 

VC-PhF5 3.8 6.8 

CIC-22-PhF5 3.7 5.2 

 

 

7.3 Summary 

     In this chapter, a colloid-imprinted carbon with a pore size of 22 nm (CIC-22), as well as 

microporous Vulcan carbon (VC), used as a benchmark material, were chemically functionalized 

with hydrophobic -PhF5 groups using the diazonium reduction reaction (Section 3.1.5.2). This 

was done because it was shown previously that –PhF5 surface groups significantly increase the 

hydrophobicity of carbons due to the high electronegativity and low polarizability of fluorine.    

The effect of –PhF5 surface functionalization on the corrosion resistance of the carbons was then 

demonstrated.  
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     It was first verified that the degree of crystallinity of the carbons does not change after surface 

functionalization, indicating that these groups are attached only to the surface of the carbons. 

Also, thermogravimetric analysis (TGA) confirmed that the –PhF5 groups are covalently attached 

to the carbon surface, as the majority of the carbon weight loss occurred at temperatures > 250 

°C, consistent with the literature.  

     The carbons were then subjected to Corrosion Protocol A [1.4 V (50 s) - 0.8 V (10 s), 18 min] 

(Figure 3.8, Section 3.3.5) for the evaluation of their corrosion resistance. A reliable approach 

for current-time data analysis, also used in Chapters 4- 6, involved correcting the corrosion 

charges for the electrolyte-accessible carbon surface area in each potential step to compare the 

corrosion resistance of carbons. These results, as well as the cyclic voltammetry (CV) data, 

showed that surface functionalization with the -PhF5 groups improves the corrosion resistance of 

the carbons by at least 50%. The sequence of corrosion resistance (after correction for surface 

area) of the carbons was found to be VC-PhF5 > CIC-22-PhF5 > VC > CIC-22. This 

improvement in the corrosion resistance of the carbons after surface functionalization is likely 

because the carbon active sites are passivated during the functionalization process and also as the 

hydrophobicity [37] of the carbons was increased.  

     The effect of –PhF5 surface functionalization on Pt nanoparticle (NP) distribution and size 

was also demonstrated in this chapter. The carbons, before and after surface functionalization, 

were loaded with 20 wt. % Pt by using the wet-impregnation method.  XRD analysis showed that 

the Pt NP size is slightly larger on the surface functionalized carbons, consistent also with 

transmission electron microscopy (TEM) results. However, the Pt particle size was found to be 

small enough (6.8 and 5.2 nm for the Pt-loaded VC-PhF5 and CIC-22-PhF5, respectively) to be 

used in PEM fuel cell cathodes, as the optimum range in the literature is 2-6 nm. Finally, TEM 
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analysis also showed a very good distribution of the Pt NPs on the CIC-22 surface, both in the 

functionalized and non-functionalized states. 
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Chapter Eight: Corrosion Resistance of Pt-Free and Pt-Loaded Nanoporous 

Carbon Scaffolds (NCS) 

8.1 Introduction 

     The powder forms of nanoporous carbon materials have been widely studied in the literature 

for various applications (e.g., in fuel cells), due to their commercial availability, feasibility of 

synthesis and large-scale production, good electrical conductivity, etc. Consistent with the 

literature, several carbon powder materials, including microporous Vulcan carbon (VC, < 2nm), 

ordered mesoporous carbons (OMCs, < 4 nm pore size), and colloid-imprinted carbons (CICs, 12 

to 50 nm pore size) were deployed in this thesis work (Chapters 4-7) in order to understand their 

electrochemical corrosion behavior under proton exchange membrane (PEM) fuel cell cathode 

conditions. As the as-synthesized carbon powders contain many individual particles that do not 

stick together well, they cannot be electrochemically tested in a three-electrode cell, containing 

liquid solutions, without the use of a binder. Thus, in Chapters 4-7, carbon inks, consisting of 

carbon powder, alcoholic solutions, and Nafion, were prepared, followed by deposition on a 

glassy carbon rod substrate in order to form a carbon film that served as the working electrode in 

the electrochemical tests.  

     However, there are limitations to the use of carbon powders in this way. For example, the 

variation in the alignment of the individual carbon particles and of the pores between them may 

inhibit mass transport and/or lead to irreproducibility of the results [174]. Also, the presence of 

Nafion (typically used as the binder) may negatively affect the electronic conductivity 

(interfering with carbon/carbon particle contact) and/or liquid phase mass transport through the 

pores, based on the orientation of Nafion on the carbon surface, again affecting performance [37, 
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174, 180]. Thus, it would be desirable to move away from the use of carbon powders and instead 

use a self-supported carbon sheet or membrane material, both in 3-electrode studies and in a full 

PEM fuel cell membrane-electrode-assembly (MEA). 

     Although a few carbon bulk materials, such as glassy carbon, highly oriented pyrolytic 

graphite (HOPG), and graphite plates have been used in various electrochemical studies, they do 

not provide sufficient surface area to serve as a good catalyst support for PEM fuel cell 

applications. Thus, ideal carbon materials should have a very high surface area and sufficiently 

large interconnected pores to maximize the triple phase boundary sites required for the 

electrochemical reactions on the costly Pt nanoparticles (NPs).  

     Recently, a novel method has been developed by the Birss group to prepare a self-supported 

nanoporous carbon scaffold (NCS) with both a tunable thickness (1 µm – 1 mm) and pore size (7 

to 100 nm). As explained in detail in Section 3.1.3, the NCS materials are synthesized by using 

colloidal silica as a hard template and mesophase pitch as the carbon precursor (similar to the 

preparation of the CIC powders), and using tape-casting approaches [174]. In this Chapter, the 

corrosion resistance of one of these high surface area, self-supported NCS materials, having a pore 

size of 85 nm (NCS-85), is studied for the first time, ultimately for PEM fuel cell cathode 

applications. 

     As discussed in detail in the previous chapters, the corrosion resistance of carbon is affected by 

several factors, such as crystallinity, wettability, surface functional group density, etc. Chapters 5-7 

demonstrated the effect of surface functional groups (i.e., -PhF5, -PhNH2, and -PhNO2) and enhanced 

carbon crystallinity (through heat-treatment) on the corrosion stability of several carbon powders. As 

it was shown that heat-treatment of the CICs and VC improves their corrosion resistances by 40-

60%, the NCS-85 material was also heat-treated at 1500 °C under N2 following the same procedure 
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used in Chapter 5 and also explained in Section 3.1.4. No surface functional groups have been 

attached to the NCS-85 surface as yet, however.  

     Also, in the previous chapters, only bare carbon samples (without Pt) were studied 

electrochemically, since a fundamental study of their corrosion behavior was needed without any 

interference from Pt electrochemistry. Also, reliably determining the fate of Pt NPs on a carbon 

powder sample, after mixing with Nafion, attaching to a glassy carbon surface, and carrying out 

the corrosion experiments, is not simple. However, the use of the self-supported NCS and Pt/NCS 

materials provides the opportunity to reliably characterize the carbon samples after corrosion, 

without Nafion interference, and thus obtain a better understanding about the carbon and Pt/carbon 

corrosion process. Thus, the NCS-85, before and after heat-treatment (NCS-85-HT), was loaded 

(25 wt. %) with Pt NPs, using the normal wet impregnation method (Section 3.1.6).  

     In order to evaluate the corrosion resistance of the NCS and Pt/NCS materials, Corrosion Protocol 

C [1.4 V (50 s) – 1.0 V (10 s)] (Section 3.3.5, Figure 3.10) was used, both for short (18 min) and long 

(180 min) intervals. Since PEM fuel cell operating temperatures are normally in the range of 60-80 

°C, the corrosion experiments were carried out in both room temperature (RT) and 60 °C sulfuric 

acid solutions. Similar to what was done in Chapters 4-7, a rigorous analysis of the current-time data, 

including continuous correction for the active surface area, as well as cyclic voltammetry studies, 

were carried out to reliably evaluate the corrosion resistance of the NCS and Pt/NCS materials. Also, 

XRD and SEM analyses of the samples, before and after 3 h of corrosion, provided valuable 

information on the carbon crystallinity, surface morphology, porous structure, as well as changes in 

the Pt nanoparticle size due to carbon oxidation.  

     Overall, it was found that the NCS material is significantly more oxidized when exposed to 

high anodic potentials in 60 °C 0.5 M H2SO4 than under RT conditions, consistent with the 
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literature [73, 81, 84]. Also, it was found that the heat-treated samples (NCS-85-HT and Pt/NCS-

85-HT) have a higher corrosion resistance than the corresponding non-heat-treated carbons 

(NCS-85 and Pt/NCS-85), consistent with the results obtained with the carbon powders in 

Chapter 5. The presence of the Pt NPs on the NCS materials is shown to lead to a higher rate of 

carbon corrosion in RT 0.5 M H2SO4, while, unexpectedly, a decrease in the carbon corrosion 

rate is observed for the Pt/NCS materials in the 60 ° C 0.5 M H2SO4, perhaps consistent with 

previous reports that the effect of Pt on carbon corrosion became less pronounced at 

temperatures > 50 °C [39, 74].  

     Finally, it is seen that, after exposure to 3 h of Corrosion Protocol C, the Pt NP size increased 

by 70% on the Pt/NCS sample, while it increased only by 25% on the Pt/NCS-HT carbon. This is as 

expected, as the Pt NPs deposited on the more corrosion resistant carbons should be more stable 

[16, 20-22, 31, 41, 52]. As the heat-treated sample (Pt/NCS-HT) is hydrophobic and has a higher 

crystallinity than the non-heat-treated analogue (Pt/NCS), it shows a higher corrosion resistance 

than Pt/NCS. This leads to a strong interaction between the Pt NPs and the heat-treated NCS 

support.  

 

8.2 Results and discussion 

8.2.1 Physical and chemical characterization of the NCS and Pt/NCS materials  

8.2.1.1 Field emission scanning electron microscopy (FESEM) analysis 

     In order to study the surface morphology of the nanoporous carbon scaffolds and obtain the Pt 

particle sizes, field emission scanning electron microscopy (FESEM) analysis was carried out on 

the samples before (NCS-85) and after heat-treatment (NCS-85-HT), and also before and after Pt 

loading of the heat-treated and non-heat-treated NCS samples (Pt/NCS-85 and Pt/NCS-85-HT), 
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with the images shown in Figures 8.1 (a)-(f), respectively. All of the images in Figure 8.1 (a-d) 

were taken from the lower (glass) side (Section 3.1.3) of the NCS material.  

 

 

Figure 8.1 Field-emission scanning electron microscopy (FESEM) images (200,000 times 

magnification) of (a) NCS-85, (b) NCS-85-HT, (c) 25 wt. % Pt/NCS-85, and (d) 25 wt. % 

Pt/NCS-85-HT, and cross-sectional images (5,000 times magnification) of (e) NCS and (f) NCS-

HT, all supported on carbon tape. The Pt NPs are circled in yellow.  
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     To obtain the pore sizes of the carbon scaffolds, more than 50 pores were analyzed (Figure 

8.1) and the results showed that the majority of the pores in NCS-85 (before heat-treatment, 

Figure 8.1 (a)) are about 83 ± 4.0 nm in diameter, in close agreement with the size (85 nm) of the 

colloidal silica hard template used in the NCS synthesis. The presence of slightly larger and/or 

smaller pore sizes is attributed to the distribution in the size of the silica particles. There are also 

several smaller pores (ca. 15 nm in diameter), denoted as pore necks, which connect adjacent 

spherical pores to each other.  

     The cross-sectional images of NCS and NCS-HT are shown in Figure 8.1 (e) and (f), 

respectively, suggesting that both carbons have a uniform thickness, although the thickness of 

NCS (32 µm) is slightly larger than that of NCS/HT (29 µm). The FESEM images of the heat-

treated samples (Figure 8.1 (b) and (d)) show a slightly smaller pore size (78 ± 4.0 nm) than the 

non-heat-treated samples (83 nm, Figure 8.1 (a) and (c)), likely due to some sintering of the pore 

walls at high temperatures (1500 °C), consistent with the increased degree of crystallinity in the 

XRD data shown in Figure 8.2.  

     The Pt NP sizes were also estimated from the average of more than 50 NPs (e.g., in Figures 

8.1 (c) and (d)) for both of the Pt-loaded carbons. The Pt particle sizes were 4.1 and 5.0 nm for 

25 wt. % Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT, respectively, showing some Pt NP sintering.  

8.2.1.2 X-ray diffraction (XRD) results 

     Figure 8.2 shows the wide angle X-ray diffraction (XRD) patterns of the nanoporous carbon 

scaffolds before (NCS-85) and after heat-treatment (NCS-85-HT), and also of their 

corresponding Pt-loaded samples (Pt/NCS-85 and Pt/NCS-85-HT). Using Bragg’s law and the 

Scherrer equation [22] for the graphite (002) peak at 2θ = 25 °, the corresponding interlayer 

spacing (d002), with an error of ± 0.005 nm, and the crystalline dimension in the c-axial direction 
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(Lc), with an error of ± 0.01 nm, were obtained for each carbon, as shown in Figure 8.2. As 

expected, the graphite peaks became sharper after heat-treatment (NCS-85-HT vs. NCS-85), 

confirming a significant enhancement in the crystallinity of the carbons, with the average Lc 

having increased from ca. 0.7 nm to ca. 1.1 nm after heat treatment. It is also seen that the 

loading of Pt did not influence the crystallography of NCS-85 and heat-treated NCS-85. 

 

Figure 8.2 XRD patterns of the carbons before (NCS-85) and after (NCS-85-HT) heat-treatment, 

and after Pt loading (Pt/NCS-85 and Pt/NCS-85-HT). The dashed lines show the baseline for the 

corresponding patterns. The carbon interlayer spacing (d002) and crystallite length in the c-

direction (Lc) were obtained using Bragg’s law and the Scherrer equation [22], using the peak at 

2θ = 25°. The Pt particle sizes for the Pt-loaded carbons were calculated using the Scherrer 

equation, using the Pt peak at 2θ = 40° [22]. 

 

     The Pt particle size of the Pt-loaded carbon samples was also calculated using the Scherrer 

equation [22] for the Pt (111) peak at 2θ = 40 °. As seen in Figure 8.2, the size increased from 

4.0 nm in Pt/NCS-85 to 5.6 nm in Pt/NCS-85-HT. As was seen in Chapter 5, heat-treatment of 

VC and the CIC carbons at 1500 °C in a N2 atmosphere leads to the removal of the surface 

oxygen-containing functionalities, such as carboxylic acids, alcoholic, and phenolic groups from 
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the carbon surface in the form of H2O, CO2, CO, etc. As these functional groups serve as the 

anchoring sites for Pt nucleation during the Pt loading process [16], the lack of these groups on 

the heat-treated carbons may have resulted in slightly larger Pt particle sizes.  

 

8.2.1.3 Thermogravimetric analysis (TGA)  

     In order to evaluate the thermal stability of the NCS materials and also to confirm the Pt 

loading, thermogravimetric analysis (TGA) was performed on the NCS materials in air from 30 

to 800 °C (Figure 8.3 (a)), while the derivative of the profiles in Figure 8.3 (a) is shown in Figure 

8.3 (b) in the form of differential thermogravimetry (DTG) profiles. Similar to what was shown 

in previous chapters, both the DTG and TGA profiles show that each NCS material is stable, 

with little carbon weight loss seen at low temperatures, followed by a significant loss in the 

carbon weight during oxidation at higher temperatures.  

     The temperature at which the majority of the weight loss is seen, due to oxidation in air, is in 

the following sequence: NCS-85-HT (~ 610 °C) > NCS-85 (~ 590 °C) > Pt/NCS-HT (~ 495 °C) 

> Pt/NCS (~ 430 °C). These results clearly show that the heat-treated carbons (NCS-85-HT and 

Pt/NCS-85-HT) have a higher thermal stability than the corresponding non-heat-treated carbons 

(NCS-85 and Pt/NCS-85). As mentioned in Section 8.2.1.2 and in Chapters 2 and 5, heat-

treatment results in a higher degree of crystallinity and removes the oxygen-containing surface 

groups that serve as active (edge or defect) sites for the thermal oxidation of carbon in air [22, 

23, 101, 146, 268]. This is reflected by the lower onset temperature of NCS-85 (~ 400 °C) vs. 

NCS-HT (~ 500 °C).   
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Figure 8.3 (a) Thermogravimetric and (b) differential thermogravimetric (DTG) profiles of the 

NCS materials (with/without heat-treatment and with/without Pt loading) in air at a heating rate 

of 2 °C/min.   

 

     Also, it is seen in Figure 8.3 that both of the Pt-loaded carbons have a lower thermal stability 

than the non-Pt-loaded carbons. According to the literature [207-209, 223], the presence of Pt on 

the carbon surface catalyzes its oxidation in hot air as the Pt nanoparticles can facilitate the 

decomposition of the surface functional groups. The final TGA mass of the Pt-loaded carbons 

gives the Pt loading, as only Pt should remain after sample combustion at high temperatures in 

air. Figure 8.3 shows that both of the Pt/Carbon samples have the same Pt loading of 25 wt. %, 

as intended. 
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8.2.1.4 Contact angle kinetics (CAK) study  

     To better understand the surface chemistry of the nanoporous carbon scaffolds, contact angle 

kinetics (CAK) experiments were carried out. Figure 8.4 shows the sequential images of a water 

droplet impinging on the NCS films, before (NCS-85) and after heat-treatment (NCS-85-HT), 

and also after Pt loading (25 wt. % Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT). The relative 

wettability of the carbons can be estimated from the contact angle of the droplet on the carbon 

surface, where a carbon with a higher water contact angle is more hydrophobic than a carbon 

with a lower water contact angle [37].  

Time (ms) NCS-85 NCS-85-HT 25 wt. % Pt/NCS-85 25 wt. % Pt/NCS-85-HT 
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Figure 8.4 Sequential images of a water droplet deposited onto the carbon scaffold (NCS) 

surfaces, before (NCS-85) and after heat-treatment (NCS-85-HT), and also before and after Pt 

loading (25 wt. % Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT). 

 

     As seen in Figure 8.4, the heat-treated NCS sample is more hydrophobic than the non-heat-

treated one, with the Pt-loaded carbon films following the same trend, likely due to the removal 

of the polar groups (oxygen-containing functional groups) from their surfaces. Also, it is seen 

that the Pt-loaded carbons are more hydrophilic than the corresponding non-Pt-loaded carbons, 
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which makes sense, as Pt nanoparticles have been reported to be intrinsically hydrophilic [269-

273]. The hydrophobicity trend of the carbons under study here was found to be as follows: 

NCS-85-HT > 25 wt. % Pt/NCS-85-HT > NCS-85 > 25 wt. % Pt/NCS-85. 

 

8.2.2 Electrochemical characterization of the NCS and Pt/NCS materials  

8.2.2.1 Cyclic voltammetry (CV) prior to corrosion experiments  

     In order to mimic the temperature (60-80 °C) at which PEM fuel cells normally operate, all of 

the electrochemical experiments (e.g., cyclic voltammetry) described in this chapter were done in 

both room temperature (RT) and 60 °C 0.5 M H2SO4 solutions. Figure 8.5 (a) illustrates the 

steady-state CVs (10 mV/s) of the carbons, before (NCS-85) and after heat-treatment (NCS-85-

HT), in deaerated, RT 0.5 M H2SO4 vs. at 60 °C.  

     As also mentioned in the previous chapters (e.g., Section 4.2.3), CVs of carbons alone 

typically show two types of electrochemistry, the Faradaic pseudo-capacitive current, attributed 

to the quinone/hydroquinone (Q/HQ) surface redox reaction (Reaction 3-1), and the non-

Faradaic double layer-capacitive current, attributed to the electrostatic charging/discharging of 

the carbon/solution interface [22, 56, 73, 104, 126, 127, 131]. The size of the pseudo-capacitive 

peaks (typically centered at ~ 0.55 V) is correlated with the number of oxygen-containing groups 

on the carbon surface, while the size of the double-layer capacitive current is directly 

proportional to the electrochemically accessible carbon surface area [22, 126, 127, 131].  

     As seen in Figure 8.5 (a), both the pseudo-capacitive and double-layer capacitive currents of 

NCS-85 and NCS-85-HT are larger in 60 °C vs. RT 0.5 M H2SO4, consistent with the literature 

[73, 81]. This is expected to be due to the improved wettability of any hydrophobic micropores 

present within the carbon and also any pores that were not wetted well at RT. Also, the degree of 
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oxidation of the NCS-85 and NCS-85-HT surfaces at 1.1 V (vs. the reversible hydrogen 

electrode (RHE)) is small at RT (green and blue CVs in Figure 8.5 (a)), while this potential is 

sufficiently positive to begin to oxidize the carbons surfaces at 60 °C (brown and purple CVs in 

Figure 8.5 (a)) [73, 81]. The percentage increase in the total CV charge for the NCS-85 and 

NCS-85-HT materials at 60 °C vs. RT 0.5 M H2SO4 was 31% and 23%, respectively.  

 

 

Figure 8.5 Cyclic voltammograms (10 mV/s) of non-heat-treated (NCS-85) and heat-treated 

(NCS-85-HT) carbons (a) before and (b) after 25 wt. % Pt loading, all in N2-saturated, RT or 60 

°C 0.5 M H2SO4, and all prior to the corrosion experiments.   

 

     Also, it is seen in Figure 8.5 (a) that both the pseudo-capacitive and double-layer capacitive 

currents of NCS-85 (green (RT) and brown (60 °C) CVs) decrease significantly after heat-

treatment (blue (RT) and purple (60 °C) CVs), likely due to the marked changes in the carbon 

wettability, functional group density, etc. [37, 179]. For instance, the hydrophobicity of NCS-85 

increased significantly after heat-treatment (Figure 8.4), since the oxygen-containing surface 

functional groups (e.g., carboxylic acid and phenolic groups) were removed during heat-

treatment at 1500 °C [179]. This is consistent with the very small anodic pseudo-capacitive 

currents seen in the CVs (blue and purple) in Figure 8.5 (a).  
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     Figure 8.5 (b) shows the steady-state CVs (10 mV/s) of the Pt-loaded carbons (25 wt. % 

Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT) in deaerated 0.5 M H2SO4, again at RT vs. 60 °C. 

Typically, the currents in the potential range of 0.05 – 0.37 V in the CV of the Pt-loaded carbons 

are attributed to the charge/discharge of the double layer at the Pt and carbon surfaces, as well as 

the oxidation/reduction of specifically adsorbed hydrogen (Hads/H
+
, hydrogen underpotential 

deposition (HUPD) region) [113], as per Reaction 8-1.    

Hads ↔ H
+
 + e

- 
          Reaction 8-1 

     The anodic currents between 0.37 V and 0.8 V are due primarily to charging of the Pt and 

carbon double layers and the pseudocapacitive quinone/hydroquinone redox process on the 

carbon surface [113]. The anodic currents at potentials > 0.8 V are attributed to Pt oxide 

formation in the anodic sweep and its reduction (large negative peak seen at between 1.0 V and 

0.5 V) in the cathodic sweep, as shown in Reaction 8-2, as well as the carbon double layer 

charging/discharging process [113]. 

Pt + H2O ↔ PtO + 2H
+
 + 2e

-   
   Reaction 8-2 

     The electrochemically active surface area (ECSA) of the Pt nanoparticles (NPs) was 

calculated using the total charge passed in the HUPD region after subtracting the charging 

current (Figure 8.5.(b)) and assuming a value of 210 µC/cm
2
 for one monolayer of Hads on Pt, 

with the results shown in Table 8-1 [113]. As H2 spillover can occur at low potentials (e.g., at < 

0.1 V), leading to an overestimated HUPD charge (mostly in the cathodic sweep in the CVs), 

only the anodic HUPD charges in Figure 8.5 (b) were used here for the ECSA calculations [113].  

     In order to determine whether the Pt ECSA values, provided in Table 8-1, make sense, the 

expected full area of the Pt NPs was estimated from the XRD results. Assuming that the Pt NPs 

are spherical in shape [113], the real Pt surface area was estimated by dividing the total volume 
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of Pt in the Pt-loaded NCS (obtained from Pt density and mass) by the volume of one Pt 

nanoparticle (using the XRD radius, Figure 8.2), thus giving the total number of Pt particles. 

This was then multiplied by the surface area of one Pt nanoparticle. As the values obtained from 

XRD are very close to those obtained from HUPD, both Pt-loaded samples are seen to exhibit a 

utilization of close to 100% in the CV experiments, shown in Figure 8.5 (b). 

Table 8-1 Electrochemical surface area (ECSA) of Pt loading on the NCS materials, prior to the 

corrosion experiment 

Carbon 
a
 

Solution 

temperature 
b
 

ECSAbefore from HUPD 
c
 

(cm
2
) ± 15% 

Predicted real Pt surface 

area 
d
 (cm

2
) ± 10% 

Pt/NCS-85 RT 145 160 

Pt/NCS-85-HT RT 135 125 

Pt/NCS-85 60 °C 120  145 

Pt/NCS-85-HT 60 °C 115  110 
a 
HT= Carbon samples were heat-treated at 1500 °C under N2 atmosphere for 2 h (Section 3.1.4). 

The number in the sample names reflect the size (85 nm) of the colloidal silica hard template 

used in the nanoporous carbon scaffold (NCS) synthesis (Section 3.1.3). The 25 wt. % Pt loading 

(Section 3.1.6) was confirmed with TGA (Figure 8.3).  
b 

Cyclic voltammograms of the Pt/NCS materials were collected in both RT and 60 °C 0.5 M 

H2SO4 solutions. 
c 

Electrochemical surface area (ECSA) was calculated from the hydrogen underpotential 

deposition (HUPD) charge, and assuming a value of 210 µC/cm
2
 for Pt [113]. 

d 
Obtained by dividing the total volume of Pt in the Pt-loaded NCS (obtained from its mass and 

Pt density) by the volume of one Pt nanoparticle (from the XRD radius, Figure 8.2), thus giving 

the total number of Pt particles. This was then multiplied by the surface area of one Pt 

nanoparticle. Spherical Pt nanoparticles were assumed in this calculation [113]. 

 

     Referring back to Figure 8.5 (b), the currents in the HUPD region of the CV for 25 wt. % 

Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT are seen to decrease slightly in the 60 °C 0.5 M H2SO4 

(brown and purple, respectively) vs. at RT (green and blue, respectively), consistent with the 

CVs seen in prior work by Riese, et al. [84]. This is also reflected in Table 8-1 (third column), 

which shows that the Pt ECSA for both of the Pt-loaded samples are slightly smaller at 60 °C 0.5 

M H2SO4 than at RT. This is because hydrogen adsorption on the Pt NPs becomes less 
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favourable with increasing temperature [274]. Also, some overlap with the current due to the 

hydrogen evolution reaction may be present [275]. Additionally, according to the literature [276, 

277], the HUPD current on Pt(111) decreases slightly with an increase in temperature in 0.5 M 

H2SO4, suggested to be due to repulsive lateral interactions between the HUPD adatoms. 

However, more detailed experiments are needed in the future to better understand the effect of 

solution temperature on the HUPD charge of the Pt/NCS materials under study here.  

     The CVs in Figure 8.5 (b) show that the currents attributed to the Pt oxidation/reduction 

reaction are higher in the 60 °C 0.5 M H2SO4 than at RT, similar to what was observed by Riese 

et al. [84]. This is likely due to the fact that Pt can oxidize more rapidly at higher potentials, thus 

thickening the Pt oxide film more quickly. Also, it is seen in Figure 8.5 (b) that there is a slight 

increase in the current in the carbon pseudo-capacitive region (0.37 – 0.8 V), likely as more 

surface functional groups are generated on the carbon surface in the 60 °C 0.5 M H2SO4 solution 

vs. at RT [73].  

     Figure 8.5 (b) shows that the total CV current obtained for the 25 wt. % heat-treated NCS 

(Pt/NCS-HT, blue and purple CVs) in both RT and 60 °C 0.5 M H2SO4 solutions is lower than 

what is seen at the non-heat-treated Pt/NCS sample (green and brown CVs) at the corresponding 

solution temperature. This is likely due to the enhanced hydrophobicity of the heat-treated 

samples (Figure 8.4), as most of the oxygen-containing surface functional groups were removed 

during the heat-treatment process [179]. Also, as seen in the XRD data (Figure 8.2), the Pt NP 

size for the heat-treated samples is slightly larger (5.6 nm) than the non-heat-treated samples (4.0 

nm), due to sintering effects, consistent with their slightly smaller CV currents (Figure 8.5 (b)) 

and Pt ECSA values (third column in Table 8-1). 
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8.2.3 Resistance of the NCS and Pt/NCS materials to short-time (18 min) corrosion at RT vs. 

60 °C 0.5 M H2SO4 

8.2.3.1 Current-time data analysis 

     To examine the corrosion resistance of the NCS-85 and NCS-85-HT samples, before and after 

25 wt. % Pt loading, the carbons were subjected to Corrosion Protocol C [1.4 V (50 s) – 1.0 V 

(10 s), 18 min] (Section 3.3.5, Figure 3.10). Briefly, Protocol C consisted of 18 potential-step 

cycles with an upper potential of 1.4 V (50 s) and a lower potential of 1.0 V (10 s), which was 

also used in Chapter 6 for the corrosion study of the 4-nitrophenyl (PhNO2) and 4-aminophenyl 

(PhNH2) surface functionalized carbon powders. In other chapters, Corrosion Protocol A [1.4 V 

(50 s) – 0.8 V (10 s), 18 min] (Section 3.3.5, Figure 3.8) was normally used to corrode the 

carbons, but with a lower potential limit of 0.8 V employed.  

     In Chapters 4, 5, and 7, it was assumed that there are no Faradaic reactions occurring on the 

carbon powder surfaces at 0.8 V (lower potential limit) and thus the charge passed in the 

cathodic step was attributed only to the discharging of the carbon double layer. However, in 

Chapter 6, the -PhNO2/-PhNH2 functionalized carbons did show some Faradaic activity at 0.8 V 

(due to the presence of these surface groups). For this reason, Protocol C, with a lower potential 

limit of 1.0 V, was employed instead of Protocol A. Similar to in Chapter 6, it is seen here that 

both of the Pt-loaded carbons exhibit some Faradaic activity at 0.8 V due to the presence of Pt 

(Figure 8.5 (b)), showing that the lower potential limit had to be increased. 

     For this reason, the 25 wt. % Pt/NCS-85 sample was subjected to 18 CVs in the potential 

range of 1.0 – 1.4 V at 60 °C (RT experiments have not been done as yet), all at 10 mV/s. Figure 

8.6 shows the typical CV of Pt-loaded carbon, with Pt oxide formation (PtO, Reaction 8-2) 

beginning at ca. 0.8 V and then reducing in the reverse peak. As the potential is extended more 

positively to 1.4 V, the amount of Pt oxide film that forms increases. It is seen in Figure 8.6 that 
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Pt oxide reduction does not commence until potentials below ca. 1.0 V when an upper limit of 

1.1 V was used. If the potential in the positive scan is extended more positively, as shown in 

Figure 8.6, it is increasingly difficult to remove/reduce the PtO film, thus moving the reduction 

peak even more negatively. Thus, a lower limit of 1.0 V during Corrosion Protocol C should be a 

safe value, preventing PtO reduction in each cathodic step. This is confirmed in the CVs shown 

between 1.4 and 1.0 V in Figure 8.6, where the current drops off rapidly to include just double 

layer charging/discharging. In each successive anodic sweep, the amount of additional PtO that 

will form should rapidly drop off as well, as PtO films grow/thicken by a field-dependent 

process.  

 

Figure 8.6 Steady-state CVs (0.05 – 1.1 V) of 25 wt. % Pt/NCS-85, before (blue CV) and after 

(red CV) scanning to 1.4 V, all at 10 mV/s in 60 °C 0.5 M H2SO4.  

 

     Figure 8.6 also shows that the anodic currents at potentials > 1.0 V include both Pt and carbon 

oxidation (formation of new micropores, surface functional groups, and CO2 gas) and thus it is 

not straightforward to separate the contribution of these two oxidation processes from each other. 

However, since the area-specific capacitance of Pt (~ 0.2 F/m
2
) is very close to that of the NCS 
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materials (~ 0.17-0.2 F/m
2
), the anodic currents after correction for the cathodic currents at 1.0 V 

(assumed to be as a good measure of the Pt/NCS electrochemical accessible surface area) should 

give a reasonable estimate of the oxidation rate of the Pt/NCS samples.  

     Briefly, the 18 CVs (1.0 – 1.4 V) in Figure 8.6 show that the anodic currents (carbon 

oxidation) are the highest in the first CV and then decrease significantly in the following CVs, as 

shown by the brown arrow in Figure 8.6. As also mentioned in previous chapters, this drop off 

could be due to the loss of oxidizeable surface sites after the first few CVs. Also, surface oxides 

that are more resistant to corrosion may accumulate on the NCS surface, serving as a passive 

layer and thus preventing further oxidation of the carbon surface.  

     As also mentioned above, the anodic currents in the first CV cycle (1.0 – 1.4 V) are due to 

both Pt and carbon oxidation. Since the negative potential limit of 1.0 V in the CVs is not 

cathodic enough to reduce or remove either Pt oxide and the carbon oxides, it is attributed only 

to the discharge of the Pt/solution and carbon/solution double layers. When the potential was 

swept from 1.4 V to 0.05 V after the 18
th

 CV between 1 and 1.4 V, a relatively large cathodic 

peak is seen at < 0.9 V in Figure 8.6. This is most likely due to the reduction of a Pt oxide film 

that will slowly thicken on the Pt NPs with time at > 1.0 V, as well as some contribution from 

surface oxide groups formed on the NCS. These large currents are not seen in the following CVs 

(red) in the potential range of 0.05 – 1.1 V and would only be seen again if the anodic potential 

were to be swept again and held at > 1.1 V.  In the case of the bare (without Pt) carbon powders 

studied in the earlier chapters of this thesis, time spent at high potentials showed some 

similarities to what is seen in Figure 8.6.  However, in those cases (e.g., Figures 4.3 (c) and 6.8 

(a-c), as well as Figure 8.9 for the NCS-85 sample (no Pt)), a broader peak is seen at more 

negative potentials, due to the reduction of a passive oxide film, formed on carbon. 
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     Similar to what was done in the earlier chapters (e.g., Section 4.2.5), the corrosion resistance 

of the NCS and Pt/NCS materials, under study here, was examined using the potential step 

method, with a rigorous analysis then carried out of the charge passed in each cathodic (1.4 to 

1.0 V) and anodic (1.0 to 1.4 V) step. Figure 8.7 shows the raw current-time responses of NCS-

85 and NCS-85-HT, before (Figure 8.7 (a)) and after 25 wt. % Pt loading (Figure 8.7 (b)), in 

both RT and 60 °C 0.5 M H2SO4 solutions. Similar to what was seen in Section 4.2.5, there is a 

large current spike at the beginning of each step, followed by a significant decay over time.  

     Based on the results shown in Section 5.2.2.1 and the literature [39, 58, 126, 128], it is 

assumed that there is no oxygen evolution at 1.4 V vs. RHE, even in the presence of Pt, as the 

thin PtO oxide film blocks this reaction, delaying its onset. The anodic current is then attributed 

to double layer charging (non-Faradaic process), and Pt oxidation at short times and carbon 

oxidation (both Faradaic processes), generating PtO, oxygen-containing groups on the carbon 

surface, and/or CO2 gas. Also, similar to what was done in the earlier chapters, the cathodic 

current is attributed only to double layer discharging, as the oxide species on the NCS and PtO 

on the Pt NPs cannot be reduced at the lower limit of 1.0 V (Figure 8.6).  

     As seen in Figure 8.7 (a) and (b), the anodic current for all of the carbons is significantly 

higher in 60 °C vs. RT 0.5 M H2SO4, likely as the kinetics of carbon oxidation are thermally 

enhanced [73, 81-84]. Also, it is seen that the anodic current passed for the heat-treated samples 

(NCS-85-HT and 25 wt. % Pt/NCS-85-HT) is lower than the corresponding currents for the non-

heat-treated carbons (NCS-85 and 25 wt. % Pt/NCS-85) in both RT and 60 °C 0.5 M H2SO4, 

suggesting that the corrosion resistance of the NCS again improved after heat-treatment. Similar 

to Section 4.2.5, to further understand the current-time data in Figure 8.7, the anodic and 

cathodic gravimetric charges were obtained from the charge passed over 18 positive (1.0 to 1.4 
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V) and negative (1.4 to 1.0 V) potential steps and divided by the carbon mass, as shown in the 3
rd

 

and 4
th

 columns of Table 8-2, respectively. 

 

 

Figure 8.7 Raw current-time (i/t) data for (a) NCS-85 and NCS-85-HT, and (b) 25 wt. % 

Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT, obtained from 18 anodic (1.0 to 1.4 V) and cathodic 

1.4 to 1.0 V) steps in deaerated RT and 60 °C  0.5 M H2SO4.  
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Table 8-2 Anodic and cathodic gravimetric charge passed at NCS and Pt/NCS in 18 min 

corrosion experiments 

Samples 
a
 Temp. 

Anodic 

gravimetric 

charge  

(C/g)
 b

 

Cathodic 

gravimetric 

charge  

(C/g)
 b

 

Corrosion 

gravimetric 

charge  

(C/g)
 c
 

Corrosion gravimetric 

charge per real-time 

surface area
d
 

Cycles  

1-18 

% Protection 

by HT
e
 

NCS-85 RT 420 200 220 1.1  

NCS-85-HT RT 345 205 140 0.68 38 

NCS-85 60 °C 1205 235 970 4.1  

NCS-85-HT 60 °C 1060 260 800 3.1 24 

Pt/NCS-85 RT 840 300 540 1.8  

Pt/NCS-85-HT RT 490 270 220 0.81 55 

Pt/NCS-85 60 °C 1300 310 990 3.1  

Pt/NCS-85-HT 60 °C 1200 360 840 2.3 26 
a
 Carbon samples were heat-treated (HT) at 1500 °C under N2 atmosphere for 2 h (Section 3.1.4). 

The number in the sample name reflects the size (85 nm) of the colloidal silica hard template 

used in the nanoporous carbon scaffold (NCS) synthesis (Section 3.1.3). The 25 wt. % Pt 

loading (Section 3.1.6) was confirmed with TGA (Figure 8.2).  
b
 Anodic (Q+) and cathodic (Q-) gravimetric charge passed in 18 steps between 1.0 V and 1.4 V 

vs. RHE in 0.5 M H2SO4. 
c
 Carbon corrosion gravimetric charge (anodic gravimetric charge minus cathodic gravimetric 

charge) passed in 18 steps between 1.0 V and 1.4 V. 
d
 Carbon corrosion gravimetric charge (C/g) divided by cathodic gravimetric charge (1.4 to 1.0 

V), with the latter assumed to be proportional to the real-time electrochemically active surface 

area [19], determined from the charge in each cathodic step.  

 
e
 % Protection by heat-treatment process, obtained from the difference between [Q+(1.4 V) – Q-(1.0 

V)]/ Q-(1.0V) before and after heat-treatment and then dividing by [Q+(1.4 V) – Q-(1.0 V)]/ Q-(1.0V) 

before heat-treatment, ×100. 

     Similar to what was done in Section 4.2.5 and in Chapters 5-7, the net corrosion charge 

(corrosion gravimetric charge, C/g) was obtained by subtracting the cathodic charge from the 

anodic charge, as shown in the 5
th

 column in Table 8-2. This value was then corrected for the 

electrochemically active surface area of the carbons in order to determine the relative corrosion 

rates. Assuming that the charge due to double layer discharge are linearly proportional to the 

electrochemically active surface area [19], the corrosion gravimetric charge (5
th

 column in Table 

8-2) was divided by the cathodic charge, with the results shown in Table 8-2 (6
th

 column) and 

Figure 8.8 (a) and (b) for the non-Pt-loaded and Pt-loaded carbons, respectively, in both RT and 
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60 °C 0.5 M H2SO4.  

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

0 2 4 6 8 10 12 14 16 18

C
o
rr

o
si

o
n

 g
ra

v
im

et
ri

c 
ch

a
rg

e 
p

er
 r

ea
l 

a
re

a

([
Q

+
(1

.4
 V

)
-

Q
-(

1
.0

 V
)]

 /
Q

-(
1

.0
 V

))

Number of potential steps

NCS-85 (60 oC)

NCS-85-HT (60 oC)

NCS-85 (RT)

NCS-85-HT (RT)

(a)

 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

0 2 4 6 8 10 12 14 16 18

C
o
rr

o
si

o
n

 g
ra

v
im

et
ri

c 
ch

a
rg

e 
p

er
 r

ea
l 

a
re

a

([
Q

+
(1

.4
 V

)
-

Q
-(

1
.0

 V
)]

 /
Q

-(
1

.0
 V

))

Number of potential steps

25 wt% Pt/NCS-85 (60 oC)

25 wt% Pt/NCS-85-HT (60 oC)

25 wt% Pt/NCS-85 (RT)

25 wt% Pt/NCS-85-HT (RT)

(b)

 

Figure 8.8 Ratio of the corrosion gravimetric charge [Q+(1.4 V) – Q-(1.0 V)] to the gravimetric 

charge passed in the cathodic step (1.4 to 1.0 V), assumed to be a measure of the real-time 

surface area of NCS-85 and NCS-85-HT (a) before and (b) after 25 wt. % Pt loading in RT and 

60 °C 0.5 M H2SO4.  

 

     Similar to what was seen in Figure 8.6, Figure 8.8 also shows that the corrosion gravimetric 

charge (C/g), corrected for the relative surface area (6
th

 column in Table 8-2), is the highest in 

the first few 1.0 to 1.4 V potential steps, and then decreases significantly in later stepping cycles 

for all of the NCS samples. This is likely because there will be fewer defective sites available for 

oxidation in later steps and/or that a passive layer (e.g., surface oxides) forms and protects the 

NCS surface from further oxidation [53, 81].  

     The evidence for the high potential formation of a passive layer on the carbon powders under 

study in this thesis was shown in several figures (e.g., Figures 4.3 (c) and 6.8 (a-c)). Figure 8.9 

shows the relatively large cathodic current that appears in the first negative sweep from 1.0 to 

0.05 V after the last (18
th

) potential-step cycle of Protocol C (in 60 °C 0.5 M H2SO4), applied to 
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NCS-85 (without any Pt). Similar to what was seen for the carbon powders (e.g., OMC-S, CIC-

22, CIC-22-PhNH2, and CIC-22-PhNO2), this broad cathodic feature is attributed to the 

reduction of the passive oxide film that formed on the NCS-85 surface at high anodic potentials 

(1.4 V) and could not be reduced in the cathodic steps (1.4 to 1.0 V). This peak was not seen in 

the next full CV between 0.05 and 1.1 V, indicating that high anodic potentials (e.g., 1.4 V) are 

needed in order to form this passive layer again. As also mentioned in the previous chapters, the 

formation of this passive layer on the carbon surface may be beneficial in hindering the rate of 

carbon corrosion.   

 

Figure 8.9 The cathodic current (---, black) seen in the negative scan from 1.0 to 0.05 V 

immediately after exposure to Corrosion Protocol C and the subsequent first full CV (between 

0.05 and 1.1 V, --- green) for NCS-85 (without Pt) in 60 °C 0.5 M H2SO4 at 10 mV/s. The 

steady-state CVs of NCS-85 before and after exposure to 18 min of Corrosion Protocol C are 

also shown here.   

  

     Referring back to the results in Figure 8.8 and the corresponding values of the corrosion 

gravimetric charge (C/g) (corrected for relative surface area) in Table 8-2 (6
th

 column), it is seen 

that the rate of carbon corrosion increases significantly in 60 °C vs. RT 0.5 M H2SO4, which 
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makes sense as the kinetics of carbon oxidation will be enhanced [73, 81-84]. Overall, the 

sequence of the corrosion resistance of the non-Pt-loaded carbons using the 18 min Corrosion 

Protocol C is: NCS-85-HT (RT) > NCS-85 (RT) >> NCS-85-HT (60 °C) > NCS-85 (60 °C). In 

comparison, the trend for the corrosion resistance of 25 wt. % Pt-loaded carbons is found to be as 

follows: Pt/NCS-85-HT (RT) > Pt/NCS-85 (RT) > Pt/NCS-85-HT (60 °C) > Pt/NCS-85 (60 °C). 

     The results in Table 8-2 show that the corrosion resistance of NCS-85 improved by close to 

40% and ca. 25% after heat-treatment when Protocol C was used to corrode the NCS materials in 

RT and 60 °C 0.5 M H2SO4, respectively. Similar to what was argued in Chapter 5, this 

improvement is likely due to the significant increase in the degree of crystallinity (Figure 8.2) 

and hydrophobicity (Figure 8.4) of NCS-85 after heat-treatment, as well as the significant 

decrease in the surface density of the oxygen-containing groups (Figure 8.5). Also, it was shown 

above that the % protection resulting from the heat-treatment of the Pt-loaded NCS-85 is 55% 

and ca. 25% in RT and 60 °C 0.5 M H2SO4, respectively.  

 

8.2.3.2 Cyclic voltammetry (CV) of NCS and Pt/NCS after short term (~ 18 min) corrosion  

     Carrying out CV experiments of carbons after their exposure to electrochemically induced 

corrosion normally gives valuable information about the surface area and surface oxidation 

changes. However, based on what was learned in the previous chapters, this information does not 

necessarily reliably predict the corrosion resistance of the carbons (at least without Pt). For 

instance, the area-corrected CV results in Chapter 5 showed that the heat-treated carbon powders 

were less corrosion resistant than the non-heat-treated carbons, while the current-time data 

analysis clearly revealed that heat-treatment improves the corrosion resistance by at least 50%. 

Also, CV cannot predict how much charge was consumed through CO2 (g) generation at high 
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potentials, while the current-time data give the real charge passed due to carbon (without Pt) 

oxidation. However, the CVs of Pt-loaded carbons, before and after corrosion, should help to 

reliably differentiate the corrosion resistance of Pt/NCS materials, because the changes in the 

CVs of the Pt NPs can be tracked. Thus, in this chapter, similar to the other chapters in this 

thesis, the CVs of the NCS and Pt/NCS materials were collected before and after corrosion in 

order to provide information on the carbon surface area changes, as well as the Pt 

electrochemical surface area (ECSA). 

     Figure 8.10 (a) shows the steady-state CVs (10 mV/s) of the NCS materials, before (NCS-85) 

and after heat-treatment (NCS-85-HT), all in room temperature (RT) vs. 60 °C deaerated 0.5 M 

H2SO4 after an 18 min corrosion experiment (Protocol C, Section 3.3.5, Figure 3.10). Figure 8.5 

(a) is shown here again in order to allow a direct comparison of the CVs of the NCS materials 

before and after corrosion. Similar to what was shown in previous chapters (e.g., Section 4.2.4), 

both the pseudo-capacitive and double-layer currents have increased after corrosion in 

comparison to the corresponding currents before corrosion (Figure 8.5 (a)). According to the 

literature [19, 22, 71, 127, 131], an increase in the double-layer current is likely due to the 

formation of new meso- and micropores at high oxidation potentials, while the increase in the 

pseudo-capacitive currents reflects the formation of new surface functional groups on the carbon 

surface [73, 126, 127, 131, 132, 181, 182].  

     From the results in Figures 8.5 and 8.10, the percentage increase in the gravimetric charge for 

NCS-85 and NCS-85-HT (no Pt) in the RT medium was found to be 30% and 45%, respectively, 

while it is 45% and 100%, respectively, at 60 °C. Based on these area-corrected CV results, the 

increase in the gravimetric charge after corrosion at both temperatures for the heat-treated NCS is 

higher than for the non-heat-treated NCS. As a larger percent increase in the CV charge translates to 
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a lower corrosion resistance, these results suggest that the corrosion resistance of NCS-85 

decreased significantly after heat-treatment, which contradicts the XRD (Figure 8.2) and current-

time results (Figure 8.8 and Table 8-2). Similar results to these were also seen for the heat-

treated colloid-imprinted carbons (CICs) and Vulcan carbon (VC) powders in Chapter 5.  

 

Figure 8.10 Cyclic voltammograms (10 mV/s) of non-heat-treated (NCS-85) and heat-treated 

(NCS-85-HT) NCS (a) before and (b) after 25 wt. % Pt loading in RT vs. 60 °C N2-saturated 0.5 

M H2SO4 after the 18 min corrosion experiments (Protocol C [1.4 V (50 s) – 1.0 V (10 s), 18 

min] (Section 3.3.5, Figure 3.10)). Figures 8.5 (a) and (b) are also shown here (left hand figures) 

in order to help with the comparison of the NCS CVs, before and after corrosion. 

 

     Again, it is important to mention that the NCS-85-HT material has fewer oxygen-containing 

groups (smaller pseudo-capacitive currents in Figure 8.5 (a)), a lower initial gravimetric charge 
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(Figure 8.5 (a)), and a more hydrophobic character (Figure 8.4) than the as-synthesized NCS-85. 

The corrosion process leads to the oxidization of the NCS-85-HT surface and the formation of 

surface oxide groups (pseudo-capacitive peaks in Figure 8.10 (a)). Thus, the NCS-85-HT surface 

becomes more hydrophilic and likely more accessible to the electrolyte, which results in a 

significant increase in its total gravimetric charge at both RT and 60 °C. This further confirms 

that the current-time data analysis in Section 8.2.3.1 can more reliably evaluate the corrosion 

resistance of carbons, in general. 

     Figure 8.10 (b) shows the steady-state CVs of the Pt-loaded carbons (25 wt. % Pt/NCS-85 and 

25 wt. % Pt/NCS-85-HT) at 10 mV/s in deaerated RT and 60 °C 0.5 M H2SO4, all after 18 min 

of exposure to Corrosion Protocol C [1.4 V (50 s) – 1.0 V (10 s), 18 min] (Section 3.3.5, Figure 

3.10). It is seen that the currents for both of the Pt/NCS samples decreased in the HUPD region 

after corrosion, in agreement with the literature [21, 22, 84]. This is likely due to the 

dislodgment/agglomeration of Pt NPs, leading to a decrease in the Pt ECSA [16, 20, 41, 52], as 

seen in Table 8-3. The % decrease in the Pt ECSA was calculated by subtraction of the final 

value (ECSAafter, Table 8-3) from the initial value (ECSAbefore, Table 8-1) and then dividing by 

the initial ECSA and multiplying by 100. As seen in Table 8-3, the % decrease in ECSA is much 

larger at 60 °C than RT, which makes sense, as the higher rate of carbon corrosion at 60 °C 

should lead to more dislodgement/agglomeration of the Pt NPs and thus a lower Pt ECSA [22, 

81-84, 125]. 

     It is also seen in Table 8-3 that the % decrease in the Pt ECSA values after corrosion is 

smaller for the 25 wt. % Pt/NCS-85-HT in comparison to the 25 wt. % Pt/NCS-85 at the 

corresponding solution temperatures. According to the literature [16, 20-22, 31, 41, 52], carbon 

corrosion leads to Pt NP agglomeration. As seen in the current-time data in Section 8.2.3.1, the 
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25 wt. % Pt/NCS-85-HT sample is more corrosion resistant than is the 25 wt. % Pt/NCS-85 in 

both RT and 60 °C 0.5 M H2SO4, likely due to its increased crystallinity (Figure 8.2) and 

hydrophobicity (Figure 8.4). This, in turn, may lead to the higher stability of the Pt NPs on the 25 

wt. % Pt/NCS-85-HT surface and thus a higher Pt ECSA value. The literature suggests that the 

degree of crystallinity of carbon is increased by heat-treatment (e.g., 2000 °C), leading to an 

increased number of π-sites (sp
2
-hybridized carbon) on the surface [16, 21, 22, 31, 203]. Since 

these π-sites can act as anchoring centers for Pt NPs [16, 21, 22, 31], their presence on the heat-

treated carbon surface improves the interactions between Pt and the carbon support and also 

increases the resistance to sintering, thus improving the stability of the Pt NPs [16, 21, 22, 31, 

278]. 

Table 8-3 Electrochemical surface area (ECSA) of Pt/NCS materials after the 18 min corrosion 

experiments 

Samples 
a
 

Solution 

temperature 

ECSAbefore from 

HUPD (cm
2
) 

ECSAafter from 

HUPD (cm
2
) 

% Decrease in Pt 

ECSA 
b
 

Pt/NCS-85 RT 145 120 17 

Pt/NCS-85-HT RT 135 120 11 

Pt/NCS-85 60 °C 120 65 45 

Pt/NCS-85-HT 60 °C 115 75 35 
a 
Carbon samples were heat-treated (HT) at 1500 °C under N2 for 2 h (Section 3.1.4) prior to Pt 

loading. The 25 wt. % Pt loading (Section 3.1.6) was confirmed with TGA (Figure 8.3).  
b 

% Decrease in ECSA after corrosion was calculated from [(ECSAafter – ECSAbefore)/ECSAbefore]. 

The Pt ECSAbefore values from Table 8-1 are shown again here for comparison.  

 

8.2.4 Resistance of NCS and Pt/NCS to 3 h of corrosion at RT vs. 60 °C 0.5 M H2SO4 

8.2.4.1 Cyclic voltammetry and current-time data analysis 

     Figure 8.11 (a) shows the steady-state CVs (10 mV/s) of the carbons, before (NCS-85) and 

after heat-treatment (NCS-85-HT), in deaerated RT and 60 °C 0.5 M H2SO4, after 3 h of 

corrosion using Protocol C (Section 3.3.5, Figure 3.10). The CVs of these carbons prior to 
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corrosion (Figure 8.5 (a)) and after exposure to the 18 min corrosion experiment (Figure 8.10 

(a)) are shown again here in order to help in the comparison of the CVs. As expected, there is a 

significant increase in both the pseudo-capacitive and double-layer currents after 3 h of 

corrosion, similar to what was seen by CV in Figure 8.10 (a). However, the CVs collected in 60 

°C 0.5 M H2SO4 in Figure 8.11 (a) are slightly tilted and do not change sign immediately when 

the direction of the potential sweep changes at 0.05 V and 1.1 V. This may suggest that the 

corrosion process has increased the contact resistance between the Pt/NCS materials or the NCS 

and the current collector (i.e., gold). 

     The percentage increase in the gravimetric charge (in comparison to the before-corrosion CV 

charge in Figure 8.5 (a)) for NCS-85 and NCS-85-HT was 50% and 120%, respectively, in RT 

0.5 M H2SO4, and was 80% and 110%, respectively, in the 60 °C 0.5 M H2SO4. These results 

show that 3 h of exposure to the high potentials changes the NCS surface area by a much larger 

factor than after only 18 min of corrosion, as expected. Similar to what was seen in Section 

8.2.3.2, these results indicate that the surface area of the heat-treated NCS also increased much 

more than the non-heat-treated NCS after 3 hours of Corrosion Protocol C. However, it should 

be noted that NCS-HT was initially very hydrophobic (Figure 8.4) and, during these 3 h of 

exposure to Corrosion Protocol C, many new oxygen-containing groups would have formed on 

the NCS-HT surface, making it more hydrophilic and more accessible to the solution, thus giving 

a larger CV charge. 
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Figure 8.11 Cyclic voltammograms (10 mV/s) of the non-heat-treated (NCS-85) and heat-treated 

(NCS-85-HT) NCS (a) before and (b) after 25 wt. % Pt loading, all in RT and 60 °C N2-saturated 

0.5 M H2SO4 after 3h of exposure to Corrosion Protocol C (Section 3.3.5, Figure 3.10). Figures 

8.5 (before corrosion CVs) and 8.9 (after 18 min corrosion) for the NCS and Pt/NCS materials 

are included here to help with the comparison of their CVs. 
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     Figure 8.11 (b) shows the steady-state CVs (10 mV/s) of the Pt-loaded carbons (25 wt. % 

Pt/NCS-85 and 25 wt. % Pt/NCS-85-HT) in deaerated RT and 60 °C 0.5 M H2SO4, all after 

exposure to 3 h of Corrosion Protocol C (Section 3.3.5, Figure 3.10). In order to see the 

differences compared to the 18 min experiments, Figures 8.5 (b) and 8.10 (b) are also shown in 

this figure. As expected, the HUPD currents have now decreased significantly after corrosion, 

indicative of the dislodgment/agglomeration of the Pt nanoparticles, giving a significant decrease 

in the Pt ECSA [16, 20-22, 41, 52, 84]. The ECSA values also depend on the solution 

temperature after 3 h of corrosion, giving 85 and 100 cm
2
, respectively for the 25 wt. % Pt/NCS-

85 and 25 wt. % Pt/NCS-85-HT in RT 0.5 M H2SO4. However, the Pt ECSA values after 3 h of 

corrosion in 60 °C 0.5 M H2SO4 of the both Pt-loaded carbons are almost zero.  

     The % decrease in the Pt ECSA values after 3 h of exposure to Corrosion Protocol C (when 

compared to the values before corrosion, given in Table 8-1) was 41% and 26% for 25 wt. % 

Pt/NCS and 25 wt. % Pt/NCS-HT, respectively. This make sense, based on the literature [16, 20-

22, 31, 41, 52], as the stability of Pt nanoparticles is higher on more corrosion resistant carbons. 

As mentioned earlier, heat-treatment of the NCS-85 increased its crystallinity (Figure 8.2) and 

hydrophobicity (Figure 8.4) and resulted in its higher corrosion resistance. In fact, a higher 

corrosion resistance of the heat-treated carbon results in a stronger interaction between the Pt 

nanoparticles and the carbon support than a carbon with a lower degree of corrosion resistance.   

     To further understand the CV results and also fairly compare the corrosion resistance of the 

NCS materials, standard current-time data analysis was done, with the results shown in Table 8-

4. Assuming that corrosion gravimetric charge (fifth column in Table 8-4) is due only to CO2 gas 

generation (Reaction 2-4), the maximum % of mass loss of the NCS-85 and NCS-85-HT at RT 

H2SO4 would be 1.3 and 1%, respectively. However, at 60 °C H2SO4, the % of carbon mass loss 
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for NCS-85 and NCS-85-HT would then be 9.2 and 7.5 %, respectively, showing again that the 

carbon corrosion rate in the 60 
o
C H2SO4 is significantly higher than at RT. Similarly, the % 

carbon mass loss for Pt/NCS-85 and Pt/NCS-85-HT at RT H2SO4 is 4.5 and 1.1% and at 60 °C, it 

is 7.1 and 6.6 %, respectively. Also, both Figure 8.12 and the corresponding values of the 

corrosion gravimetric charge (C/g) per real-time surface area in Table 8-4 also suggest that the 

rate of corrosion of the NCS and Pt/NCS materials is higher at 60 °C vs. at RT and also that the 

corrosion resistance of the heat-treated samples is higher than that of non-heat-treated samples at 

the corresponding solution temperatures.  

     In order to more easily compare the area-corrected corrosion gravimetric charge (last column 

in Table 8-4) of the carbons, the results are presented in Figure 8.13. Based on these results, the 

sequence of the corrosion resistance of the non-Pt-loaded carbons is very similar to what was 

seen in Section 8.2.3.1 (18 min corrosion in Figure 8.8 (a)) and is as follows: NCS-85-HT (RT) > 

NCS-85 (RT) >> NCS-85-HT (60 °C) > NCS-85 (60 °C). Also, the trend for the corrosion 

resistance of the 25 wt. % Pt-loaded carbons is very similar: Pt/NCS-85-HT (RT) > Pt/NCS-85 

(RT) > Pt/NCS-85-HT (60 °C) > Pt/NCS-85 (60 °C). 
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Table 8-4 Anodic and cathodic gravimetric charge passed during 3 h of potential-step 

experiments (Corrosion Protocol C, Figure 3.10) 

Samples 
a
 Temp. 

Anodic 

gravimetric 

charge  

(C/g)
 b

 

Cathodic 

gravimetric 

charge  

(C/g)
 b

 

Corrosion 

gravimetric 

charge  

(C/g)
 c
 

Corrosion gravimetric 

charge per real-time 

surface area 
d
 

Cycles  

1-180 

% Protection 

by HT
e
 

NCS-85 RT 2020 1610 410 0.25  

NCS-85-HT RT 2380 2060 320 0.15 40 

NCS-85 60 °C 4655 1690 2965 1.75  

NCS-85-HT 60 °C 4050 1625 2425 1.50 15 

Pt/NCS-85 RT 3750 2310 1440 0.60  

Pt/NCS-85-HT RT 2500 2130 370 0.15 75 

Pt/NCS-85 60 °C 4270 1975 2295 1.20  

Pt/NCS-85-HT 60 °C 4480 2350 2130 0.90 25 

a
 Carbon samples were heat-treated (HT) at 1500 °C under N2 for 2 h (Section 3.1.4). The 

number in the sample names reflect the size (85 nm) of the colloidal silica hard template used 

in the nanoporous carbon scaffold (NCS) synthesis (Section 3.1.3). The 25 wt. % Pt loading 

(Section 3.1.6) was confirmed with TGA (Figure 8.2).  
b
 Anodic (Q+) and cathodic (Q-) gravimetric charge passed in 180 steps between 1.0 V and 1.4 V 

vs. RHE in 0.5 M H2SO4. 
c
 Carbon corrosion gravimetric charge (anodic gravimetric charge minus cathodic gravimetric 

charge) passed in 180 steps between 1.0 V and 1.4 V. 
d
 Carbon corrosion gravimetric charge (C/g) divided by the cathodic gravimetric charge in each 

cathodic step (1.4 to 1.0 V), with the latter assumed to be proportional to the real-time 

electrochemically active surface area [19].  
e
 % Protection by heat-treatment, obtained from the difference between [Q+(1.4 V) – Q-(1.0 V)]/Q-(1.0 

V) before and after heat-treatment and then dividing by [Q+(1.4 V) – Q-(1.0 V)]/Q-(1.0V) before heat-

treatment, ×100.    



 

206 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

0 2 4 6 8 10 12 14 16 18

C
o
rr

o
si

o
n

 g
ra

v
im

et
ri

c 
ch

a
rg

e 
p

er
 r

ea
l 

a
re

a

([
Q

+
(1

.4
 V

)
-

Q
-(

1
.0

 V
)]

 /
Q

-(
1

.0
 V

))

Number of potential steps

NCS-85 (60 oC)

NCS-85-HT (60 oC)

NCS-85 (RT)

NCS-85-HT (RT)

Figure 8.8 (a): 18 min corrosion

experiments
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experiments
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Figure 8.12 Ratio of carbon corrosion gravimetric charge [Q+(1.4 V) – Q-(1.0 V)] to the gravimetric 

charge passed in the cathodic step (1.4 to 1.0 V) for NCS-85 and NCS-85-HT (a) before and (b) 

after 25 wt. % Pt loading, all in RT or 60 °C 0.5 M H2SO4. Figures 8.8 (a) and (b) are also 

included in this figure (left side) in order to help with the comparison of the corrosion results. 
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Figure 8.13 The average corrosion gravimetric charges, corrected for real-time surface area, 

passed during (a) 18 and (b) 180 potential steps ([Q+(1.4 V) – Q-(1.0 V)]/Q-(1.0 V), reflecting the 

corrosion susceptibility for all of the NCS and Pt/NCS materials under study here, in either RT 

or 60 °C 0.5 M H2SO4. 

 

     Overall, it is clear that heat-treatment improves the corrosion resistance of the NCS materials, 

both with and without Pt loading, by ca. 15-25 % in 60 °C 0.5 M H2SO4 and by ca. 40 – 75% in 

RT 0.5 M H2SO4.  It is possible that the increased degree of crystallinity of the heat-treated NCS-

85 and the presence of fewer edge/active sites on the NCS surface help to protect the NCS-85-

HT surface from corrosion at RT. However, a higher degree of crystallinity (crystallite size > 1 

nm (Figure 8.2), achievable by using a higher heat-treatment temperature (e.g., up to 2000 °C)) 

may be needed to further protect the heat-treated NCS-85 from corrosion at 60 °C. It should also 

be mentioned that these results are not all fully understood as yet and thus further investigations 

should be carried out in the future to more thoroughly determine the effect of NCS heat-

treatment and solution temperature on the corrosion susceptibility of the NCS and Pt/NCS 

materials. 
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8.2.4.2 Physical characterization of Pt/NCS after 3 h of corrosion at 60 °C 

     In order to track the changes in the surface morphology of the carbons and the size of the Pt 

nanoparticles (NPs), FESEM images were collected after 3 h of exposure to Corrosion Protocol 

C [1.4 V (50 s) – 1.0 V (10 s)] (Section 3.3.5, Figure 3.10) in 60 °C 0.5 M H2SO4. Analysis of more 

than 50 pores in Figures 8.14 (a) and (b) gave an NCS pore size of 92 ± 5 nm and 86 ± 4 nm for 

the NCS-85 and NCS-85-HT, respectively, which is ~ 10% larger than for the as-prepared NCS 

material (Figures 8.1 (a) and (b)). According to the literature, carbon corrosion begins at 

edges/active sites of carbons [20, 22]. Thus, it is possible that corrosion of the NCS samples 

occurred first at the functional groups, defect sites, and pore edges. The pore necks also seem to 

be enlarged (ca. 16.5 nm) after 3 h of corrosion, compared to those in Figure 8.1 (ca. 15 nm). 

     The Pt particle sizes were also calculated from the average of more than 50 particles in 

Figures 8.14 (c) and (d), giving an average of 6.9 and 6.3 nm for 25 wt. % Pt/NCS-85 and 25 wt. 

% Pt/NCS-85-HT, respectively, after 3 h of corrosion. The Pt NP size increased by 70% and 

25% for Pt/NCS-85 and Pt/NCS-85-HT, respectively, after exposure to high anodic potentials for 

3 h at 60 °C 0.5 M H2SO4. This indicates that the resistance toward agglomeration is higher on 

the Pt/NCS-85-HT material than for the Pt/NCS-85. This makes sense, as the heat-treated 

carbons are less susceptible to corrosion and the oxidation to CO2 and thus the Pt NPs should be 

less prone to agglomeration or dislodgement. 

     Figure 8.15 shows the XRD patterns of the carbons before (NCS-85) and after heat-treatment 

(NCS-85-HT), and also after Pt loading (Pt/NCS-85 and Pt/NCS-85-HT), all after 3 h of 

exposure to Corrosion Protocol C (Section 3.3.5, Figure 3.10) in 60 °C 0.5 M H2SO4. Using 

Bragg’s law and the Scherrer equation [22] for the graphite (002) peak at 2θ = 25 °, the 

corresponding interlayer spacing (d002) and the crystalline dimension in the c-axial direction (Lc) 
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were obtained for each carbon, as shown in Figure 8.15. It is seen that the graphite peaks became 

broader for all of the carbons after corrosion and that the Lc values for the heat-treated and non-

heat-tread carbons are now very similar (ca. 0.6 nm). It appears that the corrosion of NCS in 60 

°C 0.5 M H2SO4 was severe so that the graphitic region of the heat-treated carbons also partially 

corroded, resulting in a shorter range of crystallinity than before corrosion. 

 

Figure 8.14 Field-emission scanning electron microscopy (FESEM) images (200,000 times 

magnification) of (a) NCS-85, (b) NCS-85-HT, (c) 25 wt. % Pt/NCS-85, and (d) 25 wt. % 

Pt/NCS-85-HT, all after 3 h of exposure to Corrosion Protocol C (Section 3.3.5, Figure 3.10) in 

60 °C 0.5 M H2SO4. 

 

     These results make sense, as heat-treatment of the NCS-85 was done at a relatively low 

temperature (1500 °C) in comparison to the temperatures used in the literature (e.g., 2000 °C). It 

was shown in Chapter 5 and also in this chapter that heat-treatment of both the colloid-imprinted 

carbons (CICs) powders and the NCS-85 at 1500 °C can significantly improve their corrosion 
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resistance. As stated earlier, temperatures of >1500 °C can further increase the crystallinity of 

these carbons.  

 

Figure 8.15 XRD patterns of NCS material before (NCS-85) and after heat-treatment (NCS-85-

HT), and also after Pt loading (Pt/NCS-85 and Pt/NCS-85-HT), all after 3 h of exposure to 

Corrosion Protocol C (Section 3.3.5, Figure 3.10) in 60 °C 0.5 M H2SO4. The interlayer spacing 

(d002) and crystallite length in the c-direction (Lc) of each NCS was obtained using Bragg’s law 

and the Scherrer equation [22] for the carbon peak at 2θ = 25°. The Pt particle sizes for the Pt-

loaded NCS materials were calculated using the Scherrer equation for the Pt peak at 2θ = 40° 

[22]. 

 

     Using the Scherrer equation [22] for the Pt (111) peak at 2θ = 40 °, the Pt NP size for 

Pt/NCS-85 and Pt/NCS-85-HT was found to be 10.2 and 7.2 nm, respectively. Similar to the 

FESEM results (Figure 8.14), the Pt NP size increased after 3 h of exposure to Corrosion 

Protocol C in 60 °C H2SO4. In Section 8.2.4.1, lower Pt electrochemical surface areas were 

obtained from the CVs after corrosion, which was explained as being related to Pt NP 
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agglomeration. This phenomenon is now further confirmed by both these FESEM (Figure 8.14) 

and XRD (Figure 8.15) results.  

 

8.3 Summary  

     In this chapter, the effect of heat-treatment on the corrosion resistance of a novel, high surface 

area, self-supported nanoporous carbon scaffold (NCS), with and without 25 wt. % Pt loading, 

was studied. Using the NCS as a catalyst support material for testing in aqueous solutions has 

several advantages over carbon powders, used in earlier chapters, including that no Nafion is 

required and that the carbon microstructure and Pt nanoparticles (NPs) can be easily imaged, 

both before and after corrosion. 

     To synthesize the NCS, a novel method, developed in the Birss group [174] and explained in 

detail in Section 3.1.3, was used. For this work, an NCS with a pore size of 85 nm was prepared, 

using mesophase pitch as the carbon precursor and colloidal silica (85 nm diameter) as the 

template, employing tape-casting and colloid-imprinting processes. The NCS-85 was then heat-

treated at 1500 °C under N2 for 2 h (Section 3.1.4) and denoted as NCS-85-HT. Following this, 

the NCS and NCS-HT materials were loaded with Pt NPs through the wet impregnation method, 

following the procedures explained in Section 3.1.6.  

     The X-ray diffraction (XRD, Figure 8.2) results showed that NCS-85-HT and Pt/NCS-85-HT had 

a higher degree of crystallinity than the corresponding non-heat-treated NCS samples, NCS-85 and 

Pt/NCS-85. Also, using XRD, the Pt NP size for the Pt/NCS-85 and Pt/NCS-85-HT was estimated to 

be 4.0 and 5.6 nm, respectively, while thermogravimetric analysis (TGA, Figure 8.3) confirmed the 

Pt-loading (25 wt. %). Field emission scanning electron microscopy (FESEM, Figure 8.1) 

demonstrated that the average pore size in the NCS-85 material, before and after heat-treatment, was 
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83 and 78 nm, respectively, while the Pt nanoparticle size for Pt/NCS-85 and Pt/NCS-85-HT was 4.1 

and 5.0 nm, respectively, in agreement with the XRD results. Using contact angle kinetics (CAK, 

Figure 8.4), it was shown that NCS-85-HT and Pt/NCS-85-HT are intrinsically more hydrophobic 

than NCS-85 and Pt/NCS-85, likely as heat-treatment led to the removal of the oxygen-containing 

groups (polar groups) from the NCS surface.  

     In order to evaluate the corrosion resistance of the NCS and Pt/NCS samples, they were exposed 

to Corrosion Protocol C ([1.4 V (50 s) – 1.0 V (10 s)], Section 3.3.5, Figure 3.10), with an upper 

potential of 1.4 V for 50 s and a lower potential of 1.0 V for 10 s for a total of either 18 or 180 min at 

in either room temperature (RT) or 60 °C N2-saturated 0.5 M H2SO4.  Rigorous current-time data 

analysis, introduced in Chapter 4, as well as cyclic voltammetry (CV), gave the following 

sequence in terms of the corrosion resistance of these NCS materials in both short-time and long-

time corrosion experiments in both solutions: 

NCS-85-HT (RT) > NCS-85 (RT) >> NCS-85-HT (60 °C) > NCS-85 (60 °C) 

Pt/NCS-85-HT (RT) > Pt/NCS-85 (RT) > Pt/NCS-85-HT (60 °C) > Pt/NCS-85 (60 °C) 

     The results showed that all of the NCS samples were significantly more corroded when 

oxidized in 60 °C vs. RT 0.5 M H2SO4, as expected [73, 81, 84]. Also, the heat-treated NCS 

samples exhibited a higher corrosion resistance than the corresponding non-heat-treated 

materials in both RT and 60 °C 0.5 M H2SO4. This is due again to the significant increase in their 

degree of crystallinity and hydrophobicity, as well as a decrease in the surface density of oxygen-

containing groups.  

     The FESEM images, collected after 3 h of Corrosion Protocol C at 60 °C, showed that the Pt 

NP size on the Pt/NCS-85 and Pt/NCS-85-HT increased to 6.9 and 6.3 nm, respectively. The percent 

increase in the Pt NP size on the non-heat-treated NCS support was higher (70%) than on the heat-
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treated NCS surface (25%). According to the literature, the interaction between Pt nanoparticles and 

carbon supports becomes weaker when carbon corrosion occurs, which leads to Pt nanoparticle 

dislodgement/agglomeration [16, 20, 41]. Thus, heat-treatment of the NCS at 1500 °C under N2 

significantly improves its corrosion resistance (Sections 8.2.3 and 8.2.4). Both the FESEM and XRD 

Pt NP size analysis confirmed these results. 
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Chapter Nine: Conclusions and Suggested Future Work 

9.1 Conclusions 

     Although proton exchange membrane (PEM) fuel cells are one of the most advanced types of 

fuel cells, cost and durability are two technical barriers that are still hindering their commercial 

implementation. In the cathode catalyst layer (CCL), high surface area carbon supports are 

typically used to keep the costly catalytic Pt nanoparticles (NPs) well-dispersed and thus to 

maximize their surface area for the sluggish oxygen reduction reaction (ORR). In spite of their 

low preparation cost, high electrical conductivity, tunable pore sizes and surface properties, 

conventional high surface area carbon supports are all susceptible to corrosion under PEM fuel 

cell operating conditions, especially when the cathode potential is driven to high anodic 

potentials (> 1.2 V vs. the reversible hydrogen electrode (RHE)), especially during fuel cell start-

up/shut-down. Carbon corrosion normally leads to Pt NP agglomeration/dislodgment, which has 

a significant negative effect on the performance and lifetime of PEM fuel cells.  

     Therefore, the main goal of this thesis work was to understand and improve the durability of 

various high surface area carbon materials, including a commercial, microporous carbon black 

(Vulcan carbon, VC) and several recently developed in-house mesoporous carbons (e.g., ordered 

mesoporous carbon (OMC) and colloid-imprinted carbon (CIC) powders, as well as a self-

supported nanoporous carbon scaffold (NCS) membrane). Most of the work was done on as-

received or as-prepared carbons (without Pt), as a fundamental study of their electrochemical 

oxidation under PEM fuel cell conditions was needed first to understand their contribution to the 

lifetime of the fuel cells. Also, it is known that Pt electrochemistry may interfere with carbon 

corrosion and significantly affect the carbon corrosion results.  
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     The synthesis of the OMCs, CICs, and NCS, with different pore sizes, was briefly described 

in this work. Vulcan carbon (VC) was used here as benchmark, as it has been widely used in the 

literature and also in practice. These carbons, as well as the NCS film, were heat-treated at 1500 

°C under N2 for 2 h in order to improve their degree of crystallinity and thus their corrosion 

resistance. The CICs and VC were also surface modified with pentafluorophenyl (-PhF5) groups 

in order to improve their hydrophobicity, which in turn, was also expected to improve their 

corrosion resistance. As well, the CICs were surface modified with two different nitrogen-

containing groups (aminophenyl, -PhNH2) and nitrophenyl (-PhNO2)) to determine if these 

groups would improve the carbon corrosion resistance. Some of the surface modified 

mesoporous carbons, as well as the heat-treated NCS, were also loaded with Pt to determine the 

Pt nanoparticle (NP) size and distribution, as well as stability during the corrosion testing. 

     The physical and chemical characterization of the VC and mesoporous carbons, before and 

after heat-treatment or surface modification, was carried out using a wide variety of techniques, 

including gas sorption analysis, x-ray diffraction (XRD), thermogravimetric analysis (TGA), 

elemental analysis, and wettability measurements. The effect of surface-modification and heat-

treatment on the Pt NP size/distribution was studied using scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM), as well as XRD. The electrochemical properties 

and corrosion resistance of the carbon powders and NCS membrane were then evaluated using 

cyclic voltammetry (CV) and potential-stepping experiments.  

     The main conclusions that have been derived from this thesis work are presented in the 

following sub-sections. 
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9.1.1 Development of a novel approach for carbon corrosion evaluation 

     In this thesis work, CV was used to track the changes of the carbons, both before and after the 

corrosion experiments, in terms of their charge and capacitance. Several novel approaches for 

analyzing the CV data were presented in this thesis and the challenges involved in the 

interpretation of the CV results were also discussed. The double layer charge (QDL) was 

considered to be a good measure of the electrochemically active carbon surface area, while the 

pseudo-capacitive charge (QPseudo) was used to estimate the change in the surface oxidation states. 

The pseudo-capacitive charge of the carbons was then divided by the double layer charge to 

obtain the area-specific density of oxygen-containing surface functional groups on the carbons. It 

was normally considered that the carbon with the larger increase in the QDL and/or the QPseudo/QDL 

ratio is the more susceptible to corrosion.   

     However, it was found that relying only on the CVs to determine the corrosion resistance of 

carbon can be misleading. This is because the electrochemically accessible surface area (i.e., 

QDL) of the carbons is normally affected by many factors, such as wettability, surface functional 

group density, presence of micropores, etc., while all of these factors change considerably during 

carbon corrosion, as explained in Chapters 4, 5, and 8. Thus, even though CV gives valuable 

information about both the surface area changes and the extent of surface oxidation of the 

carbons, it normally cannot correctly predict their corrosion resistances. In fact, CV only 

provides information on the initial (before corrosion) and final (after corrosion) states of the 

carbon, but it does not give information about how much carbon was oxidized during the 

corrosion process. Therefore, a more reliable method for the evaluation of the corrosion resistance 

of carbon supports was developed. 

     In this thesis work, a rigorous analysis of the current-time data, collected during the potential 
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stepping experiments, was developed for the first time, giving a very reliable estimation of the 

relative corrosion susceptibilities of the carbons. It was assumed that the anodic charge passed in 

each positive potential step is due to double layer charging as well as carbon corrosion (i.e., surface 

oxide and CO2 formation), while that in the cathodic step is due only to double layer discharging. It 

was also assumed that the cathodic charge is directly proportional to the electrochemically-accessible 

surface area of the carbon. Thus, the net corrosion charge was obtained by subtracting the cathodic 

charge from the anodic charge in each potential step, with the corrosion charge continuously 

corrected for the real-time surface area by dividing its value in each step by the cathodic charge.  

     This current-time data analysis thus gave information on the real-time accessible surface area 

of the carbon during the corrosion process and also provides the total corrosion charge that was 

consumed in generating both surface and gaseous (CO2) oxides. This analysis method resulted in 

a reliable corrosion resistance comparison between the carbons, considering the aforementioned 

limitations of the CV results. The corrosion protocols and the current-time data analysis method 

deployed in this thesis work have been demonstrated to be capable of providing key information 

in a short time and allowed for the rapid and reliable screening of the corrosion resistance of the 

carbons under study here.  

 

9.1.2 Effect of crystallinity on the corrosion resistance of carbons 

     Using XRD, the degree of crystallinity of the carbons under study here was determined. It 

was found that the OMCs are less crystalline than either VC or the CICs (crystallite size ≥ 1 nm). 

VC is more crystalline than OMC likely because VC was carbonized at higher temperatures (ca. 

1400 °C) during its original preparation, while the OMCs experienced a temperature of only 900 

°C during the carbonization process. In Chapter 4, it was shown that the sucrose-based OMC 
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(OMC-S) has a lower degree of crystallinity than the anthracene-based OMC (OMC-A), likely 

due to the fact that the sucrose precursor is not aromatic, as is anthracene. 

     The corrosion resistance of VC, the OMCs, and the CICs was investigated for the first time in 

this thesis work, using the novel current-time data analysis method described above (Chapters 4 

and 5). Consistent with the literature, the lower crystallinity of the OMCs led to their higher 

corrosion susceptibility than VC, likely as more edge/active sites were present to initiate carbon 

oxidation. Also, it was found in Chapter 4 that OMC-A is more corrosion resistant than OMC-S, 

as expected, based on their different degrees of crystallinity. 

     However, the results in Chapter 5 showed that the CICs are less corrosion resistant than VC, 

even though their degrees of crystallinity are very similar. This is because, other than 

crystallinity, there are many other factors, such as wettability, surface functional group density, 

microstructure, etc. which may also affect the corrosion resistance of carbons, as discussed in 

this thesis work. In Chapter 5, it was suggested that the CIC pore walls are composed mainly of 

graphene sheet edges, while the VC surface is dominated by planar graphene sheets. As carbon 

corrosion initiates at edge sites, the CIC surfaces should be more susceptible to corrosion than 

VC, as was observed.  

     It was shown in Chapter 5 that heat-treatment of the CICs at 1500 °C under N2 for 2 h 

improves the corrosion resistance of the carbons by at least 40-60%, likely due to the significant 

increase in their degree of crystallinity after heat-treatment. Also, it was demonstrated in Chapter 

8 that heat-treatment improves the corrosion resistance of the self-supported NCS sample by ~ 

40% in both short- (18 min) and long-time (3 h) testing in a RT sulfuric acid solution. 

Additionally, it was seen that, when the corrosion experiments were carried out in 60 °C 0.5 M 

sulfuric acid, the heat-treated NCS (NCS-HT) showed a 25% and 15% improvement in its 
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corrosion resistance in the short- and long-time corrosion experiments, respectively. It was 

suggested in Chapter 8 that the increased degree of crystallinty of NCS-HT was effective in 

protecting the NCS-HT surface from corrosion at RT. However, a greater degree of crystallinity 

is needed to further protect the NCS-HT material from corrosion at 60 °C.  

     Although the higher degree of crystallinity of the carbons positively affects their corrosion 

resistance in aqueous solution, it was shown in this thesis work that this is not the only important 

factor. Other properties, such as wettability and the nature of the groups present on the carbon 

surfaces, also play a key role in their corrosion resistance. 

 

9.1.3 Effect of surface functional groups on the corrosion resistance of carbons  

     It was demonstrated in this thesis that the presence of oxygen-containing surface groups on 

the carbons significantly affects their hydrophilic character and thus their corrosion resistance. 

As explained above, the results in Chapter 5 showed that the CICs are more easily corroded than 

VC, although they have a very similar crystallinity. In addition to the differences in their 

microstructures (exposed graphene sheets edges of the CICs vs. graphene planar surfaces of VC), 

mentioned in Section 9.1.2, the higher corrosion resistance of VC vs. the CICs is also due to the 

fact that VC is much more hydrophobic than the CICs, as VC has a low density of surface 

oxygen-containing groups (O wt. = 0.7%) vs. the CICs (O wt. % > 4). The high oxygen surface 

content of both the CICs and OMCs is likely due to the use of NaOH (for silica removal) in the 

last step of their synthesis.  

     In order to better understand the effect of surface functional groups on the corrosion 

resistance of the carbons, without any change in the degree of crystallinity (e.g., heat-treatment), 

a typical CIC with a pore size of 22 nm (CIC-22) was surface-functionalized, for the first time, 
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with several groups, including –PhF5, -PhNO2 and –PhNH2, using diazonium chemistry. 

Interestingly, the results in Chapter 7 clearly showed that the presence of the –PhF5 surface 

groups on both the CIC-22 and VC surfaces improves their electrochemical corrosion resistances 

by at least 50% in 0.5 M sulfuric acid at RT. This was suggested to be due to the significant 

increase in the hydrophobicity of the carbons after functionalization, as well as the passivation of 

the more active edge sites and to the blocking of the more oxidizable surface sites, where carbon 

corrosion is initiated. 

     The results in Chapter 6 showed that the hydrophobicity trend for CIC-22, before and after 

surface functionalization with two different N-containing groups, is as follows: CIC-22-PhNO2 > 

CIC-22 > CIC-22-PhNH2. The electrochemical results demonstrated that neither of these surface 

groups protect the CIC-22 material from corrosion, although maintaining the -PhNO2 group in its 

original state, without prior electrochemical reduction, is beneficial. Overall, the trend in the 

corrosion resistance of the N-surface modified CIC-22, before and after functionalization, is as 

follows: CIC-22-NO2 ≈ CIC-22 >> CIC-22-NHOH (phenyl-hydroxyl amine, partially reduced CIC-

22-NO2) > CIC-22-NH2, consistent with the hydrophobicity trends. It is also of interest that the        

–PhNO2, CIC-22-NHOH, and –PhNH2 groups survive the corrosion experiments and are not fully 

lost at high (1.4 V vs. RHE) anodic potentials. 

 

9.1.4 Thermal stability vs. electrochemical stability of the carbons 

     Similar to what has been done previously in the literature, the thermal stability of all of the 

carbons under study in this thesis work was evaluated using thermogravimetric analysis (TGA). 

It was found that the trend in the thermal stability of the carbons with different microstructures is 

as follows: VC > CICs > OMCs. The lowest thermal stability of the OMCs was attributed to 
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their low degree of crystallinity and also to their high specific surface area (> 800 m
2
/g) among 

the carbons. Generally, carbons with a lower degree of crystallinity and a higher surface area 

should have a lower thermal stability, as there will be more edge/active sites available on their 

surfaces to initiate carbon oxidation. Although the CICs have a very similar degree of 

crystallinity to VC, they are less thermally stable. This could be related to the differences in their 

surface areas, as the CICs (240 – 410 m
2
/g) have a higher specific surface area than VC (220 

m
2
/g). Also, the CICs have many more oxygen-containing groups on their surfaces, which can 

act as active sites for carbon oxidation in hot air.  

     The results also showed that the CICs-HT samples are less thermally stable than VC, even 

though the CICs-HT materials seemed to be more crystalline and have also lost most of their 

oxygen-containing groups after heat-treatment. To explain this, it was proposed that the lower 

thermal stability of CIC-HT vs. VC is likely due to the fact that planar graphene sheets dominate 

the VC surfaces, while the CIC pore walls are composed mainly of graphene sheet edges, which 

will be intrinsically more susceptible to thermal oxidation.  

     Although the trend seen for the electrochemical oxidation stability of the carbons (VC > CICs 

> OMCs) in 0.5 M H2SO4 matches their thermal stability trends, it was demonstrated in this 

thesis work that the oxidation resistance of the carbons at high temperatures in air cannot be 

translated directly to their resistance to electrochemical oxidation in aqueous solutions. This is 

because water plays a very important role in the mechanism of electrochemical oxidation of 

carbon. For instance, although the CIC-HT samples showed a much lower thermal stability than 

VC, they are more electrochemically stable (corrosion resistant) than VC in the acidic solution, 

likely due to their much more hydrophobic surfaces than VC in addition to their higher 

crystallinity. Also, it was shown that the electrochemical stability of VC-HT is much higher than 
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VC, even though the thermal stability of VC-HT is only slightly higher than VC, again likely due 

to the higher degree of hydrophobicity and crystallinity. 

     Additionally, the thermal stability of the –PhF5 functionalized carbons (VC-PhF5 and CIC-22-

PhF5) is much lower than that of the corresponding non-functionalized carbons (VC and CIC-

22). It appears that the partial removal of these covalently attached functional groups from the 

surface at lower temperatures introduces some defect sites and may also generate fluorine-

containing species/radicals or F2/HF gases, leading to their faster thermal oxidation than VC and 

CIC-22. In contrast to the thermal stability results, VC-PhF5 and CIC-22-PhF5 are much more 

electrochemically stable in acidic solutions at high potentials than VC and CIC-22. This is 

because the presence of these functional groups on the carbon surfaces makes them highly 

hydrophobic, which protects them from oxidation by water in acidic solutions.  

 

9.1.5 Effect of surface groups on Pt NP size/distribution 

     Although the thesis results showed that heat-treatment and surface modification can positively 

affect the corrosion resistance of the carbons through an enhanced degree of crystallinity and 

hydrophobicity, it was also important to evaluate the effect of these surface modifications on the 

Pt NP size/distribution and their stability, as these factors can significantly affect PEM fuel cell 

performance. The XRD results in Chapter 6 showed that the presence of –PhNH2 groups on the 

CIC-22 surface significantly decreases the Pt NP size and enhances their distribution on the 

carbon surface, likely as there are strong interactions between the Pt NPs and the –PhNH2 

groups. In fact, during the Pt-loading process, the –PhNH2 groups may become protonated (e.g., 

-PhNH3
+
) and electrostatically attract PtCl6

-
. The amino groups may also chemically bond with 

Pt atoms, forming a new coordination complex by replacing the chloride (Cl
-
) ligand in the 
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complex (PtCl6
-
), both of which would help with the nucleation of Pt nanoparticles. In Chapter 7, 

it was shown that the presence of hydrophobic –PhF5 surface groups on both VC and CIC-22 

leads to an increase in Pt NP size, for reasons that are not fully clear as yet. However, the Pt NP 

size for the functionalized carbons is still in a very good range (2-6 nm) for use in the cathode 

catalyst layers of PEM fuel cells. 

     In Chapter 8, both the heat-treated and non-heat-treated self-supported NCS, with a pore size 

of 85 nm (NCS-HT and NCS, respectively), was loaded with 25 wt. % Pt. The results showed 

that heat-treatment led to an increase in Pt NP size as the oxygen-containing groups, which act as 

anchoring sites for Pt NP deposition, were fully removed during the heat-treatment process. 

Also, the results in Chapter 8 showed that the corrosion resistance of Pt/NCS-HT is 55% and 

25% higher than Pt/NCS at RT and 60 °C 0.5 M sulfuric acid, respectively. This is due to the 

significant increase in the degree of crystallinity and hydrophobicity, as well as the decrease in 

the surface density of the oxygen-containing groups on the NCS surface after heat-treatment.  

     Most importantly, the XRD analysis of the Pt-loaded samples after 3 h of corrosion at 60 °C 

showed a significant increase in the Pt NP size for both the heat-treated and non-heat-treated NCS 

samples, being higher (by 70%) for the non-heat treated sample than for the heat-treated sample 

(25%). As explained in Chapter 8, carbon corrosion normally leads to Pt NP dislodgement/ 

agglomeration. Heat-treatment significantly improved the corrosion resistance of the NCS and thus 

the rate of Pt sintering/agglomeration on the Pt/NCS-HT became slower than on the Pt/NCS. 

 

9.1.6 Research impact 

     The improvement in the durability and performance of PEM fuel cells will lead to increased 

life span, lower maintenance costs, and increased reliability. Therefore, any efforts in this 
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direction will play a key role in the implementation of fuel cells as economical and 

environmentally friendly alternative power sources. The approaches used in this thesis work to 

reliably evaluate carbon materials corrosion and also to protect carbon surfaces from corrosion 

(Sections 9.1.1 to 9.1.5) can have a significant impact on the durability of the CCL.  

     As carbon materials, without Pt loading, were rigorously studied here for their propensity 

toward oxidation, the findings in this thesis in the area of carbon corrosion can be applied to 

redox flow batteries, direct methanol fuel cells (DMFCs), ethanol and formic acid fuel cells, 

capacitors, biosensors, and other devices, where carbon materials are used and may experience 

high anodic potentials, causing carbon corrosion. Similar to the drawbacks of carbon corrosion to 

PEM fuel cells, the degradation of carbon materials in these other devices could also result in a 

lower performance. This work will therefore help researchers, developers, and manufacturers to 

understand the stability of their carbon components and to find approaches to protect them. In 

addition to carbon materials, the methodologies developed in this thesis may also be applicable 

to other conductive supports and electrode materials for these other applications. 

 

9.2 Suggestions for future work 

     Although the results presented in this thesis work provide valuable information on 

understanding and improving the corrosion resistance of various carbon materials, including heat 

treatment, surface modification by -PhNO2, -PhNH2, and -PhF5 groups, and Pt deposition, more 

work is needed to further understand and improve carbon stability, as follows: 

1) The ordered mesoporous carbons (OMCs) and colloid-imprinted carbons (CICs) with 

various pore sizes, before and after heat-treatment (HT), should be loaded with Pt 
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nanoparticles (NPs) to further understand the effect of heat-treatment on the Pt NP 

size/distribution.  

2) The stability of Pt NPs on Pt-loaded samples, including OMCs, OMCs-HT, CICs, CICs-

HT, and pentafluorophenyl (-PhF5), nitrophenyl (-PhNO2), and aminophenyl (-PhNH2) 

functionalized carbons, should be investigated using the novel electrochemical 

approaches introduced in this thesis work to evaluate their corrosion resistance.  

3) Heat-treatment of the OMCs, CICs, and nanoporous carbon scaffolds (NCS) with various 

pore sizes at very high temperatures, e.g., > 2000 °C, under Ar is expected to further 

increase the degree of crystallinity of the carbons. Thus, the effect of heat-treatment on 

the corrosion resistance and porous structure of these carbons, as well as on the Pt NP 

size, dispersion, and stability, should also be determined.  

4) Modification of the surfaces of the heat-treated carbons with selected functional groups 

(e.g., -PhF5) should be carried out in order to combine the effects of both a higher degree 

of crystallinity and higher hydrophobicity to further improve the corrosion resistance of 

carbons. 

5) Functionalization of the carbon surfaces with both hydrophobic and hydrophilic groups at 

the same time, as well as tuning the surface coverage of the functional groups, should be 

done in order to better understand the effect of the presence of functional groups on the 

corrosion resistance of the carbons and on the stability, size and distribution of Pt NPs on 

their surfaces.   

6) The effect of Nafion on the corrosion resistance of Pt-loaded and Pt-free NCS materials, 

with various pore sizes, should be determined, because Nafion can change the wettability 

of the carbons. 
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7) Using the self-supported NCS, the physical characterization (e.g., XRD, N2 sorption 

analysis, elemental analysis, etc.) of the Pt-loaded and Pt-free NCS (with/without surface 

modification and/or heat-treatment) after corrosion should be furthered in order to better 

understand the mechanism of carbon corrosion.  

8) The elemental content, crystallinity, microstructure and surface chemistry of surface-

modified NCS membranes should be determined after corrosion in order to examine the 

stability of the surface functional groups (e.g., -PhF5) and to understand the mechanism 

of how these groups protect the carbon from electrochemical oxidation. 

9) It would also be of interest to determine the influence of surface functionalization on the 

double layer capacitance of carbon to help confirm changes in surface area. In order to 

reach this goal, a smooth, hydrophilic carbon with a known surface area would be used. 

The capacitance (C) would then be obtained both before and after surface 

functionalization, without changing the surface area (or roughness).  

10) The effect of pore size on the corrosion rate of carbons (before and after different 

treatments, e.g., thermal and surface treatments) should be carefully investigated, 

especially by using the self-supported NCS membranes as a model material. 

11) The corrosion resistance of all of the carbons in high temperature acidic solutions (e.g., 

60 °C) should be determined, as the results in Chapter 8 showed that solution temperature 

has a significant effect on carbon corrosion. Also, the corrosion resistance of the carbons 

should be evaluated after exposure to high anodic potentials for a longer period of time 

(e.g., hundreds of hours) in order to further confirm the stability of the Pt/carbons 

observed here at shorter times.  
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12) A thorough investigation should be carried out of the passive oxide layer formed on 

carbon surfaces during electrochemical corrosion at high potentials. The objective of this 

future work would be to understand the formation mechanism of the passive oxide layer, 

determining its contribution to the oxidation charge and its correlation with CO2 

evolution.  

13) The corrosion resistance and Pt stability of all of the Pt-loaded carbons should be 

determined in a membrane electrode assembly (MEA) in a test station, in conjunction 

with on-line mass spectrometry (MS), under real PEM fuel cell operating conditions. 

14) The thermal stability of the carbons in a humidified air/O2 atmosphere vs. in an inert 

atmosphere should be determined to attempt to correlate the findings with the resistance 

of the carbons to electrochemical oxidation. Also, TGA, combined with on-line MS, 

should be used to analyze the products (radicals/species and gases) formed under both 

oxidative and inert environments to further understand the thermal stability of the 

carbons.  
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