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Abstract:

Currently the main challenges still facing the commercialization of low temperature fuel cells is
the high system cost of these devices, along with limited operational stability and power output. At the
root of all these causes in the catalyst layer, containing expensive Pt based catalysts required to
facilitate the hydrogen oxidation reaction (HOR) occurring at the anode and the oxygen reduction
reaction (ORR) occurring at the cathode. In this project, alternative ORR catalyst materials are
investigated in order to reduce the Pt dependency and decrease the excessive costs associated with this

noble metal, while simultaneously improving the catalytic activity.

The ORR kinetics are inherently very sluggish and often times are considered the limiting factor
facing the performance of fuel cell devices. In order to generate power at an acceptable rate for real
world applications, a significant amount of Pt catalyst is required. This is traditionally in the form of Pt
nanoparticles evenly distributed on a porous carbon support material (Pt/C) due to the high
electrochemically active surface area that can be obtained in this configuration. Pt is an extremely
expensive noble metal however, with very limited natural abundance. Thus, a significant reduction or
elimination of the Pt dependence at the cathode of fuel cells is an urgent necessity in order to reduce
the overall system cost to the levels required for commercialization. Moreover, the operational stability
of Pt/C is still very low and suffers deactivation by Pt dissolution and/or agglomeration, and corrosion of
the carbon support due to the harsh conditions present at the site of the cathode. Thus, a challenging
task presents itself to the scientific community where the development of highly active ORR
electrocatalysts is required, while simultaneously decreasing the overall Pt dependence and increasing

the operational stability of these materials.

Common strategies employed to improve the ORR activity and operational stability of Pt-based
electrocatalyst materials involve either: i) combining Pt with other metals to produce alloy compounds,
ii) developing catalysts with different configurations, i.e. nanowires, nanotubes, thin films, etc., or iii)
development and use of novel support materials in order to enhance the catalyst-support interactions
and improve mass transport and electronic properties. Moreover, the development of non-precious
metal (i.e. Fe, Co) containing electrocatalysts, or even metal free catalyst materials with high ORR
activity and operational stabilities would provide immense economical benefits to promote the
commercialization of low temperature fuel cells. Promising performance has been reported for these
materials, however the operational activity and stability of non-precious metal catalysts are still not at

the level required for fuel cell applications. Metal-free carbon-nitrogen based catalysts are the most



recently emerging field of ORR electroctalysis due to the environmental benefits they possess when
compared with metal-based catalyst materials. Work in this field is still primitive; however preliminary
reports have indicated the feasibility of catalytically active ORR materials developed in the absence of

metal species.

In the present work, the unique structural and electronic properties of nitrogen doped carbon
nanotubes (N-CNTs) will be exploited towards fuel cell applications. This report contains four project
contributions, all of which revolve around investigation of the electrochemical activity of N-CNTs or their
composites towards the ORR. Detailed structural analysis is also provided to supplement the
electrochemical investigations in order to elucidate the exact factors affecting the catalytic activity
observed and provide insight into the behavior and applicability of N-CNTs towards ORR electrocatalysis

for fuel cell devices.

The first study investigates N-CNTs as Pt nanoparticle supports as ORR electrocatalysts for
PEMFC applications. Due to the distinct electronic properties and surface functional groups present on
the surface of N-CNTs, improved Pt nanoparticle dispersion and uniformity were obtained using N-CNTs
with higher surface nitrogen contents. The inherent advantages arising from nitrogen incorporation
were clearly demonstrated with comparison made between N-CNTs synthesized from two different
precursor solutions along with undoped CNTs. It was found that a 16.9% increase in the peak power

density of a fuel cell setup was obtained when using N-CNTs as supports, compared with CNTs.

The second study is directed at the use of N-CNTs synthesized from aliphatic diamine precursor
solutions with varying carbon chain lengths for use as ORR electrocatalysts in AFCs. It was found that
using a precursor solution with higher nitrogen to carbon contents (i.e. shorter chain length) would
result in N-CNTs with improved nitrogen incorporation along with enhanced ORR activity and product
selectivity. This study elucidated the importance of using nitrogen rich precursor materials and provided
insight into the nature of the ORR occurring on the surface of N-CNTs, where it was demonstrated that
using ethylediamine as a nitrogen rich precursor solution could result in a five-fold improvement in
kinetic current densities obtained through half-cell testing at a electrode potential of -0.2 V vs Ag/AgCl

compared with precursors with reduced nitrogen contents.

The third study involved fabrication of a thin, free standing film composed of highly active N-
CNT materials developed in the second study. This thin film was utilized as a stand-alone, ionomer free

cathode catalyst in an alkaline anion exchange membrane fuel cell setup. The performance of this thin



film in a single membrane electrode assembly (MEA) was found to be superior to that of commercial
Pt/C catalyst. The improved performance was attributed to the high inherent ORR activity of the N-CNTs,
along with the high surface aspect ratios of the N-CNTs and the porous structure of the thin film,

enabling reactant access.

The fourth study investigates CNTs post-treated with cyanamide in the absence of any metal
species (CNT-cy). After high temperature pyrolysis, the ORR activity of CNT-cy was found to improve,
along with significantly higher product selectivities when compared with untreated CNTs. The improved
performance was attributed to the deposition of a thin surface layer containing catalytically active site
structures observed following pyrolysis by TEM. At higher cyanamide loadings in the precursor,
deposition of a more uniform film with a higher degree of surface coverage was favoured and found to

result in improved ORR performance.

All of the studies presented in this work involve the development and application of N-CNTs or
their composites towards the electrocatalysis of ORR for low temperature fuel cell devices. Insight into
the applicability of N-CNTs towards ORR electrocatalysis is made readily available, supplemented by
detailed structural characterization techniques. This work will provide details regarding the specific
factors influencing ORR activity and will elucidate the benefits and ORR activity resulting from the
inherent surface functional groups present on N-CNTs. This work will provide a fundamental basis for
future investigations focused around the application of N-CNT in electrochemical devices, along with the

development of novel nanomaterials for fuel cell applications.
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1.0 Introduction

With increasing environmental awareness and ever depleting fossil fuel supplies, the demand
for environmentally friendly, sustainable energy technologies is at the forefront of modern day research
and development. With the amount of yearly crude oil discoveries in 2020 expected to be half the
amount in 2000 [1], low temperature fuel cells are considered promising replacements to traditional
combustion engines as they provide efficient chemical to electrical energy conversion, producing only
environmentally benign byproducts in the form of water and heat [2]. Low temperature fuel cells rely on
continuous reactant feeds simultaneously to the anode and cathode electrodes, where electrochemical
oxidation and reduction will occur, respectively. The anode and cathode are separated by an insulating
membrane and thus a current will be drawn through an external circuit that can be used to power
electrical devices. The anode feed stream consists of an oxidant, generally hydrogen, that if produced by
renewable technologies can significantly reduce and even eliminate the dependence on natural
resources and provide immense environmental and economic benefits. Other oxidants used can include
methanol, ethanol or even hydrogen storing compounds (i.e. sodium borohydride or ammonia) [3],
however in the present thesis the main focus will be on proton exchange membrane fuel cells (PEMFCs)
and alkaline fuel cells (AFCs) operating on hydrogen. Low temperature fuel cells and most significantly
the PEMFC are considered ideal for stationary, mobile and even transportation applications, due to their

low operation temperature (< 120°C), quick start up time and transient response capabilities [2].

Despite intensive research focused on the development of fuel cell technologies, significant
challenges still face the widespread commercialization of these devices. Specifically, the high system
cost and limited stability of low temperature fuel cells are two issues that must be overcome and in
most cases, the two of these issues are intertwined. A majority of the high system cost stems from the
electrodes, consisting of the expensive catalyst layer (due to its significant Pt content, especially at the
cathode, where the sluggish oxygen reduction reaction (ORR) occurs) and the gas diffusion layers.
Stability issues generally stem from degradation of the catalyst layers and the membrane electrolyte
materials, with significant work being done in recent years directed at understanding the exact causes,
effects and mechanism of fuel cell performance loss [2, 4-6]. With the catalyst layers contributing
significantly to the overall system cost and performance degradation of low temperature fuel cells, the
development of novel nanomaterials with high catalytic activity, operational stability and low cost would
provide immense progress towards fuel cell commercialization. Thus, the present thesis is directed at

research in this field.



The report is structured so that the reader will be presented with a more specific background on
PEMFCs and AFCs, along with their associated technical challenges with a focus on catalytic materials.
The work discussed hereafter consists of ORR catalyst materials developed for utilization in PEMFC and
AFC cathodes derived from nitrogen doped carbon nanotubes (N-CNTs), so understanding on their exact
nature and properties will also be presented. Subsequently, physical and electrochemical
characterization techniques utilized will be summarized, followed by full reports including an
introduction, results and discussion and conclusions relating to four seperate investigations carried out.

These involve:

i N-CNTs as supports for Pt nanoparticles in acidic conditions (similar to those present in PEMFC).
This chapter is based on reference [7].
ii. N-CNTs synthesized from various aliphatic diamines. This chapter is based on reference [8].
iii. Thin, free standing N-CNT film as standalone cathode catalyst in an alkaline anion exchange
membrane fuel cell setup. This chapter is based on reference [9].

iv. Metal free N-CNTs synthesized by a post treatment method

The latter three investigations focus on the performance of N-CNT complexes under alkaline conditions,

similar to those encountered in AFCs.

1.1 Proton Exchange Membrane Fuel Cells

The first PEMFC was developed in the 1960s and provided versatility when compared with
previously developed solid oxide fuel cells due to their small size and low operating temperatures.
PEMFCs were initially used in the NASA Gemini projects of the 1960s. Ultimately however, limited
stability (ca. 500 h of operation) and water management issues led to their replacement by AFCs for the
infamous Apollo missions [3]. Around this time, PEMFCs fell out of favour due to CO poisoning issues
and high system costs [10], requiring up to 28 mgcm™ of Pt on the electrodes [3], several orders of
magnitude over the present requirements. In the late 1980s and early 1990s government and military
energy requirements sparked newfound interest in PEMFC development directed at cost reduction and
performance improvements [10]. Since then, immense progress has been made in this field and the
PEMFC has emerged as a promising energy conversion device for mobile and stationary applications.
Moreover, the use of PEMFCs in automobiles has been envisioned for several years as replacements to

traditional combustion engines which would provide immense environmental benefits due to zero green



house gas emissions during operation. Drawing off the advantages of high power densities, low
operating temperatures, rapid start up times and amenability to varying load requirements [11], steady
progress is being made towards their commercialization. Challenges hindering commercialization and
widespread use still remain however, deriving from the high system cost and limited operational

stability of PEMFCs [12], along with the demand for a hydrogen fuel infrastructure and economy [13].

1.1.1 Operational Principles

In its most simplistic form, a PEMFC stack consists of several unit cells configured together in a
setup depicted in Figure 1. Each unit cell is typically comprised of two bipolar plates, two seals and a
single membrane electrode assembly (MEA). Hydrogen as the fuel and air/oxygen as the oxidant are fed
to the anode and cathode electrodes in isolation, respectively, where they undergo the necessary

electrochemical reactions.

End-plate

Flow field plate

Seal
Membrane Electrode Assembly

Cooling Plate

Figure 1: Hardware of a PEMFC stack, Reprinted from [11], Copyright 2003 with permission from Elsevier.

Hydrogen as a fuel, often times generated from fossil fuel reforming, bioprocesses and other
renewable sources is directly fed to the anode, where it will undergo hydrogen oxidation according to

Equation 1:

H, 22H" + 2¢ E°=0V vs RHE (1)



The protons then migrate through the polymer membrane and the electrons are directed through the
external circuit to the site of the cathode. At the cathode, oxygen (or air) is continuously fed which

reacts with available protons and electrons in the ORR mechanisms provided in Equation 2:
0, + 4H" +4e” =2H,0 E°=1.229 V vs RHE (2)

Catalysts with a high selectivity for the ORR occurring by Equation 2 are favourable, however the ORR

can proceed by an indirect pathway, forming H,0, intermediates following Equation (3):
0, + 2H" +2e” = H,0, E°=0.7 Vvs RHE (3)

These hydrogen peroxide species can either be released into the system, or become further reduced to

form water by Equation (4):
H,0, + 2H' + 2" > 2H,0 E°=1.76 V vs RHE (4)

H,0, formation will lower the performance of fuel cell systems, as it requires two separate 2e” reduction
processes. Moreover, H,0, byproducts can have detrimental effects on the fuel cell component
materials, specifically the polymer membrane [2]. Thus, increased selectivity towards the more efficient
direct 4e” process is extremely important when screening catalyst materials. The overall PEM fuel cell

reaction can be summarized as equation (5):
H; +1/202 ->H,0 (5)

The bipolar plates separating the individual MEAs have four primary duties [11]. These include: i)
distribution of the fuel and oxidant feed streams, employing flow fields of various geometries to
improve mass transfer and reactant access to the electrode surfaces, ii) current collection to carry
electrons from the anode, through the external circuit to the site of the cathode, iii) water and thermal
management, where they are designed in order to effectively remove water and heat byproducts to
avoid catalyst flooding and overheating, respectively, and iv) as cell seperators and for mechanical
stability. Bipolar plates typically consist of graphite, coated metals or both materials complexed together.
Cost, corrosion resistance, chemical compatibility, density, thermal properties and electronic

conductivity are the main considerations when designing these materials [11].

The individual MEAs (Figure 2) are comprised of a proton conducting membrane electrolyte
separating the anode, and cathode electrodes. The membrane electrolyte serves a very important
purpose, separating the two half-cell reactions and transporting protons from the anode to cathode in

order to carry out the overall reaction. Moreover, the membrane electrolyte in an insulator material,



inhibiting the flow of electrons through its cross section to avoid creating a short circuit. The electrons
are then forced through the external circuit in the form of electrical energy. The membrane electrolyte
generally utilized is a perfluorosulfonic acid (PFSA) material (typically Nafion) [2, 11], with a backbone
structure similar to that of commercial Teflon. This backbone structure is functionalized with negatively
charged sulfonic acid groups, which facilitate proton transport. The anode and cathode electrodes
consist of a catalyst layer deposited onto a porous gas diffusion layer (GDL) in a manner depicted in
Figure 3. Porous carbon cloth or carbon paper is the traditional material utilized as a GDL, with its
primary purposes to facilitate even reactant distribution to the catalyst layer, conduct electrons to the
bipolar plate and effectively transport water byproducts. In order to drive the necessary oxidation and
reduction reactions at a practical rate for fuel cell operation, Pt nanoparticles supported on a porous
carbon black support material (Pt/C) is the catalyst of choice as hitherto, it has demonstrated the
highest combined catalytic activity and operational stability. The current Pt requirement at the site of
the cathode is significantly higher (ca. 0.4 mgcm"ze|ectmde) [14] than at the site of the anode (< 0.2 mgecm’
2 ectrode)[15], due to the extremely sluggish kinetics of the ORR compared to the hydrogen oxidation

reaction (HOR).

PEM FUEL CELL
Electrical Current
Excess e- 8 | Water and
Fuel Heat Out
e *
o we| %
$ s Hs0
"2 | we| T
H+ <7 2
FuelIn / . Y Air In
s N,
Anodé Cathode
Elecirolyte

Figure 2: Single cell arrangement for PEMFC, taken from [16].
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Figure 3: Schematic of catalyst layer coated onto porous GDL, reprinted from [17], Copyright 2004 with permission from

Elsevier.

PEMFCs typically operate between 50-100°C [18]. Increasing the operation temperature of
PEMFCs is ideal in terms of high power output of these devices. This is at the expense of stability, where
system components including the polymer membrane and catalyst layers will be accelerated at elevated
temperatures [2]. Each unit cell operates at a voltage of approximately 0.7 V [3], thus in order to draw
reasonable power from these devices they are generally connected in series in a bipolar arrangement.
Operating PEMFCs on pressurized feed streams can be beneficial in terms of system performance and

power output, however requires increased system complexity and the associated costs therein.

1.1.2 Technical Challenges

High cost and limited operational stability are the two major challenges that need to be
overcome in order to realize the sustainable commercialization of PEMFCs. By 2015, the United States
Department of Energy (DOE) has issued technical targets of 15 dollars per kW of power output and 5000
h of operational stability with limited performance loss [19]. At the root of both cost and stability issues
is the catalyst layers utilized at the site of the anode and the cathode, consisting of expensive Pt based

materials. According to a study completed for the DOE in 2007, it was reported that approximately 55%
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of the overall fuel cell cost stems from the Pt based catalyst layers [20]. The kinetics of the ORR
occurring at the cathode are inherently much more sluggish than the HOR occurring at the anode, and
this is often times considered the primary factor limiting the overall PEMFC performance. This results in

extensive reliance on high Pt-loading catalyst materials in order to facilitate the ORR at a reasonable rate.

Traditionally, high surface area Pt/C has been the catalyst of choice, consisting of uniformly
dispersed Pt nanoparticles (diameters ca. 2-4 nm) on a porous carbon support with a TEM image of
these materials displayed in Figure 4. This dispersive arrangement can effectively increase the Pt
utilization and catalytically active surface areas. Unfortunately, the high surface energy of zero
dimensional nanoparticles render these materials highly susceptible to several forms of degradation.
The harsh conditions (i.e. high potential and acidic environment) present at the site of the cathode can
effectively lead to Pt nanoparticle dissolution, particle agglomeration, Ostwald ripening and even Pt
poisoning by contaminants present in the reactant feed streams [2, 4, 21]. All of these degradation
mechanisms will result in significant performance loss of the fuel cell stack due to decreased rates of
reactions and ECSA. Moreover, corrosion of the carbon support is a significant degradation issue
affecting the catalyst layers. This phenomena has been extensively investigated [4, 22, 23] and is known

to occur following equation (6):
C+2H,0 > CO, +4H" + 4¢ E°=0.207 V vs RHE (6)

This reaction is known to have a reversible potential of 0.207 V vs RHE, which is well below the potential
values encountered at the cathode. This indicates that at normal operating conditions, corrosion of the
carbon support is thermodynamically favourable. While electrode potential is considered the main
parameter governing the rate of carbon corrosion, other factors including higher temperatures, reduced
humidity and fuel starvation can accelerate the degradation [2]. Pt will also serve as a catalyst for carbon
oxidation, so higher contact between Pt and the carbon support will increase the rate of this reaction
[24]. Attempts to improve the stability of Pt-based catalyst materials include alloying with other metals
[2, 25, 26], modifying the distinct nanostructure of Pt into different configurations (i.e. 1D
nanowires/nanotube [27, 28] or 2D thin layers [29] and investigating novel catalyst support materials
[30, 31]. These attempts have been met with some success, however the performance targets set by the

DOE [19] have still not been obtained.



Figure 4: TEM image of commercial Pt/C catalyst.

Improving the Pt mass based activity of ORR electrocatalyst materials is an urgent necessity, in
order to lower the Pt loading and improve fuel cell performance. This would effectively reduce the
overall system cost and would alleviate the significant reliance on this noble metal with limited natural
supplies. Attempts to improve the ORR activity generally involve modification of the distinct electronic
and structural properties of the catalyst materials, along with enhancing the catalyst-support
interactions. Alloying Pt with other non-noble transition metals (i.e. Fe, Co, Ni, etc.) has been
demonstrated to provide distinct Pt mass based performance increments, attributed to d-band shifts, Pt
lattice contraction and modified surface reactivities [32-37]. Development of materials with distinct
nanostructures in order to increase Pt utilization has involved the development of thin nanowires with
high surface aspect ratios [38, 39], nanotubes [27] and even monolayer Pt catalysts [40-42] so that
effectively all Pt atoms have exposure to reactants. Simultaneously improving Pt-mass based activities
without sacrificing catalyst stability is a significant challenge. Further work is required in order to
increase the overall power density of PEMFCs to 0.8-0.9 Wcmyvea at cell voltages above 0.65 V while
effectively reducing the overall Pt loading to 0.15 mgcm™vea and maintaining operational stability.

Reaching these targets would make PEMFC usage for large-scale automotive applications a reality [15].



The performance and stability of other component materials must be taken into account when
looking at fuel cell systems as a whole. Numerous efforts have been focused on improving the
performance of the polymer membranes, which are also prone to time dependent performance drift
resulting from structural, chemical and thermal degradation [2]. While these issues cannot be
overlooked, the focus of the present work is on the cathode catalyst materials utilized in fuel cells and a

thorough discussion of other component materials is not necessary.

1.2 Alkaline Fuel Cells

AFCs have been conceptualized since the early 1900s [3] and have been in existence dating back
to the 1950s as a power source for a farm tractor [43]. Since then, these devices have been utilized for
extensive transportation applications and even as power supply for the NASA lunar missions in the
1960s [3]. The promising performance towards these applications popularized AFCs and motivated
significant research efforts on their development in the 1970s and 1980s. Relatively recently, emergence
of PEMFCs has eclipsed efforts on the development of AFCs and they have fallen out of favour with the
scientific community. Despite this, research and development of AFCs has not been forgotten, as they
provide numerous advantages that still render them promising devices. Most significantly, the ORR
overpotential occurring at the cathode under alkaline conditions is significantly lower than under acidic
conditions such as those encountered in a PEMFC [3, 43, 44]. This allows operation at higher voltages
with fewer activation losses and provides opportunity for the utilization of non-precious catalyst
materials (however Pt usage has not been completely dismissed) [3, 43]. AFCs also provide many cost
benefits over PEMFCs deriving from the aforementioned reduction/elimination of Pt based catalysts due
to more facile reaction kinetics, along with cheaper electrolytes and simplistic system designs [3].
Alkaline environments further offer less corrosive operating environments which can reduce component
degradation resulting in stability improvements [45-47]. Low power densities and electrolyte
contamination are the two most significant issues facing the development of AFCs, although cost
reduction is of relative importance in order to improve the economic feasibility of AFC

commercialization.



1.2.1 Operational principles

Alkaline fuel cells traditionally operate on hydrogen feeds to the anode and oxygen (or air) to
the cathode in a configuration illustrated in Figure 5. Other fuels have been investigated as alternatives
to hydrogen, including methanol or ethanol, however hydrogen still remains the fuel of choice. Under
alkaline conditions, the overall fuel cell reaction given in Equation (5). The exact reaction mechanisms of
the two half cells slightly differ however. At the site of the cathode, oxygen that is continuously fed will
undergo ORR to form hydroxide anions. This can proceed by two pathways, the first of which is the

more efficient, direct 4e- transfer following Equation (7):
0,+4e + 2H,0 2 40H E°=0.401V vs RHE (7)

In alkaline media, the ORR can also occur by a more indirect process. First, the oxygen molecules will
undergo a 2e- reduction, forming HO, hydrogen peroxide species, either as an intermediate or a final

byproduct [48]. This reaction follows Equation (8):
0,+2e +H,0 2 OH + HO, E°=-0.07 V vs RHE (8)

These species can either be released into the system as detrimental byproducts [REF], chemically
decompose forming a single 02 molecule and hydroxide anion [48], or ideally be further reduced by

another 2e- reduction process (overall 4e-) following Equation (9):
HO, +2e + H,0 2 30H E°=0.87 V vs RHE (9)

Following these reactions, formed hydroxide anions will be transported through the electrolyte to the

anode, where they will take part in the HOR following Equation (10):
2H, + 40H - 4H,0 + 4e E°=-0.83 V vs RHE (10)

Similar to the PEMFC, the alkaline electrolyte must be impervious to electron flow directing them

through an external circuit.
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Figure 5: Single cell arrangement for AFC, taken from [16].

AFCs have the potential to operate in the absence of Pt due to the much more facile ORR
kinetics occurring in alkaline conditions, a phenomena well documented, however not well understood
[48]. In this regard, common electrode configurations have consisted of porous three dimensional Ni or
Ag structures. Early work utilized porous nickel electrodes fabricated from sintered Ni powders [49]. This
later evolved toward the use of Raney metals electrodes. These materials were produced by fabrication
of a composite material consisting of an active metal such as Ni or Ag, and an inactive metal such as
aluminum. After synthesis of this composite, the aluminum component could be effectively dissolved
out, forming three dimensional porous structures with high surface area and electronic conductivity.
Numerous arrangements have been employed utilizing electrodes of this structure comprised of Ni at
the anode and Ag at the cathode [50]. In later years, the use of rolled electrodes was presented. These
would consist of catalyst materials mixed with polytetrafluoroethylene (PTFE) and rolled onto a porous
Ni substrate [51]. The catalyst materials utilized often consist of high surface area carbon supported
catalytic materials, including Pt or non-noble components such as manganese oxides [3]. It should be
noted that utilizing Pt can alleviate the requirement for complex metal based electrode structures,

however bears with it high cost and limited availability.
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AFCs generally rely on the use of liquid electrolyte materials, most specifically solutions of
potassium hydroxide (KOH). Due to the significant issue of electrolyte contamination, various electrolyte
configurations have been investigated including circulating liquid electrolytes [52], liquid electrolyte
immobilized in a porous matrix material [53] and most recently anion exchange membranes (AEMs) [54-
56]. All of these configurations have their respective advantages and drawbacks which will be discussed
further in the technical challenges section. Increasing the pressure of reactant gases in AFCs can result in
improved performance, although a significant amount of investigations on AFCs have generally focused
on ambient condition operation (i.e. atmospheric pressure). This has caused some discrepancy when
comparing the performance of AFCs with that of pressurized PEMFCs [43], however, it should be noted
that investigations involving the use of pressurized reactants results in promising AFC performance that
is comparable to PEMFCs. Above ambient operating temperatures are generally used, where increases
in the cell temperature can significantly improve fuel cell performance due to the reduction in activation
overpotentials for the electrochemical half cell reactions [3]. It has been reported that minimum
operation temperature of 60°C can be utilized [3], however these devices are generally operated at
temperatures between 90-100°C [18] in order to provide a compromise between cell performance and
stability issues. Bipolar plates are not generally utilized in AFCs, mainly due to the high inherent
conductivity of the metal electrodes and the insulating properties of PTFE utilized in rolled electrodes.
Thus, electrode edge connections are possible providing simpler and lighter cell designs, while reducing
system costs due to elimination of the bipolar plates. It should be noted however that many different
stack setups have been investigated over the years and an optimal configuration has not been

exclusively confirmed.

1.2.2 Technical Challenges

While cost and performance improvements are two issues that consistently need to be
addressed, the primary challenge facing AFC technologies relates to electrolyte poisoning due to the
presence of CO, impurities in the reactant feeds [43, 51]. CO, impurities will react with hydroxide

anions in the electrolyte solution following either Equation (11) or (12):
CO, + 20H > CO,* + H,0 (11)

CO, + 2KOH = K,COs + H,0 (12)
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Significant performance losses can be attributed to these reactions. Specifically, each reaction reduces
the hydroxide anion concentration in the electrolyte solution and the solubility of carbonate species.
This will serve to reduce the anionic conductivity of the electrolyte, reduce the pH and limit hydroxide
anion accessibility to the anode, resulting in diminished HOR rates and power output [3, 43]. Carbonate
precipitation will also have several detrimental effects, including: i) blocking of catalyst pores, resulting
in reactant access and water management issues [43], ii) increased viscosity of electrolyte solutions
hindering mass transport [3] iii) increased volume and vapour pressure of the electrolyte [43] and iv)
electrode and component damaging resulting from solid formation [3]. Overall, it is indicated that CO,
poisoning is the main challenge limiting the commercialization of AFC usage. In order to overcome these
challenges it is suggested that AFCs need to be run on pure reactant feeds, require on-board scrubbers
or require adequate electrolyte configurations. Investigations into the latter have included circulating
electrolytes, intermittent electrolyte replacement, or most recently the development of AEMs [54-56].
Each of these options possesses several advantages and disadvantages that will not be discussed in
detail. However, the use of AEMs in fuel cell setups is very promising and will be utilized in one of the
studies reported herein. Thus, the subsequent discussions related to AFC technologies will have more of

a specific focus on anion exchange membrane fuel cells (AEMFCs).

Improving the performance of AFCs is extremely important in order to increase the practicability
of these devices and drive the technology further towards commercialization. Low performance
generally stems from the AEM and the catalyst layers utilized. With respect to the former, low anionic
conductivity and thermal stability are two issues that still require further improvement [56]. In the case
of the latter, development of highly active electrocatalyst materials will serve to improve the overall
performance of AFCs. The design and synthesis of novel nanostructured electrocatalyst materials with
improved performance is important and a focus should be on improving surface aspect rations, active
site densities and utilization. When utilizing non-precious metal or metal-free catalyst materials,
hydrogen peroxide byproduct formation is also a significant challenge facing catalyst performance [2].
ORR following the 2e” reduction mechanism resulting in hydrogen peroxide formation will lower the
overall efficiency and produce these corrosive byproducts that can be detrimental to component
stability. Thus, when investigating new catalyst materials, the selectivity towards the more efficient 4e’

ORR mechanism must not be overlooked.

Reducing the overall system cost will also significantly improve the economic feasibility of

successfully commercializing these devices. Despite diminished reliance on Pt based catalysts compared
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with PEMFCs, there is still a significant dependence on metal based catalyst materials (i.e. Fe, Co, Ni, Au).
Not only are there significant costs associated with the mining, extraction, recycling and disposal of
metal components, there are significant environmental impacts involved with each of these processes.
Research and development efforts need to be directed at the production of inexpensive catalyst
materials with a significantly reduced, or even eliminated metal dependence, while maintain high ORR

activity and operational stability.

1.3 Nitrogen doped carbon nanotubes

The attention of the scientific community was first drawn to CNTs in 1991 [57] and steady
research efforts on their properties and potential applications has since ensued. CNTs are versatile
nanomaterials that consist of graphene sheets rolled up in a tubular formation as depicted in Figure 6.
CNTs can consist either of a single (SWNT), double (DWNT) or multiple (MWNT) graphene sheets which
can drastically alter their overall properties [58]. They can have diameters as small as 1 nanometer [59]
and as large as several hundreds of nanometers, with varying lengths up to several micrometers. Thus,
generally CNTs are considered one dimensional nanomaterials and possess numerous advantages
associated with their anisotropic nature. The main advantages of CNTs lie in their distinct structural and
electronic properties. Firstly, their mechanical properties are unrivaled, displaying extremely high
structural strength despite being extremely lightweight [59, 60]. Graphitic carbon is also mechanically
and chemically more stable than disordered carbonaceous species, leading to a higher degree of
structural integrity of the CNT walls. Second, their high surface aspect ratios and capillary like nature
deriving from their hollow structure can render them ideal for many applications including catalysis and
energy storage [59]. Third, they possess attractive thermal properties, including stability at extremely
high temperatures and exception thermal conductivity [60]. Finally, their unique, tunable electronic
properties are fascinating and are so immense they have been the focus of entire review papers [59].
CNTs can have either metallic or semiconductor electronic properties with tunable band gaps,
properties that have led to their investigation towards applications including energy conversion and

storage, conductive high strength composites, field emission devices and many more [58-60].
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Figure 6: Schematic of basic CNT structure, reprinted in part with permission from [61], Copyright 1999 American Chemical

Society.

Heterogeneous chemical doping of CNTs, specifically nitrogen atoms incorporated into N-CNTs
can significantly alter the distinct physical properties of these materials making them amenable and
more applicable to numerous applications. The incorporation of nitrogen into CNTs was first reported in
1994 [62], where researchers utilized arc-discharge methods to fabricate CNTs substitutionally doped
with nitrogen and boron atoms. Since then, N-CNTs have been synthesized by several different methods,
resulting in N-CNTs with varying nitrogen contents, structural and electronic properties. High
temperature synthesis methods can be utilized, which include arc-discharge or laser ablation. These
methods involve the rapid evaporation of precursor targets and subsequent N-CNT growth and
deposition on substrate materials. Relatively low temperature growth methods such as CVD are also
commonly applied and generally consist of injecting precursor solutions into a tube furnace, where
nanotube growth occurs under an inert environmental. These two methods are in situ nitrogen doping
procedures and can be very versatile, requiring relatively simple precursor materials consisting of only
carbon and nitrogen in the presence of a growth catalyst (i.e. Fe, Co, or Ni). As previously mentioned,
the physical properties of the as grown N-CNTs depend significantly on the synthesis methods, but also
rely on the type of precursor materials utilized as well. Nitrogen contents ranging anywhere from
minimal incorporation (< 1 at. %) up to ca. 20 at. % have been reported [63]. Post treatment of CNTs has

also been mentioned in the literature, however not extensively investigated.
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Resulting from dopant atoms, N-CNTs exhibit higher degrees of crystalline disorder compared
with their undoped counterparts [64]. Nitrogen atoms serve to induce localized defects and structural
disorder that render N-CNTs with lower structural stabilities and distinct surface properties, including
chemical reactivity originating from these sites [63]. This can provide many benefits, where reactive
surface groups can act as focal points for chemical functionalization [65, 66] or as anchors for metal
particle or ion adosorption [30, 67]. Dependent on the type of catalyst materials utilized and the
inherent nitrogen content, the structure of N-CNTs often consists of long chains of bamboo-like
compartments, with a TEM image depicting this structure displayed in Figure 7. The possible nitrogen
configurations in the graphitic walls of N-CNTs have been extensively investigated and four primary
geometries have been proposed. These include pyridinic, pyrollic, quaternary and oxidized nitrogen
species (Figure 8), each possessing distinct localized physical properties. Generally speaking, the
incorporation of dopant nitrogen atoms will result in enhanced electronic properties of the N-CNTs. Due
to the extra valence electron provided by nitrogen atoms into the graphitic lattice of CNTs, these
materials can be considered n-type semiconductors [68]. Dopant atoms induce localized electronic
features and enhance the number of electronic states in the valence and conduction bands and can

result in improved electronic conductivity compared with undoped CNTs [63, 64].

Figure 7: TEM image illustrating the bamboo-like morphology of N-CNTs.
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Figure 8: Nitrogen configurations in the graphitic structure of N-CNTs. A) pyridinic, B) quaternary, C) pyrollic and D) oxidized

nitrogen species.

1.4 Project scope and objectives

The main focus of the projects presented here will be to capitalize on the distinct electronic and
structural properties of N-CNTs described above. Through careful design and investigation, N-CNTs will
be utilized either as Pt nanoparticle catalyst supports, or as standalone electrocatalyst materials. The
overall objective will be utilizing N-CNTs in the cathode catalyst layers of PEMFCs and AFCs in an attempt
to overcome the technical challenges facing the commercialization of low temperature fuel cells as
highlighted in previous sections. Detailed characterization of these materials will be done in order to
provide further insight and understanding regarding the nature and applicability of N-CNTs as ORR
electrocatalyst materials or catalyst supports. This work will further provide a basis of knowledge for the

future design and synthesis of highly active, stable ORR electrocatalyst materials.



2.0 Structural and electrochemical characterization techniques

In order to develop a fundamental understanding regarding the specific structures and
morphology of the materials synthesized in this work, several physical characterization techniques must
be utilized. Electrochemical characterization techniques will also be employed in order to determine
ORR kinetics and activity of the catalyst materials. Moreover, to further probe the nature of the ORR
activity of electrocatalyst materials and provide an indication of catalytically active site geometries,
electrochemical characterization must be effectively coupled with detailed surface characterization
techniques. This section will provide experimental details regarding the structural and electrochemical
characterization techniques utilized throughout this work along with the basic theoretical principles

associated with each technique.

2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) utilized an extremely versatile electron microscope,
commonly used by scientists and researches worldwide to investigate the surphace morphology, atomic
compositions, crystallography and even electrical conductivities of a wide range of materials. Insight into
these factors is drawn by irradiating the area to be investigated by a focused beamed of electrons in a
rasting pattern (i.e. line by line, progressively). The electron beam will interact with the samples,
emitting signals in the form of secondary electrons, backscattered electrons, characteristic x-rays and
photons [69]. The images commonly seen in science journals, on websites or in the news are obtained
by processing of the secondary and backscattered electrons, which are a direct product of the
interactions occurring between the focused electron beam and the surface of the sample under
investigation [69]. These images can obtain a resolution similar to the size of the focused electron beam
and can be in the range from several nanometers to the micrometer scale. SEM devices can also be
equipped in order to collect and process emitted x-ray signals, which can provide information regarding
the bulk atomic composition of the sample being investigated. In this work, SEM will be utilized mainly
for investigation of the distinct microstructure and morphology of the catalyst materials being

developed.
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2.2 Transmission electron microscopy

Transmission electron microscopes (TEMs) are devices used to obtain high resolution images of
nanomaterials with precision approaching the atomic scale. TEMs operate by irradiating a sample with
an electron beam of constant current density. This electron beam is produced either by means of field
emission, Schottky or thermionic processes, where it is further passed through several condensers in
order to provide illumination of a very small area of interest [70]. The emitted electrons will interact
with the atoms of the sample being investigated by either inelastic or elastic scattering. These electron
signals are then collected and processed using dynamic theories of electron diffraction [70], resulting in
an image that is magnified, focused and projected for easy viewing. TEM devices allow imaging on the
nanometer scale, and with high resolutions they can obtain, enable imaging of the crystal defects,

atomic rows and crystalline structures of sample materials.

2.3 X-ray diffraction

X-ray diffraction (XRD) is a common technique used to provide structural characterization of a
sample material utilizing x-ray beams. It can be used to identify materials with known diffraction
patterns or to determine the structure of newly developed materials. Diffraction occurs when irradiation
by electromagnetic waves interact with a regular array of scattering centers that have a spacing similar
in size to the wavelength of the radiation [71]. Thus, X-rays with wavelengths similar to the spacing of
atoms (the scattering centers) in a crystalline sample will provide diffraction patterns useful for
interpretation of the specific atomic arrangement present in the samples being irradiated. X-ray
radiation emitted onto these samples will be diffracted in a pattern characteristic of the distinct
geometrical arrangements of the atoms. For example, Figure 9 depicts a typical XRD pattern of in-lab
developed Pt/C. 20 represents the diffraction angle of the scattered radiation and the peaks observed
are related to the increased intensity of radiation scattered at these specific angles. This is due to the
crystalline planes present in the material, with each peak displayed in this figure characteristic of the
face centered cubic structure of Pt, correlated to a specific crystalline plane [71] (i.e. peak observed at
ca. 67° attributed to Pt(220) phase) [72]. During diffraction studies, x-ray beams are emitted by x-ray
tubes, with a wavelength specific to the type of source material utilized. In the present work, an Al Ko, x-
ray source was utilized with a wavelength of 1.54 Angstroms. The main purpose for collecting XRD
patterns in our samples is to identify and confirm the diffraction patterns of the materials we are

investigating match the expected crystalline structures that should be present. Furthermore, with Pt
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nanoparticles dispersed over a support material, such as N-CNTs in this work, the average diameter of

these nanoparticles can be estimated by Equation (13), the Scherrer equation [73, 74]:

0.9k a1 (13)

- B(20)€0S Omax

Where d is the average particle diameter, A, is the x-ray wavelength (in our case 1.54 Angstroms), By,
is the half-peak width in radians and 0,,,,is the maximum angle of the peak. For the materials developed
and investigated in this work, average Pt nanoparticle diameters were estimated using the Pt(220) peak
located at ca. 67.75 degrees as there was no interference between this peak and the characteristic

peaks of the graphitic support materials.
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Figure 9: Typical XRD pattern for in-lab developed Pt/C displaying characteristic fcc Pt diffraction patterns, reprinted from

[72], Copyright 2001 with permission from Elsevier.

2.4 Raman spectroscopy

Raman spectroscopy is a powerful characterization tool that will provide information about the
vibration states of a material, a property that is characteristic of the chemical bonds and molecular
symmetries present. The sample material is illuminated with monochromatic light, usually in the form of
a laser. The projected photons will interact with the electron clouds and molecular bonds, causing the
molecules to shift to a more energetic vibration state. Upon relaxation, the molecules will return to an
energy level slightly higher than in their initial state and in doing so will emit a photon with a frequency

shift characteristic of this vibration state change. Thus, processing the emitted photons will provide a
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spectrum that can be used to characterize materials based on their distinct molecular configurations. In
the present study, Raman spectroscopy will be used for characterization of CNT and N-CNT samples. This
technique has been well established to provide detailed information about the vibrations present in CNT
based materials [75]. Specifically, first order Raman spectra will be obtained and analyzed based on two
peaks observed with CNT materials, referred to as the G-band, located at ca. 1550-1605 cm™ and the D-
band located at ca. 1350cm™ [68, 76]. The G band is due to the E,; optical mode present in the two
dimensional graphitic structure of CNTs [68, 77, 78] and is very similar to the vibrations that are intrinsic
in all sp2 bonded carbon species [76]. The D-band is considered disorder induced [68, 78] and is
attributed to Raman scattering occurring from sp? carbons containing either vacancies, impurities or
other symmetry breaking defects [76]. The intensity of the D band to the G band, namely the I/l ratio,
can be considered a quantitative measure of the degree of defects present in the CNT samples. In the
case of N-CNTs, higher Ip/lg ratios can provide indication of structural disorder and edge plane exposure
arising from heterogeneous atomic doping, an indication of successful nitrogen incorporation [48, 79-

81].

2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique used to
determine chemical states, electronic states and ultimately the composition and arrangement of atoms
in the top 0.5 to 5 nm [71] of a sample, with the possibility for higher probing depths. The sample

material is exposed to incident x-ray photons with a known energy, represented by Equation (14):
Ephoton =hv (14)

Where h is the Planck constant and v is the frequency of the x-ray photon. The x-rays will interact with
the surface of the sample material and a measurement device is utilized in order to determine the
number and kinetic energies of the electrons emitted. From these measurements, the binding energy of

the emitted electrons can be determined by Equation (15):
Ebinding = Ephoton = Eginetic - (I) (15)

Where Eynetic is the kinetic energy of the emitted electrons and ¢is the work function of the
measurement spectrometer. The binding energy of the electrons present in the surface of a material are
characteristic of the atoms and surface chemistries present. XPS is a very important technique when

dealing with surface catalysis, thus, in the present study, XPS will be carried out on N-CNT based catalyst
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materials. This is in order to determine the nitrogen functional groups present on the surface of these
catalysts, which will provide insight into the chemical nature and atomic configurations of the

catalytically active sites.

Numerous studies have reported characterization of N-CNT materials using XPS. High resolution
XPS carried out on the N1s peaks provide the most reliable indication of nitrogen functional groups
present. Namely, the four functional groups mentioned previously (Figure 8) have electrons with
previously determined binding energies. The specific binding energies are: i) 398.6 eV for pyridinic
nitrogen species present on the edge plane of N-CNT materials [82-84], ii) 400.0-400.6 for pyrollic
nitrogen species, iii) 401.1-401.7 eV for quaternary (or substituted graphitic like) nitrogen species and iv)
402.0-405.0 eV for oxidized nitrogen species [84]. Thus, high resolution N1s signals obtained from XPS
analysis can be broken down into contributing peaks and the respective atomic contributions

guantitatively determined by integrating these peaks.

2.6 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a characteristic tool that measures the weight change in a
sample material as a result of changing temperatures. TGA is used to determine thermal stabilities,
decomposition temperatures, along with moisture, and the content of metal or organic/inorganic
species present. In the present work, the TGA device utilized consists of a sample holder that
continuously monitors the weight of the material being investigated. Steady heating was carried out in a
reaction chamber under a continuous flow of N,/air (50/50), and heating was carried out from 60 to

900°C at a rate of 20°Cmin™.

2.7 Half cell electrochemical testing

Half-cell electrochemical testing will be carried out employing a rotating ring disc electrode
(RRDE) setup. The system utilizes a RRDE tip (Figure 10), equipped with a glassy carbon disc electrode
which is separated from a Pt ring electrode by a thin layer of Teflon. Catalyst materials are ultrasonically
suspended in an ethanol/water mixture in order to prepare a well dispersed ink (concentration of 4 mg
catalyst / 2 mL ethanol and water). 20 uL of this catalyst ink will subsequently be deposited on the glassy
carbon disc electrode (area = 0.19635 cm?). Catalyst adherence will then be ensured by coating the

electrode with 10 uL of a 0.05 wt. % Nafion solution. The catalyst loaded RRDE tip will be fixed to an
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electrode rotator and electronically connected to a potentiostat in order to measure and control

electrode currents and voltages.

1 Rotating ring disc electrode

. Glassy carbon disc electrode
Pt ring electrode

Figure 10: RRDE tip used during half-cell electrochemical testing.

This RRDE tip will then be immersed into an electrolyte solution of either 0.1 M HCIO, or 0.1 M
KOH for acidic and alkaline testing, respectively. The electrolyte will be contained in a glass cell
containing an Ag/AgCl reference and Pt wire counter electrode. Linear potential sweeps will be obtained
at ranges highlighted in the Specific Experimental Details section of the respective studies. These sweeps
will be carried out under oxygen saturated conditions to obtain polarization curves which provide
indication of the ORR kinetics occurring on the catalyst materials. Background currents will be obtained
in nitrogen saturated electrolyte and removed in order to eliminate capacitative contributions. Various
electrode rotation speeds will be employed (100, 400, 900 and 1600 rpm) and all testing carried out at
room temperature (ca. 22°C). A typical polarization curve for commercial Pt/C in alkaline electrolyte is
provided in Figure 11 as an example. This figure encompasses the potential range that ORR will occur in
resulting in generation of a current. At high potentials (Region A, Figure 11) the ORR is under
electrochemical kinetic limitations. Optimal catalyst materials will shown minimal kinetic limitations and
the ORR will occur at potentials as close to the reversible equilibrium potential of the ORR (i.e. minimal
overpotential losses) as possible. As the electrode potential decreases (Region B, Figure 11), the ORR is
under a mixed control regime, effected simultaneously by electrochemical kinetic limitations and mass
transfer limitations. At much lower potentials (Region C, Figure 11), a diffusion limited current plateau is
reached. At this point, the electrochemical kinetics of ORR are proceeding rapidly enough that the
limiting factor facing the ORR is diffusion of O, species in the electrolyte to the surface of the catalyst
materials. The higher diffusion limited currents observed at increasing rotation speeds result from the

laminar hydrodynamic flow regimes caused by electrode rotation (Figure 12). At higher rotation speeds
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the supply of O, saturated electrolyte available to the electrode will be increased and diffusion limiting
effects will be reduced.

Pt/C Polarization Curve
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Figure 11: Typical half-cell polarization curve of commercial Pt/C, displaying different electrode rotation speeds and current

control regimes.
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Figure 12: Laminar hydrodynamic flow patterns induced by electrode rotation which will be enhanced at higher electrode

rotation speeds (®).
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The Koutecky-Levich equation can be used in order to investigate the electrochemical kinetics
previously discussed using ORR polarization data obtained from half-cell testing. The overall observed

current density can be broken down following Equation (16), the Koutecky-Levich equation:

- (17)

L ik id
Where i is the overall observed current density, i is the kinetically limited current density, iy is the
diffusion limited current density and the effects of the Nafion coating are considered negligible. At high
overpotentials, i, will be very large and this term will become negligible, resulting in the current plateau
observed in Range C of Figure 11, where i = iy. iq as previously mentioned depends on the electrode

rotation speed (®) and can be expressed mathematically by Equation (18):
iq = 0.62nF[0,]Do,” v 0™ (18)

Where n is the average number of electrons transferred in the reaction, F is Faraday’s constant, [O,] is
the concentration of oxygen in solution, Do, is the diffusion coefficient of oxygen in solution and v is the
viscosity of the solution. All of these, with the exception of ® are constant values and can be combined

into a single constant B. Thus, equation (17) can be expressed as Equation (19):

g e (19)

i i Bwl/?

A plot of i* versus o *?* is then referred to as a Koutecky-Levich plot and should display linear behavior
(assuming a first order reaction with respect to oxygen) with a y-intercept of i,* and a slope of B™. This
can be applied in order to determine the kinetically limited current density of catalyst materials at
various potentials (eliminating the effects of diffusion) and if desired, the number of electrons
transferred which will provide indication of the catalyst selectivity towards the more efficient 4 electron

reduction process.

RRDE voltammetry is designed to provide inherent analysis of the reaction selectivity towards
the 4 electron ORR instead of relying on complex calculations and data plotting techniques. With
electrode rotation, the electrolyte will flow in a similar arrangement to Figure 12. Thus, while the ORR is
occurring on the catalyst surface, reactants will continuously be swept away by hydrodynamic flow. This
flow will traverse along the electrode surface, passing over the Pt ring electrode. The Pt ring electrode
will be set at a voltage such that any hydrogen peroxide species produced by the catalyst materials will
be oxidized. The electrode collection efficiency N, takes into account the efficiency of product transport

and contact with the ring electrode. In the present study, N is equal to 0.26, or more specifically,
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approximately 26% of all hydrogen peroxide species generated at the disc electrode will be oxidized at
the ring electrode. Measuring the ring electrode current, Iz, the number of hydrogen peroxide species
can be deduced and the selectivity of the catalyst material towards the more efficient 4 electron ORR

process can be calculated by Equation (20):

%Selectivity = [%] * 100% (20)

Where |y is the absolute value of the measured disc current. Furthermore, the average number of
electrons transferred can be calculated by Equation (21):

4xIp

(Ip+3)

(21)

Utilizing both equation (20) and (21) however is redundant and only one will be utilized for each study
presented here. Product selectivities as close to 100% as possible (i.e. 100% of the O, molecules react to
form H,0) and average number of electrons as close as possible to 4 are ideal, indicating efficient ORR
catalysis occurring on the catalyst materials. In the present work these calculations will be done for Pt-
free catalyst materials in order to investigate their ORR mechanisms, kinetics and product selectivities.
Ring currents will be collected in alkaline conditions while maintaining the Pt ring electrode potential at

0.5 V vs Ag/AgCl in order to effectively oxidize any hydrogen peroxide species reaching the surface.

Cyclic voltammetry (CV) analysis can be applied in order to determine the electrochemically
active surface area (ECSA) of Pt-based catalyst materials in acidic electrolyte. CV involves cycling the
potential of the catalyst coated electrode under nitrogen saturated conditions. Figure 13 illustrates a
typical CV polarization curve obtained for commercial Pt/C. At lower electrode potentials (i.e. in the
range below ca. 0.35 V vs RHE), two peaks are observed, Q' and Q”, attributed to the adsorption and
desorption of hydrogen species, respectively. The shaded region indicated the capacitive current
present on the surface of Pt/C. Upon integration of these two peaks, the charge transfer occurring
during the adsorption of desorption of hydrogen species can be calculated. Based on the charge transfer
occurring during these specific processes readily available in the literature and the assumption that the
Pt surface is effectively covered by a monolayer of hydrogen species, the ECSA of the catalyst materials
can be calculated. Generally, the average charge transfer occurring during these processes (Q) can be
calculated by averaging Q' and Q. Following that, the ECSA of the Pt-based catalyst can be calculated by
Equation (22) [85, 86]:

Ecsa=< (22)
mc
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Where m is the Pt loading (mgcm™) on the electrode surface and c is the charge required to oxidize a

monolayer of hydrogen on the surface of Pt (0.21 mC per cm” of surface coverage).
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Figure 13: Typical CV curve for Pt/C displaying the typical hydrogen adsorption (Q’) and desorption (Q”’) regions, reprinted
from [86], Copyright 2002 with permission from Elsevier.

2.8 Membrane electrode assembly testing

While electrochemical half cell testing provides valuable information regarding the kinetics of
ORR occurring on the surface of the catalyst materials being investigated it does not provide detailed
information regarding the potential performance of these materials in an actual fuel cell setup. In order
to investigate this, single cell MEAs are fabricated. An MEA consists of a simple single fuel cell, with a
PEM or AEM sandwiched between the anode and cathode electrodes and the whole system sealed on
both ends with sealing gaskets. The catalyst layer is comprised of the electrocatalyst materials in direct
contact with the current collecting GDL, which is generally carbon cloth or carbon paper. There are
several methods of MEA fabrication utilized [87], with two primary approaches commonly followed. The
first involves spray coating, painting or electrodepositing the catalyst material directly onto the two

respective GDLs, followed by insertion of an electrolyte membrane between them and hot pressing the
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whole assembly to ensure uniform contact and good adhesion. The second method involves coating of
the catalyst materials directly onto each side of the polymer electrolyte followed by hot pressing.
Sometimes, another approach is also used, referred to as the decal method. It involves coating a
transfer film with the catalyst materials and then hot pressing it onto the polymer electrolyte [88]. With
this method however it is more difficult to control the exact amount of catalyst loaded into the
electrode structure. The exact method of electrode fabrication and MEA assembly used will have a

significant impact on the output performance.

Generally the most promising electrocatalyst materials are utilized for MEA testing in order to
investigate their applicability as catalyst layers in an actual fuel cell setup. Testing protocols for catalyst
durability may vary, with some standard protocols issues by the DOE [19]. The actual performance tests
consist of a single sweep of the cell potential, while constantly measuring the current produced. This will
result in a MEA polarization curve, with a typical one provided in Figure 14. It is seen that even at open
circuit conditions (no concentration being drawn), the actual cell potential is below the theoretical
reversible cell potential, an unavoidable phenomena. When current is being drawn, three distinct
regions are generally observed. The first region in which a rapid loss of voltage is observed when
increased currents are being drawn is attributed to activation overpotentials. This is due to the slow
electrochemical kinetics of the reactions occurring at the electrodes and the voltage is lost driving these
reactions. The second region in which a constant cell voltage loss is occurring with increased current
densities can be attributed to ohmic losses of the cell. This is due to the resistance to electron flow
caused by the electrode materials, interconnections and wires. Resistance to ion transport in the
polymer electrolyte will also contribute to this decrease in cell voltage. Finally, at high current densities
the voltage drop ramps downwards as a result of mass transport and concentration losses. At high
current densities, the reactants are being used up at a rate superior to diffusion of these species to the
electrocatalyst surface. MEA polarization curves also often times include power density curves. These
are calculated by simply multiplying the current density by the cell voltage in order to obtain power

output. A common gauge of fuel cell performance is the maximum power output produced.
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Figure 14: Typical fuel cell polarization curve showing voltage losses, with permission from [3], Copyright 2003, Wiley and

Sons.
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3.0 Effect of N-CNTs as Pt nanoparticle supports

Reprinted in adapted form with permission from [7], Copyright 2010 American Chemical Society.

Higgins, D., Meza, D., Chen, Z., “Nitrogen-Doped Carbon Nanotubes as Platinum Catalyst Supports for
Oxygen Reduction Reaction in Proton Exchange Membrane Fuel Cells”. Journal of Physical Chemistry C,

2010, pp. 21982-21988.

3.1 Introduction and purpose

Efforts to improve the performance and appeal of carbon supported Pt nanoparticle catalysts in
the cathodic catalyst layer of fuel cells generally consists of attempts to improve the overall catalyst
performance by either: i) improving Pt dispersion to increase the utilization of this noble metal, ii)
improving the activity of the Pt species, or iii) improving the catalyst layer structure [89]. It has been
found that the catalytic activity of Pt nanoparticles toward ORR is strongly related to the structural and
electronic properties of the carbon support material [73, 90]. Currently, high surface area carbon blacks
are the support material of choice, however further improvements to fuel cell performance can be
achieved by investigations into alternative support materials. CNTs have been considered as Pt catalyst
supports, where Pt/CNTs have consistently been found to display higher catalytic activity than
traditional Pt/C due to their distinct electronic and structural properties[73, 91-98]; however, CNTs
possess very low inherent catalytic activity toward the ORR. Nitrogen-doped carbon nanotubes (N-CNTs)
have recently been reported to have significant catalytic activity toward ORR in alkaline conditions [99].
This ORR activity, along with the morphology and properties of the N-CNT materials is directly related to
the type of nitrogen-carbon precursor and growth catalyst utilized [100, 101]. Furthermore, N-CNTs
synthesized from pyridine [102], melamine [30], and acetonitrile [103] precursor solutions have been
previously investigated as platinum catalyst support materials (Pt/N-CNTs), which have been shown to
display high catalytic activity and durability toward ORR in acidic conditions. This enhanced
electrocatalytic activity was attributed directly to the incorporation of nitrogen into the graphitic
structure of CNTs, resulting in enhanced structural and electronic properties. However, the effect of the
nitrogen-carbon precursor solution utilized for N-CNT synthesis on the ORR catalytic activity of Pt/N-CNT

composite materials is still not clear.

In the present study, N-CNTs synthesized from ethylenediamine (ED-CNTs) and pyridine (Py-
CNTs) were utilized as Pt nanoparticle support materials in order to elucidate the effect of N-CNT
precursor solution on the morphology, nitrogen content, and resulting ORR electrocatalytic activity of

Pt/NCNT composites. With comparison made to Pt/CNT materials, we demonstrate enhanced ORR
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activity of Pt/N-CNTs materials, with ED-CNT displaying the highest activity, directly attributed to the
significant nitrogen content obtained. These highly active Pt/ED-CNTs were then utilized as a cathode
catalyst in a membrane electrode assembly (MEA) and shown to have significantly higher activity than

nitrogen free CNT supported Pt (Pt/CNTs) catalysts.

3.2 Experimental

3.2.1 Synthesis methods

N-CNTs were synthesized using CVD. Ferrocene (2.5 wt. %) was utilized as the growth catalyst
and was dissolved in either pyridine or ethylenediamine prior to the growth procedure. Synthesis was
carried out in a tube furnace, heated to 800°C under inert gas flow. The precursor solution was injected
at a rate of 0.05 mLmin™ by a syringe into the horizontal quartz tube reactor, where growth occurred on
smaller quartz tube substrates. After the reaction was complete, the furnace was cooled down to 400°C
and opened to the atmosphere in order to oxidize any amorphous carbon species. Synthesized N-CNTs
were collected by scraping off the small quartz tube growth substrates. These collected materials were
then acid treated in 0.5 M H,S0, at 90°C for 1 hour in order to remove any residual iron particles present

from the growth catalyst. Prefunctionalized CNT materials were purchased from Nanocyl.

Pt nanoparticle deposition was carried out by a well developed ethylene glycol reduction
method. In this procedure, the catalyst support material (either N-CNTs or CNTs) were ultrasonically
dispersed in ethylene glycol for several hours. Following this, chloroplatinic acid hexahydrate was added
while stirring to obtain an overall Pt loading of 20 wt. %. NaOH was utilized to increase the solution pH
above 13 and Pt nanoparticle reduction was carried out by refluxing the solution at 140°C for 3 hours.

After deposition the samples were filtered, washed and dried overnight.

3.2.2 Specific experimental details

In this study, all potentials were converted to the RHE scale for convenience. CV curves were
obtained by sweeping the electrode potential between 0.05 and 1.25 V vs RHE at a scan rate of 50 mVs™
under nitrogen saturated conditions, with no electrode rotation. ORR polarization curves were obtained
in the same potential range at a scan rate of 10 mVs™ under oxygen saturated conditions and various

electrode rotation rates.
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The performance of Pt/ED-CNTs and Pt/CNTs as cathode catalysts in a single MEA were
evaluated. The MEA was constructed following a decal method [104]. This method involved blending the
catalyst sample in an ink solution containing 5 wt. % Nafion for 1 hour. Following this, glycerol was
added and the ink solution was stirred for 24 hours. This ink was then painted onto Teflon transfer
substrates and allowed to dry in an oven. A Nafion 112 PEM was simultaneously prepared and in order
to transfer the catalyst materials from the decal transfer templates to the membrane surface, they were
hot pressed together at 210°C and 110 Ibscm™ for 5 minutes. The decals were then removed and the
MEA was assembled into the fuel cell test station for performance evaluation. Catalyst loadings utilized
were 0.2 mgpicm for the cathode (either Pt/ED-CNT or Pt/CNT) and anode (commercial Pt/C). Gas flow

rates of 0.2 and 0.5 Lmin™ were utilized for oxygen and hydrogen, respectively.

3.3 Results and discussion

The successful incorporation of nitrogen in the N-CNTs was confirmed by XPS analysis and
determined to be 4.74 at. % and 2.35 at. % for ED-CNTs and Py-CNTs, respectively. Cls signals for ED-
CNT, Py-CNT and CNT samples are displayed in Figure 15a. The Cls signal for CNTs displays a peak at a
binding energy (BE) of 284.5 eV, very similar to the the expected value of 284.3 eV for graphitic
materials [105]. The C1s signal for N-CNTs exhibits a slight shift to a higher BE of and 284.8 eV for ED-
CNTs and 284.7 eV for Py-CNTs, while also displaying broadened, asymmetric behaviour. These are all

traits which are commonly observed for N-CNT materials [68, 80, 106].

The N1s signal from the ED-CNTs and Py-CNTs was collected and displayed in Figure 15b. In
order to determine the exact amounts of the various nitrogen functional groups present, the N1s signal
was deconvoluted into three separate contributing peaks. Upon peak integration, the functional groups
present and their respective amounts were obtained and are provided in Table 1. Of interest is the
significantly higher pyridinic nitrogen content present in ED-CNTs (35.09 % of nitrogen atoms scanned)
compared with Py-CNTs (14.83 % of nitrogen atoms scanned).. Mixed reports have attributed the
catalytically active sites of N-CNTs to either the pyridinic nitrogen site itself, possessing a localized
electron pair, or to the planar edges and defect sites caused by the presence of these species [105-107].
Regardless, it has been determined that the amount of pyridinic nitrogen observed in the catalyst
sample provides indication of the amount of edge plane exposure. This increase in edge plane exposure
has been directly linked to the ORR performance observed, attributed to the ability of edge plane sites

to readily facilitate the adsorption of oxygen, which has been directly linked to the ORR performance
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observed [48, 81, 106]. In our ED-CNT sample, pyridinic species accounted for 35.09 % of the nitrogen
atoms scanned, whereas in Py-CNTs this species accounted for 14.83% of the nitrogen atoms scanned.
This is consistent with previous results indicating that at higher overall nitrogen contents, the formation
of pyridinic functionalities is favoured [108, 109], where ED-CNTs contain a significant higher overall
nitrogen content compared with Py-CNTs. This increase in nitrogen content has been attributed to the
higher nitrogen to carbon ratio present during synthesis due to the fact that each ethylenediamine

precursor molecule has one nitrogen atom for each carbon, whereas pyridine has only one nitrogen

atom for every five carbons.

Table 1: Nitrogen functional groups present in ED-CNT and Py-CNT and their atomic percent of nitrogen atoms scanned.

Reprinted with permission from [7], Copyright 2010 American Chemical Society.

ED-CNT Py-CNT
functional group N at % N at %
oxidized N 19.00 16.96
pyrrolic/quaternary 45.91 68.20
pyridinic 35.09 14.83
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Figure 15: XPS images of (a) C1s signal displaying graphitic peaks for all samples and (b) N1s signal for ED-CNTs and Py-CNTs

highlighting contributing nitrogen species. Reprinted with permission from [7], Copyright 2010 American Chemical Society.

Raman spectroscopy as displayed in Figure 16 was carried out in order to gauge the degree of
structural deformations present in the ED-CNT, Py-CNT and CNT samples. ED-CNTs were found to have
the highest Ip/Ig ratio of 2.07, slightly higher than 1.87 for Py-CNTs and significantly larger than 0.34

observed for CNTs. The larger Ip/lg ratios observed for N-CNTs is a result of the structural defects and
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edge plane exposure caused by heterogenous nitrogen atom incorporation into the graphite layers

present on the walls of N-CNTs, consistent with XPS results.
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Figure 16: Raman spectroscopy for ED-CNTs, Py-CNTs, and CNTs displaying Raman first-order D and G bands. Reprinted with

permission from [7], Copyright 2010 American Chemical Society.

Prior to Pt loading, the electrochemical activity of pristine ED-CNTs, Py-CNTs and CNTs towards
the ORR was investigated in acidic conditions. Their respective polarization curves at 900rpm are
displayed in Figure 17. Pristine N-CNTs displayed significant catalyst activity compared with the very
limited activity observed for CNTs. This ORR activity was displayed at relatively high overpotentials as
commonly observed with non-noble electrocatalyst materials [110]. The observed activity of the N-CNTs
is directly attributed to the effect of nitrogen incorporation into the graphitic structure of CNTs. This has
been shown to enhance the electronic and structural properties of the materials resulting in electron
donor behaviour [111-114], and n-type semiconductance [68], factors that will serve to facilitate the
ORR. Moreover, the performance of ED-CNTs was found to be superior to that of Py-CNTs. This can be
attributed to the increase in nitrogen content, a parameter directly related to the effect of precursor
solution utilized. It is proposed that the utilization of nitrogen rich ethylenediamine for N-CNT synthesis
dictates the significant nitrogen incorporation observed for ED-CNTs. A higher presence of pyridinic
nitrogen was confirmed by XPS analysis, providing reasonable explanation for the enhanced ORR activity

observed [48, 81, 106, 115].
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Figure 17: ORR polarization curves for pristine ED-CNTs, Py-CNTs, and CNTs in oxygen saturated 0.1 M HCIO4, at a scan rate
of 10 mV s-1 in the cathodic direction at a rotation speed of 900 rpm. Reprinted with permission from [7], Copyright 2010

American Chemical Society.

For N-CNT and CNT support materials, surface functional groups are required in order to anchor
Pt nanoparticle deposition. Pt ions will interact with the functional group on the nanotube surfaces and
will subsequently be reduced, forming nucleation sites that will facilitate nanoparticle growth [73, 116,
117]. The presence of inherent nitrogen functional groups in ED-CNTs and Py-CNTs provide anchoring
sites for the adsorption of platinum ions and subsequent nanoparticle growth [118] with the steps and
proposed mechanism [119] as depicted in Figure 18. It has been proposed that chemically reactive
pyridinic and quaternary surface nitrogen species provide an affinity for metal deposition [120],
resulting in successful metal particle attachment without requiring any surface functionalization
procedure prior to deposition onto N-CNTs [114, 120]. On the other hand, CNTs require exposure to a
surface functionalization procedure [121-123] which was carried out prior to purchase. This process is a
necessity prior to platinum deposition, in order to provide anchoring sites for platinum ion adsorption
on the relatively inert surface of CNTs [124]. After platinum deposition, TEM images were taken to

investigate and confirm the loading of Pt nanoparticles onto the support materials.
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Figure 18: Schematic of ethylene glycol based platinum deposition on the surface of N-CNTs under alkaline conditions.

Reprinted with permission from [7], Copyright 2010 American Chemical Society.

Figure 19 displays TEM images of Pt/ED-CNTs, Pt/Py-CNTs and Pt/CNTs (20 % wt. Pt) prior to and
after platinum deposition, along with their respective particle size histograms. ED-CNTs and Py-CNTs
clearly display a bamboo-like structure, consistently observed with N-CNTs due to the incorporation of
nitrogen atoms into the graphitic structure of the materials [105, 109, 112, 125-127]. ED-CNTs (Figure
19a) display the highest degree of structural defects with smaller, rounder bamboo-like compartments,
consistent with Raman analysis, whereas Py-CNTs (Figure 19c) display longer, more rectangular bamboo-
like compartments. CNTs (Figure 19e) as expected, display a long, tubular morphology. After platinum
deposition, Pt/ED-CNTs (Figure 19b) display the best dispersion of uniformly sized platinum
nanoparticles. Pt/Py-CNTs (Figure 19d) display well dispersed platinum nanoparticles with a relatively
higher degree of non-uniformity in the particle sizes observed. Pt/CNTs (Figure 19f) display the highest

degree of non-uniform particle sizes compared with the other samples.
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Figure 19: TEM images of (a) ED-CNTs, (b) Pt/ED-CNTs, (c) Py-CNTs, (d) Pt/Py-CNTs, (e) CNTs, and (f) Pt/CNTs along with the
corresponding particle size histograms based on measurement of over 200 Pt nanoparticles. Reprinted with permission from

[7], Copyright 2010 American Chemical Society.

XRD patterns of the Pt(220) peak are displayed for each sample in Figure 20. Average platinum
nanoparticle sizes were calculated for each sample by applying the Scherrer equation [73, 116] and
found to be 3.73 nm for Pt/ED-CNTSs, 4.06 nm for Pt/Py-CNTs and 4.09 nm for Pt/CNTs. The difference in
average platinum nanoparticle size was attributed to the number of functional sites available on the
surface of the support material available for platinum anchorage and nanoparticle deposition. ED-CNTs,
due to their high inherent nitrogen content possess a significant number of functional sites as confirmed
by XPS analysis, leading to the reduced average platinum nanoparticle size. Relatively low nitrogen rich

Py-CNTs and nitrogen free functionalized CNTs however possess a lower number of surface functional
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groups, leading to an increase in the observed average platinum nanoparticle sizes. Clearly, N-CNTs can
serve to improve the deposition of Pt nanoparticles in the absence of a costly and time consuming
surface functionalization procedure that was carried out on the undoped CNTs prior to purchase. The
magnitude of this improvement is directly related to the presence of inherent surface nitrogen

functionalities prior to deposition.
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Figure 20: XRD patterns of the Pt(220) peak for Pt/ED-CNTs, Pt/Py-CNTs, and Pt/CNTs. Reprinted with permission from [7],

Copyright 2010 American Chemical Society.

CV cycles displayed in Figure 21 were used to determine the ECSAs of Pt/ED-CNT, Pt/Py-CNT,
and Pt/CNT catalyst samples based on the charge transfer for hydrogen desorption. The ECSA for Pt/ED-
CNTs was calculated to be 67.5 m? g*, significantly higher than 38.7 and 37.7 m? g* calculated for Pt/Py-
CNTs and Pt/CNTs, respectively. The significant increase in ECSA for Pt/ED-CNTs can be attributed
primarily to the smaller average platinum nanoparticle size and the uniform particle dispersion. The
ECSA is a very important parameter when dealing with electrocatalyst materials; thus CV analysis
indicated Pt/ED-CNTs offer superior performance as an ORR electrocatalyst when compared with Pt/Py-

CNTs containing a relatively low nitrogen content, along with nitrogen free Pt/CNTs.
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Figure 21: CV curves for Pt/ED-CNTs, Pt/Py-CNTs, and Pt/CNTs in nitrogen-saturated 0.1 M HCIO4 at a scan rate of 50 mV s-1.

Reprinted with permission from [7], Copyright 2010 American Chemical Society.

Steady state ORR polarization curves obtained for Pt/ED-CNT, Pt/Py-CNT and Pt/CNT catalyst
samples by half cell testing in an acidic electrolyte are displayed in Figure 22a. All three samples
displayed significant ORR activity along with well defined control regions (kinetic, mixed and diffusion
limited) as expected with platinum containing materials. Pt/ED-CNTs displayed superior ORR activity
compared with Pt/Py-CNTs and Pt/CNTs with respect to both half-wave potential and diffusion limited
current densities. The half-wave potential was found to increase with nitrogen content of the support
materials, where a half-wave potential of 0.74 V was observed for Pt/CNTs, 0.76 V for Pt/Py-CNTS and
0.79 V for Pt/ED-CNTs. The increase in ORR activity of the Pt loaded N-CNTs is not as significant in
magnitude compared with the pristine samples displayed in Figure 17. The ORR activity of the pristine
materials derives from catalytically active N-C sites as previously mentioned, whereas improvements of
the ORR activity after Pt loading mainly result from the specific Pt-support interactions and properties.
Thus, the increase in ORR activity of the Pt/N-CNT composites may be attributed to several factors. Well
dispersed uniform sized platinum nanoparticles were observed through TEM analysis, with the effect on
the observed ECSA of the samples previously mentioned, factors important for the ORR electrocatalysis.
Improved electronic conductivity is also reported for N-CNT materials due to the n-type behaviour,

which can serve to facilitate the facile transfer of electrons to reaction sites resulting in higher ORR
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reactivity [68, 102, 112]. A synergistic effect may also be observed between the platinum nanoparticles
and the support material, where the N-CNT supports possess inherent catalytic activity as previously
discussed that can serve to electrochemically reduce ORR byproducts and intermediates, mainly
hydrogen peroxide [48, 81]. Finally, it should be noted that an enhanced platinum-support bond is
present due to the nitrogen functionalities on the surface of N-CNTs [102, 112]. This could be a result of
the electron donor behaviour commonly reported for N-CNTs [111-114], or due to the stronger
adsorption of platinum onto N-CNTs as indicated by a recent first-principles study [113] and confirmed
by experimental analysis [128]. The exact nature of the enhanced platinum-support bond is not well
understood, however the importance of nitrogen content in the support material is apparent. These
results elucidate the effects of a high degree of nitrogen incorporation into the catalyst support material,
reiterating the influence of the N-CNT precursor solution utilized on the activity of Pt/N-CNT composites.
Nitrogen rich Pt/ED-CNTs displayed significantly higher ORR electrocatalytic activity than Pt/Py-CNTs
containing relatively fewer nitrogen groups. Both Pt/N-CNT samples however outperformed nitrogen

free Pt/CNTs.

Koutecky-Levich plots were generated for Pt/ED-CNTs, Pt/Py-CNTs and Pt/CNTs are displayed in
Figure 22b-d. They represent the relationship of i’* versus @ and can be used to analyse the order of
the ORR with respect to oxygen and to determine iy values based on the intercepts. iy values provide a
good indication of the ORR kinetics on the surface of a catalyst, while eliminating the effects of reactant
diffusion inside the electrochemical cell. All three plots display linear, parallel behaviour in the mixed
control polarization region, indicating first order ORR kinetics with respect to oxygen [129]. i, values for
each sample were calculated at 0.7 V vs RHE and were found to be -16.53 mAcm™for Pt/ED-CNTs, -13.59
mAcm™ for Pt/Py-CNTs and -6.58 mAcm™ for Pt/CNTs. This reiterates the importance of nitrogen
content on the observed activity of the catalyst composite materials, where Pt/ED-CNTs were found to

have the highest activity towards ORR after eliminating the effect of reactant diffusion.
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Figure 22: (a) ORR polarization curves for all samples in oxygen saturated 0.1 M HCIO4 at a scan rate of 10 mV s-1 in the
cathodic direction with a rotation speed of 900 rpm after stabilization. Corresponding Koutecky-Levich plots for (b) Pt/ED-

CNTs, (c) Pt/Py-CNTs, and (d) Pt/CNTs. Reprinted with permission from [7], Copyright 2010 American Chemical Society.

Pt/ED-CNTs were selected as the optimal platinum loaded N-CNT support material due to the
high observed nitrogen content leading to significant half cell activity and were subjected to testing in a
MEA. Polarization and power density curves for Pt/ED-CNTs and Pt/CNTs in a single cell H,/O, MEA
system fabricated by a decal method are displayed in Figure 23. The peak power density for Pt/ED-CNTs
was 1.04 Wem™, an increase of approximately 16.9 % over that of Pt/CNTs (0.89 Wcem™). At a cell voltage
of 0.6 V, Pt/ED-CNTSs displayed a current density of 1.55 Acm™, approximately 24 % higher than Pt/CNTs
(1.25 Acm™). Concurrent with half cell electrochemical testing and cyclic voltammetry analysis, Pt/ED-

CNTs display improved ORR catalytic activity compared with Pt/CNTs under fuel cell conditions.
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Figure 23: MEA polarization and power curves for 0.2 mgPt cm-2 Pt/ED-CNT and Pt/CNT cathodic catalyst loading, with 0.2

mgPt cm-2 commercial Pt/C as anodic catalyst in a single cell H2/02 system with a Nafion 112 PEM. Reproduced with

permission from [7]. Copyright 2010 American Chemical Society.

3.4 Conclusions

In summary, the importance of nitrogen precursor solution utilized for the growth of N-CNTs
was elucidated for their application as platinum nanoparticle electrocatalyst support materials for the
ORR. Utilizing nitrogen rich ethylenediamine as a precursor solution produced ED-CNTs with a relatively
high nitrogen content (4.74 N at. %) as compared with pyridine based Py-CNTs (2.35 N at. %). This
significant increase in nitrogen content led to facile deposition of well dispersed, uniformly sized
platinum nanoparticles. A substantial increase in the ORR activity of these platinum composites was
observed for Pt/ED-CNTs and Pt/Py-CNTs when compared with the nitrogen free Pt/CNTs. The observed
half-wave potential was found to improve with increased nitrogen content in the support material.
Pt/ED-CNTs were found to display a 16.9 % increase in peak power density and a 24% increase in current
density at a cell potential of 0.6 V when tested in a MEA and compared with Pt/CNTs. N-CNTs are
established as a potential alternative to replace traditional platinum support materials due to their
distinct structural and electronic properties resulting in enhanced ORR performance. The present work
highlights the importance of utilizing a nitrogen rich N-CNT precursor solution to a high degree of

nitrogen incorporation in the electrocatalyst support materials.
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4.0 Effect of precursor material on ORR activity of N-CNTs in alkaline conditions

Reprinted from [8], Copyright 2011, with permission from Elsevier.

Higgins, D., Chen, Z., Chen, Z., “Nitrogen doped carbon nanotubes synthesized from aliphatic diamines

for the oxygen reduction reaction”. Electrochimica Acta, 2011, pp. 1570-1575.

4.1 Introduction and purpose

With respect to the development of non-precious ORR electrocatalyst materials, investigations
have taken several different approaches. Various materials investigated include transition metal
chalcogenides [130, 131], carbon supported metal particles [132, 133], enzymatic compounds [134], and
metal free nitrogen doped carbon materials [99, 135]. Specifically, several authors have reported
enhanced ORR activity observed on nitrogen doped carbon materials formed at high temperatures,
where there are mixed reviews attributing the increase in performance to either: i) active sites
composed of metal-nitrogen ligand structures [133, 136-141], or ii) to the presence of nitrogen
functional groups providing enhanced electron donor behavior and edge plane defects, facilitating the
reduction of oxygen [48, 99, 106, 115, 135, 142, 143]. In the latter case, several reports have indicated
that the primary function of the transition metal is not to function as an active site for the ORR, but to
facilitate the stable incorporation of active nitrogen functionalities into graphitic carbons during high
temperature synthesis [106, 115, 135, 143]. Specifically, metal-free N-CNTs have recently been found to
display superior catalytic activity towards ORR in alkaline conditions when compared with traditional
Pt/C, with their activity being attributed to the presence of pyridinic and pyrollic nitrogen species [99].
Since the increased performance is observed in the absence of metal containing compounds, nitrogen
content is deemed an important factor when utilizing N-CNT catalysts. Chen et. al. [144] investigated the
ORR activity of N-CNTs synthesized with varying pyridine-ethanol ratios. The resulting activity was
investigated in alkaline conditions in order to determine the effects of increasing the presence of
nitrogen during synthesis. It was found that a higher nitrogen content present during synthesis directly
resulted in increased nitrogen incorporation into N-CNTs, along with improved ORR performance. The
effect of nitrogen content was also previously investigated synthesizing N-CNTs from either
ethylenediamine, or pyridine precursor solutions [145], where it was found that higher nitrogen
contents in ethylenediamine based N-CNTs led to significant performance increase with respect to ORR

compared with pyridine based N-CNTs.

It is well established that the properties of N-CNT materials are directly related to the type of

precursor materials used during synthesis [144-150], with the amount of nitrogen present during growth
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influencing the observed overall N-CNT nitrogen content. A significant amount of uncertainty however,
still surrounds the exact effect that the nitrogen-carbon precursor solution has on the nitrogen content
and ORR catalytic activity of synthesized N-CNTs. Thus, in the present work, three aliphatic diamine
precursor solutions with similar structures were utilized for synthesis. These materials were selected
because the only significant variation between their molecular structures is varying nitrogen-carbon
ratios, resulting from differing carbon chain lengths. This provides a strategic basis in order to carry out a
systematic investigation on the effect of the nitrogen-carbon ratio present during growth, on the
resulting nitrogen content and catalytic activity of the as-synthesized N-CNTs. Ethylenediamine (ED), 1,3-
diaminopropane (DAP) and 1,4-diaminobutane (DAB) were selected as the N-CNT growth precursor
solutions. Detailed investigation into the nanostructure and atomic composition of synthesized N-CNT

materials was completed, along with their ORR activity being investigated in alkaline solution.

4.2 Experimental

4.2.1 Synthesis methods
N-CNTs were produced by the method outlined in Section 3.2.1. Precursor solutions of ED, DAP
and DAB with 2.5 wt. % ferrocene dissolved in as a growth catalysts were injected into the CVD quartz

tube reactor.

4.2.2 Specific experimental details

For half-cell ORR electrochemical measurements performance in oxygen saturated 0.1 M KOH
electrolyte, the disc potential was swept from 0.2 to -1.0 V vs Ag/AgCl at a scan rate of 10 mVs™. The
ring electrode potential was kept constant at 0.5 V vs Ag/AgCl to ensure the further reduction of H,0,

species reaching the surface.

4.3 Results and discussion
In order to elucidate the effects of the precursor solution utilized for N-CNT synthesis, three
nitrogen/carbon aliphatic diamine precursor solutions were investigated. As previously mentioned, ED,

DAP and DAB were selected as they possess very similar structure, however provide varying nitrogen—
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carbon atomic ratios as summarized in Figure 24. The elemental compositions of the synthesized
products (ED-CNTs, DAP-CNTs and DAB-CNTs) were evaluated by XPS analysis with the results displayed
in Table 2. This confirms the successful incorporation of nitrogen into all three N-CNT samples, where
the amount of nitrogen doping was found to increase with the increasing nitrogen-carbon ratio present
in the precursor solution. In this regard, ED-CNTs possessed the highest nitrogen incorporation (4.74
at. %) due to its nitrogen rich structure and thus a higher presence of nitrogen introduced to the growth
environment. After N-CNT growth, the CVD furnace was exposed to ambient conditions at 400 °C in
order to burn off any unstable amorphous carbon species, resulting in the observed oxygen content. The
minimal iron content can be attributed to residual iron particles from the ferrocene growth catalyst

remaining after acid leaching.

N/C Ratio
a HZN NNHZ 1:1
o H,N ~_-~~_~—NH, 2:3
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Figure 24: Molecular structure and corresponding nitrogen—carbon ratios for: (a) ED, (b) DAP and (c) DAB. Reprinted from [8],

Copyright 2011, with permission from Elsevier.

Table 2: Overall atomic compositions determined by XPS analysis. Reprinted from [8], Copyright 2011, with permission from

Elsevier.
Elerment ED-CNT (at.) DAP-CNT (at.%) DAB-CNT (at.%x)
Carbon 91.50 92.77 94.66
Nitrogen 4.74 248 1.20
Oxygzen 3138 4,48 4.08
Iron 0.38 0.27 0.06

The Cls peaks for each sample are displayed in Figure 25a. The Cls peaks for each sample
display a slight shift to a higher binding energy than values expected for for pure graphitic materials

(284.3 eV) [151]. This is a commonly observed occurance for nitrogen doped graphitic materials [68, 80,
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106, 142], where ED-CNTs displayed the most significant shift (284.8 eV) compared with DAP-CNTs
(284.7 eV) and DAB-CNTSs (284.6 eV), attributed to the varying nitrogen incorporation.

The N1s signal for each sample was broken down into three seperate peaks as displayed in
Figure 25b in order to determine the nitrogen species present and their relative amounts. The first peak
located at approximately 398.6 can be attributed primarly to pyridinic nitrogen [142, 151], present on
the edge planes of the nanotube walls [106, 142, 151]. The second peak can be further deconvoluted
into two contributing species: i) pyrollic nitrogen with a characteristic binding energy of 400.0-400.6 eV
and ii) quaternatry nitrogen with a characteristic binding energy of 401.1-401.7 eV [151]. Thus, it was
concluded that the peaks observed at approximately 401.0 eV indicated the presence of both these
nitgrogen species with a shift in the peak location to a lower binding energy indicating more pyrollic
nitrogen whereas on the contrary, a peak shift to a higher binding energy indicates more quaternary
nitrogen. The final peak observed can be attributed primarily to oxidized nitrogen species with a
characteristic binding energy of 402.0-405.0 eV [151]. The amount of contributing nitrogen species were

calculated based on the areas of their respective peaks, with the results summarized in Table 3.
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Figure 25: XPS of: (a) C 1s spectra and (b) N1s spectra for ED-CNTs, DAP-CNTs and DAB-CNTSs. Reprinted from [8], Copyright

2011, with permission from Elsevier.

Table 3: Detailed breakdown of N1s spectra obtained from XPS analysis indicating peak positions and relative amounts of

nitrogen species. Reprinted from [8], Copyright 2011, with permission from Elsevier.

Nitrogen species ED-CNT DAP-CNT DAB-CNT

Peak position jeV % N atoms scanned Peak position eV % N atoms scanned Peak position [eV % N atoms scanned
Pyridinic 398.6 35.09 398.5 14.83 398.6 29.10
Pyrrolic/quaternary 401 4591 4008 68.21 400.9 63.37
Oxidized N 404.7 19.00 4049 16.96 403.7 7.53
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SEM images were obtained to investigate the morphology of synthesized samples as displayed
in Figure 26. ED-CNTs, DAP-CNTs and DAB-CNTSs all displayed similar structures, with a zigzag pattern
observed. This zigzag pattern is a result of nitrogen incorporation which serves to reduce the linearity of

synthesized CNTs [152].

Figure 26: SEM images of: (a) ED-CNTSs, (b) DAP-CNTs and (c) DAB-CNTs. Reprinted from [8], Copyright 2011, with permission

from Elsevier.

TEM images displayed in Figure 27 were obtained in order to investigate the effect of nitrogen
content on the morphology and nanostructure of the synthesized N-CNTs. All three samples displayed
the characteristic bamboo-like morphology of N-CNTs commonly reported in literature [125, 126, 150,
153, 154], with some residual metallic iron particles observed on the surface. The formation of this
bamboo-like nanostructure has been attributed to the incorporation of nitrogen dopant atoms, which
lead to the energetically favored buckling of the graphitic nanotube walls [126, 155]. In direct
agreement with this theory, ED-CNTSs (Figure 27a) display the highest amount of structural deformations
as a result of the significant nitrogen content. Small, round bamboo compartments are observed for ED-
CNTs, whereas for DAP-CNTs (Figure 27b) and DAB-CNTs (Figure 27c), longer more rectangular
compartments are observed. Furthermore, an increase in wall thickness was observed for N-CNTs with
lower nitrogen contents consistent with a previous report [156]. An average wall thickness of 3.4, 7.2

and 10.1 nm was observed for ED-CNTs, DAP-CNTs and DAB-CNTs, respectively.
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Figure 27: TEM images obtained displaying bamboo-like morphologies for: (a) ED-CNTs, (b) DAP-CNTs and (c) DAB-CNTSs.

Reprinted from [8], Copyright 2011, with permission from Elsevier.

The Raman spectrum of all three samples are displayed in Figure 28, displaying the commonly
observed D and G bands that are characteristic of CNT materials [48, 157, 158]. The |y/I¢ ratios for ED-
CNTs, DAP-CNTs and DAB-CNTs were determined to be 2.07, 1.41 and 1.35, respectively. These results
are consistent with TEM analysis, where ED-CNTs displayed a significantly higher amount of structural
defects compared with the other samples. From our materials, it is apparent that the Ip/lg ratio

increases as a direct result of nitrogen incorporation, which can be linked back to the choice of
precursor solution utilized for N-CNT synthesis.
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Figure 28: Raman spectroscopy of ED-CNTs, DAP-CNTs and DAB-CNTSs displaying characteristic D and G band peaks. Reprinted

from [8], Copyright 2011, with permission from Elsevier.
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Polarization curves for ED-CNTs, DAP-CNTs and DAB-CNTs, along with their respective H,0
selectivities are displayed in Figure 29. H,0 selectivity values were determined in order to quantitatively
gauge the preferential reduction of oxygen towards the more efficient 4 electron pathway, compared to
the less efficient 2 electron pathway resulting in the formation of H,0,. A distinct trend is noticed for
each of the samples, where increased ORR half cell activity (Figure 29a), along with higher H,0
selectivity (Figure 29b) was obtained for N-CNT samples with higher nitrogen contents. At a potential of
-0.4 V vs Ag/AgCl and a electrode rotation speed of 900 rpm, ED-CNTs displayed a current density of
3.86 mAcm™, significantly higher than 2.30 mAcm?and 1.75 mAcm™ obtained for DAP-CNTs and DAB-
CNTs, respectively. Under the same operating conditions, ED-CNTs also displayed an H,0 selectivity of

87.0 %, a drastic improvment over 77.0 % displayed by DAP-CNTs and 61.6 % for DAB-CNTs.
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Figure 29: (a) ORR polarization curves and (b) H20 selectivities obtained in 0.1M KOH in the cathodic sweep direction at a
scan rate of 10mVs-1 and electrode rotation rate of 900 rpm. Reprinted from [8], Copyright 2011, with permission from

Elsevier.

The higher performance observed for ED-CNTs can be linked back to previous reports
highlighting the importance of nitrogen groups on the ORR activity of nitrogen doped carbon materials.
Pyridinic groups are commonly discussed and consist of a nitrogen atom hetereogenously bonded to
two neighbouring carbon atoms, residing on the nanotube edge planes [106, 159, 160]. The increased
density of these edge plane sites has been consistently shown to result in enhanced ORR activity [48,
106, 115, 135, 159, 160]. It should be noted however, that there is a degree of ambiguity surrounding
this conclusion. There is uncertainty as to whether or not the pyridinic nitrogen atom itself provides the
actual active site for promiting the ORR, or whether the reaction takes place on the edge plane defect

sites. Regardless, the presence of pyridinic nitrogen provides indication of the amount of edge plane

49



exposure present on the nanotube walls and thus has been attributed to increased ORR activity. The
nature of this peformance enhancement has been related to the increased electron density and electron
donor properties present on the surface edge planes, a result of the extra valence electrons provided by
the dopant pyridinic groups [48, 81, 160, 161]. As a result, these sites serve to faciliate the adsorption of
oxygen, along with providing a synergistic effect by readily adsorbing and further reducing reaction
intermediates, specifically hydrogen peroxide [48, 81, 160]. Through XPS analysis, ED-CNTs were found
to possess a significant nitrogen content (4.74 at. %) along with a high degree of pyridinic species (1.66
total at. %). This provides a logical explanation for the increased ORR activity and H,O selectivities
observed. Diminished performance relative to ED-CNTs was observed for DAP-CNTs and DAB-CNTSs. This
aligns well with this hypothesis, with inferior performance attributed to lower pyridinic nitrogen
contents (0.36 and 0.35 total at. % for DAP-CNTs and DAB-CNTs, respectively). It should be noted
however, that the performance of DAB-CNTs was found to be significantly lower than DAP-CNTs, despite
similar overall pyridinic nitrogen concentrations. This is attributed to the inferior overall nitrogen
content (1.20 at. % versus 2.48 at. %), indicating the possibility of other active N-C functionalities [135],
or changes to the bulk properties of N-CNTs induced by nitrogen incorporation, leading to increased
electronic conductivities [68, 102, 112], electron donor behaviour [112, 114, 153, 162] and enhanced
reactant and intermediate adsorption [48, 161, 163]. This illustrates the importance of the precursor
solution utilized for N-CNT growth on the ORR activity of the samples observed in alkaline conditions.
Higher nitrogen content containing N-CNTs, with some emphasis on pyridinic species will lead to
significant improvements in the ORR activity. Furthermore, it has been found that at higher nitrogen
contents (e.g. > 2 at. %) the formation of pyridinic nitrogen is preferred [156], reiterating the importance
of using a nitrogen rich precursor solution such as ethylenediamine. It should be noted that the effect of
the nominal iron presence in the N-CNT catalyst materials cannot be neglected. There is some
uncertainty regarding the exact role of the iron species present, which could potentially be linked to
ORR catalytically active pyridinic FeN,/C, species, low activity pyrollic FeN4/C, species [164], or inert iron
and/or iron oxide particles. Regardless, the impact of nitrogen content with a focus on pyridinic (either
Fe-coordinated or natural form) groups is apparent. To provide comparison, the polarization curves of
ED-CNTs, DAP-CNTs and DAB-CNTs are provided alongside the performance of commercial Pt/C in
Section 5.3. The ORR activity and H,O selectivity of ED-CNTs was superior to even that of commercial
Pt/C, a very promising result considering the economic and environmental benefits arising from the use

of ED-CNTSs as electrocatalyst materials.
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KL plots were generated for ED-CNTs, DAP-CNTs and DAB-CNTs and are displayed in Figure 30.
These plots display linear, relatively parallel behavior, an indication of first order kinetics with respect to
oxygen [165]. Slight changes in the observed slopes are apparent, primarily in the case of DAB-CNTs.
This could be a result of the deviation in number of electrons transferred as indicated by changing H,0
selectivity values (Figure 6b), or slight deviation from the proposed first order kinetics. Regardless, the
intercept of KL plots can be used to calculate iy values, which provide a good indication of the ORR
kinetics on the catalyst surface, while eliminating the interfering effects of reactant diffusion. At an
electrode voltage of -0.2 V vs Ag/AgCl, ED-CNTSs displayed an i of -5.07 mAcm™, superior to -1.02 mAcm’
2 and -0.65 mAcm™ determined for DAP-CNTs and DAB-CNTs, respectively. This further confirms the
enhanced performance of ED-CNTs after eliminating the effect of reactant diffusion due to the high

nitrogen content and edge plane exposure.
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Figure 30: Koutecky-Levich plots for: (a) ED-CNTs, (b) DAP-CNTs and (c) DAB-CNTSs in 0.1M KOH. Reprinted from [8],

Copyright 2011, with permission from Elsevier.

4.4 Conclusions
Nitrogen rich N-CNTs are promising materials as ORR electrocatalysts in low temperature fuel

cell applications, with the effect of various precursor materials illustrated in the present work. In
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summary, N-CNTs were synthesized from three different aliphatic diamine precursor solutions with
varying carbon chain lengths. It was concluded that using precursor solutions with higher nitrogen to
carbon atomic ratios will result in N-CNTs with higher overall nitrogen content and enhanced ORR
activity. ED-CNTs were found to contain 4.74 at. % nitrogen and were found to have superior ORR
activity compared with DAP-CNTs (2.48 at. % nitrogen), which displayed higher activity than DAB-CNTs
(1.20 at. % nitrogen). The increase in performance was attributed to the enhanced electronic, structural
and chemical properties resulting from higher overall nitrogen contents, with some emphasis placed on

pyridinic species indicating a higher degree of edge plane exposure.
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5.0 Thin, free standing N-CNT film as cathode catalyst in alkaline anion exchange

membrane fuel cells

Reproduced in part with permission from [9]. Copyright 2010, The Electrochemical Society.

Higgins, D., Chen, Z., “Nitrogen Doped Carbon Nanotube Thin Films as Efficient Oxygen Reduction
Catalyst for Alkaline Anion Exchange Membrane Fuel Cell”. ECS Transactions, 2010, pp. 63-68.

5.1 Introduction and purpose

As previously mentioned, AEMFCs offer a significant advantage over traditional AFCs in that the
electrolyte membrane is not prone to poisoning by CO, that may be present in gas fuel streams [166,
167], leading to significantly higher durability. The ORR taking place on the cathode of AEMFC requires a
highly active electrocatalyst most often consisting of expensive Pt or other noble metal (Au, Ag, etc.)
based materials [166-169]. Developing an inexpensive, non-noble alternative to these materials without
sacrificing performance or durability is essential for realizing AEMFC commercialization. Recently and
herein, comparable ORR catalytic activity of N-CNTs in alkaline solution compared with traditional
platinum loaded carbon black (Pt/C) has been reported [99, 170], however the performance of N-CNTs

as a cathodic catalyst has not been investigated in an actual AAEMFC setup.

Drawing on the previous investigation (Section 4.0 of the present report), ED-CNTs with
promising half cell electrochemical activity towards the ORR were fabricated into a thin, free standing
film by a filtration method for use as a cathode for AEMFCs. The novelty of this work lies in the
fabrication and testing of these thin films as an ionomer free cathode catalyst layer in an AEMFC.
Utilizing N-CNT thin films as an cathode catalyst offers several advantages over commercial Pt/C towards
AEMFC technologies: (i) N-CNT thin films are inexpensive and readily produced, while displaying high
catalytic activity towards ORR, (ii) their porous nature allows for good oxygen diffusion, while their thin
structure allows adequate hydroxide access, eliminating the requirement for an ionomer in the catalyst
layer, (iii) N-CNT thin films are free standing and do not require any bonding agents that might interfere

with catalytic performance, and (iv) N-CNTs have significant stability under operating conditions [99].

5.2 Experimental
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5.2.1 Synthesis methods

Free standing ED-CNT films were fabricated by a filtration method. ED-CNTs were suspended in
ethanol solvent and ultrasonicated to ensure adequate dispersion. The mixture was then filtered
through an aluminum oxide membrane (Whatman, Anodisc 47, 0.02 mm) and annealed overnight at
100 °C. The filter membrane was immersed in 1 M sodium hydroxide solution for several minutes, after

which the free standing thin ED-CNT film could be collected and was ready for use after drying.

5.2.3 Specific experimental details

MEAs with an active area of 5 cm” were prepared by pressing the anode, 70 um thick FAA
commercial AEM (Fuma-Tech GmbH) and cathode together. Catalyst ink was sprayed onto carbon paper
in order to prepare the anode (0.5 mgptcm"2 Pt/C, E-TEK) electrode. The cathode electrode consisted of
either the N-CNT thin film (0.2 mgcm™), or carbon paper sprayed with Pt/C (0.2 mgmcm™) for
comparison. The MEA cell temperature was kept constant at 80 °C and flow rates of 0.3 Lmin™ at a back

pressure of 3 atm were utilized for both H, and O..

5.3 Results and discussion

Due to their high inherent ORR activity and significant nitrogen content, ED-CNTs were selected
as ideal candidates for fabrication into thin films using a filtration method, followed by heat treatment.
Their performance in comparison with Pt/C is displayed in Figure 31, along with DAB-CNTs and DAP-
CNTs discussed in Section 4.0. An image of the thin film is displayed in Figure 32a, clearly demonstrating
its free standing nature without any bonding agents. SEM images of the ED-CNT thin film were taken to
investigate the microstructure of the material. A top view image is shown in Figure 32b displaying an
interlaced mat of ED-CNTs with a highly porous bulk structure. The ED-CNTs are well dispersed creating

a homogenous thin film.
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Figure 31: ORR polarization curves for N-CNT samples with Pt/C for comparison. Curves taken in 0.1M KOH at 900 rpm with a

scan rate of 10 mVs-1 in the cathodic direction. Reproduced with permission from [9]. Copyright 2010, The Electrochemical

Society.

Figure 32: a) ED-CNT thin film displaying free standing nature and b) top view SEM image of ED-CNT thin film displaying
homogeneous dispersion, resulting in highly porous, interlaced arrangement. Reproduced with permission from [9].

Copyright 2010, The Electrochemical Society.
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The performance of an ED-CNT thin film was tested as an ORR cathode in an alkaline MEA setup
and compared with the performance of commercial Pt/C catalyst under identical conditions. Results
from MEA analysis are displayed in Figure 33. Maximum power densities of 25.5 mWcm™ and 19.1
mWcm™ were determined for the ED-CNT film and Pt/C, respectively, corresponding to a 34 % increase
in performance for the ED-CNT film. At a cell potential of 0.6 V, current densities for the ED-CNT film and
Pt/C were determined to be 37.5 mAcm™ and 27.5 mAcm™, respectively, a 36 % increase in performance
for the ED-CNT film. These results indicate that ED-CNT thin films act as an efficient cathode in AEMFC
MEAs, with performance superior to that of traditionally used Pt/C. The increase in performance
observed for ED-CNTs can be attributed to their high inherent catalytic activity resulting from the
significant nitrogen incorporation. Nitrogen doping has been shown to result in increased electronic
conductivities [68, 102] and electron donor behavior [113, 171] of N-CNT materials. Moreover, high
nitrogen concentrations have been reported to result in increased edge plane exposure resulting in
active sites that serve to facilitate the adsorption and reduction of reactants and intermediates [48, 106].
Combined with ideal structural properties of the thin film, specifically a high surface aspect ratio and a
highly porous structure, a logical explanation for the enhanced alkaline MEA performance is formulated.
Thus, nitrogen rich N-CNT thin films are established as non-noble ORR electrocatalyst materials for use
as a cathode layer in AEMFCs. They offer the distinct advantages of high inherent catalytic activity and a

facile, relatively inexpensive synthesis procedure.
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Figure 33: MEA performance displaying polarization curves (filled symbols) and power density curves (empty symbols) for 0.2
mgcm-2 ED-CNT thin film (red triangles) or 0.2 mgPtcm-2 commercial Pt/C (black squares) cathode catalysts, commercial FAA
anion exchange membrane and 0.5 mgPtcm’2 commercial Pt/C anode catalyst. Reproduced with permission from [9],

Copyright 2010 The Electrochemical Society.

5.4 Conclusions

In summary, thin, free standing ED-CNT films were synthesized and tested as an ORR cathode
catalyst for use in AEMFCs. Electrochemical testing confirmed the catalytic activity of ED-CNTs prior to
film fabrication, attributed to the presence of nitrogen atoms in the graphite lattice of the material.
Using the ED-CNT thin film as a cathode catalyst in an AEMFC single MEA resulted in a significant
increase in peak power density and current density under normal operating conditions (cell voltage of
0.6 V) compared with commercial Pt/C. This work confirms the potential of utilizing nitrogen right N-CNT

thin films as cheap, effective ORR catalyst alternatives for use in AEMFCs.

58



6.0 N-CNTs synthesized from post treatment with cyanamide as metal free ORR

catalysts in alkaline conditions

6.1 Introduction and purpose

While Pt based materials are undeniably the highest performing ORR electrocatalyst materials
used for fuel cell applications, non-precious metal based materials are emerging as competitive
replacements due to recent improvements with respect to their ORR activity and operational stability.
As previously mentioned the use of readily available, non-noble metal based catalyst materials provides
immense economical benefits and increases the feasibility of a sustainable fuel cell market. The most
extensively studied non-precious catalysts to date generally consist of Fe and/or Co species, coordinated
to nitrogen-carbon complexes [172]. The highest performing catalysts of this type are generally
prepared by high temperature pyrolysis of a carbon support in the presence of transition metal species
(usually inorganic salts [83, 173-175] or macrocycle complexes [176-178] and a nitrogen precursor. The
latter generally consists of simple molecules, with the utilization of several nitrogen precursors including
ethylenediamine [8, 101, 179, 180], 1,10 — phenanthroline [181-183], pyridine [100, 101, 184] and
polyacrylonitrile [175, 185, 186] well documented, to name a few. More recently, several studies have
focused on the utilization of cyanamide as a nitrogen source material as it has not been extensively
investigated and is capable of forming favourable nitrogen-carbon configurations during pyrolysis
treatments [187]. Studies by Chung et al. [188, 189] and Tian et al. [190] have indicated promising
performance of high surface area carbons pyrolysed with an inorganic iron salt (FeAc or FeSQ, salts) and
cyanamide precursor. During high temperature treatment methods, the exact mechanism of active site
formation and the role of the transition metal species are debatable. As previously discussed, the role of
the transition metal species has been attributed to either: i) having a integral role in the active site
moiety or ii) merely playing a role in the incorporation of nitrogen species into carbon supports forming

catalytically active nitrogen-carbon species [191].

The reliance on the presence of non-precious metal species in ORR electrocatalysts still has
several drawbacks [192]. Despite reduction in cost compared with noble metal species, these metals can
by no means be considered inexpensive, with their supply depending exclusively on natural reserves.
Moreover, the environmental impacts associated with mining, extraction and refining processes are
immense, along with the recycling and disposal of catalyst residues and byproducts. Transition metal

instabilities under the corrosive operating environments encountered at the cathode of fuel cells can
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also lead to significant durability issues. Performance loss can result either from i) electrocatalyst
poisoning by contaminants in the reactant feed streams, ii) demetallation of the active site structures
[193], iii) leaching and subsequent contamination of system components (i.e. electrolyte membrane) by
metal ions, or iv) decomposition of active site structures by H,0, species formed due to poor catalyst
selectivity [194]. The development of metal-free ORR electrocatalyst materials with high activity and
operational stability would provide immense progress towards fuel cell commercialization, overcoming

the issues and challenges associated with metal-based electrocatalysts.

On that note, metal-free CN, ORR electrocatalysts are an emerging field of fuel cell research.
This stems primarily from avoidance of the issues associated with metal-containing catalyst materials
mentioned above and have been discussed in detail elsewhere [192]. Furthermore, their desirable
properties including low cost, natural abundance, corrosion stability and unique, tailorable surface
properties render them preferential candidates as ORR catalyst materials. Recent progress in this field
has generally involved two approaches. The first involves synthesis of CN, in the presence of metal
catalyst materials, followed by purification by electrochemical or chemical methods [99, 195-198].
Through this approach however, the metal species can still play a significant role in the catalytically
active site formation and the presence and influence of metal species on the ORR activity cannot be
omitted entirely. Difficulties in the complete removal of strongly bonded metal species from CN,
nanostructures has also been reported [198]. The second approach involves synthesizing CN,
nanostructures in the absence of any metal species [199-204]. Research in the field of metal-free CN,
catalyst synthesis is still in its early stages of advancement, with some promising performances reported,
indicating that transition metal species may not play a crucial role in active site formation. The ORR
activity of metal-free CN, catalysts however is still very low. Further work is essential in order to provide
insight into the nature of metal-free catalytically active site formation mechanisms and atomic
configurations. This will provide a valuable basis for the development of metal-free CN, catalysts with

improved ORR activity and operational stability.

In the present study, a simplistic post-doping method is employed utilizing cyanamide as the
nitrogen source and functionalized CNTs as the carbon support. High temperature heat treatment is
carried out on cyanamide coated CNTs in the absence of any metal additives and the resulting N-CNT
materials are found to possess improved ORR activity and product selectivity in alkaline conditions. This
provides indication that: i) metal species do not necessarily comprise the locale of ORR activity and ii)

formation of catalytically active sites does not necessarily have to be facilitated by metal species.
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Structural and spectroscopic characterization techniques are carried out in order to provide insight
regarding the exact nature of the catalytically active sites. Due to the presence of oxygen, nitrogen and
carbon species during high temperature pyrolysis it is very difficult to discern the specific catalytically
active moiety. Regardless, improved ORR activity is attributed to increased surface coverage of the N-

CNTs by a thin surface layer containing a variety of nitrogen, oxygen and carbon functional groups.

6.2 Experimental

6.2.1 Synthesis methods

Carboxylic acid (0.5 wt. %) functionalized CNTs were purchased for use in the present study. In
order to: i) increase the surface reactivity, ii) increase the dispersion in ethanol solvents for processing
purposes, and iii) ensure complete removal of surface metal impurities, the CNTs were further
functionalized by refluxed in 6M HNO; for 6 hours. The resulting materials were filtered, washed
thoroughly and dried before collection and processing. In order to coat the surface functionalized CNTs
with cyanamide, 40 mg of CNTs were added to 40 mL of EtOH and sonicated to ensure adequate
dispersion. Cyanamide was then added into the solution at CNT:cyanamide weight ratios 1:1, 1:2 and 1:4
(samples denoted CNT-cy1, CNT-cy2 and CNT-cy4, respectively). This solution was refluxed at 81 °C for 3
hours. The solvent was then allowed to evaporate completely and the collected solid was pyrolyzed

under Ar for 1 hour at 900°C.

6.2.3 Specific experimental details

For half-cell ORR electrochemical measurements performance in oxygen saturated 0.1 M KOH
electrolyte, the disc potential was swept from 0.2 to -1.0 V vs Ag/AgCl at a scan rate of 10 mVs™. The
ring electrode potential was kept constant at 0.5 V vs Ag/AgCl to ensure the further reduction of H,0,

species reaching the surface.

6.3 Results and discussion
After further purification and functionalization of the as received CNTs with HNO3 (sample

denoted HNO3-CNT), the purity of the HNO;-CNTs was investigated by TGA and TEM analysis. Figure 34a

61



provides the TGA profile of the HNOs-CNTs. This profile displays behavior as expected with chemically
functionalized HNO3-CNTs. Below temperatures ca. 600-700°C the observed weight loss is attributed to
oxidation of the surface functional groups and disordered carbon species present in the HNO3-CNT
sample, where beyond this range the weight loss is due to oxidation of graphitic carbon species [205].
TGA analysis indicated that after heating to 900°C, there was ca. 1 weight % residual attributed to metal
remnants from the growth catalyst utilized for CNT synthesis. TEM images indicated that these residual
particles were entrapped by several graphitic layers in the compartments of the HNO3-CNTs as shown in
Figure 34b. Several TEM images were obtained to ensure these metallic species were not present on, or
near the surface or HNOs-CNTs. The presence of entrapped metallic particles even after numerous
purification treatments can be explained by their inaccessibility. Thus, the influence of these metal
particles during cyanamide treatment of the CNT surfaces can be considered negligible, and any ORR
activity observed on CNT-cy samples can be attributed to active site formation occurring in the absence

of metal species.
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Figure 34: a) TGA profile of HNO3-CNTs and b) TEM image displaying metal catalyst remnant particle entrapped within the

graphitic walls.

After treating HNOs-CNTs with cyanamide using weight ratios of 1:1, 1:2 and 1:4 (HNOs-
CNT:cyanamide) followed by pyrolysis at 900°C, the ORR activity of CNT-cy1, CNT-cy2 and CNT-cy4 were
measured by electrochemical half cell testing, respectively. Figure 35a displays ORR polarization curves
obtained for each of these samples, along with HNO3-CNT for comparison. Clearly the metal-free post-
treatment of HNO;-CNTs with cyanamide results in significant ORR activity enhancements. A slight shift
in the onset potential for ORR is observed with CNT-cy samples, along with significantly enhanced

reaction kinetics at low overpotentials. Moreover, improved current densities and H,0 selectivities
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(Figure 35b) determined from ring current data were observed with increased cyanamide weight ratios.
The shift in onset potential and the transfer from a more predominant 2 electron reduction process for
HNOs-CNTs towards an overall 4 electron reduction process for CNT-cy4 gives positive indication of

active site formation on the surface of CNTs resulting from cyanamide treatment.
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Figure 35: a) ORR polarization curves obtained in 0.1 M KOH at a scan rate of 10 mVs-1 and electrode rotation speed of

900rpm. b) H20 selectivity values for catalyst materials calculated at an electrode potential of -0.5 V vs Ag/AgCI.

The conglomeration of nitrogen, carbon and oxygen species on the surface of CNTs make it very
difficult to decipher the specific structural transformations occurring during high temperature pyrolysis.
The resulting effects and interactions of these species will be confounded, and in the case of CNT-cy,
they have resulted in ORR active site formation. Based on observation of TEM images (Figure 36), the
CNT-cy samples had a surface layer deposited on them without alteration of their bulk nanostructure,
consistent with previous reports on post-treatment methods [206]. The presence of this thin film is a
very interesting observation as it has previously been reported that cyanamide species are completely
vapourized at temperatures exceeding 750°C in an inert environment [190]. This provides confirmation
that some sort of interaction is occurring between the cyanamide species and the surface of the
functionalized HNO3-CNTs, where upon heat treatment to 900°C in Ar, a catalytically active residue
remains. The most apparent difference between the three CNT-cy samples based on investigation of
numerous TEM images was that increased cyanamide loadings led to deposition of a more uniform
surface layer with a higher degree of CNT surface coverage. At low cyanamide loading, CNT-cy1 (Figure
37a and 37b) displayed agglomeration of this coating material in some regions (black arrows), whereas

other regions of the CNT-cy1 surface were found to have no coating at all. CNT-cy2 (Figure 37c and 37d)
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displayed a more uniform surface coverage, however there were still some portions of the CNT-cy2
surface with very thin, or even a lack of this surface layer. Upon doubling the cyanamide loading during
synthesis, CNT-cy4 (Figure 37e and 37f) was found to have a relatively uniform coating layer, with a

thickness between ca. 4-10 nm covering the majority of the CNT-cy4 surface.

Figure 36: TEM images of CNT-cy4 displaying preserved CNT structure and deposition of a thin film on the surface.
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Figure 37: TEM images of a, b) CNT-cy1, c, d) CNT-cy2 and e, f) CNT-cy4.

To provide insight regarding the nature of the surface coating layer observed on CNT-cy
catalysts, various characterization techniques were applied. Figure 38 displays the XRD patterns
obtained for CNT-cy samples along with the signal obtained for the aluminum tray holder in order to
distinguish background peaks. All three CNT-cy samples displayed peaks representative of graphitic CNT
materials located at approximately 26, 43 and 53° which correspond to the (002), (100) and (004)
structures, respectively. At increased cyanamide loadings, the observed peaks were found to shift to
lower diffraction angles. This could be due to the distortion of crystallinity in the CNT samples, which
could likely be due either to amorphous species present in the surface layer [83, 207] or through

nitrogen incorporation into the graphitic lattice of the CNT structure [197, 203]. Presence of the (004)
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peak confirms preservation of the bulk crystalline structure of the CNTs in this sample and is indicative

of a large number of stacked graphitic walls [203].
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Figure 38: XRD pattern for CNT-cy samples and the Al sample holder.

Due to the simultaneous presence of carbon, nitrogen and oxygen species on the CNT surface
during pyrolysis, combined with mixed reports delegating specific binding energies to various carbon-
nitogen species [202, 208], discernment of catalytically active site structures must be carried out
prudently in order to avoid any unsubstantiated claims. Interestingly, the overall surface concentration
of nitrogen species in all three CNT-cy samples was found to be very similar. High resolution N1s signals
obtained from XPS analysis are presented in Figure 39. The N1s spectrum was de-convoluted into 5
contributing peaks, each of which was attributed to differing nitrogen configurations displayed in Table
3 along with their respective peak locations. Commonly, catalytic activity towards the ORR can be
associated with pyridinic and quaternary nitrogen species, located at binding energies of ca. 396.5 and
401.1 eV, respectively [8, 84, 203]. Through XPS analysis, both of these species are present in similar
amounts for all three CNT-cy samples which could provide logical explanation of the ORR activity
observed. The N5 peak observed at binding energies as high as 405.6 eV for CNT-cy samples can be
attributed to NO, species [209]. This observation is particularly peculiar however, as NO, species are
relatively unstable and have been found to dissociate at temperatures exceeding ca. 500°C in inert

environments [209]. Moreover, CNT-cyl, CNT-cy2 and CNT-cy4 all displayed significant oxygen surface
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contents of 5.11, 5.31 and 5.69 at. %, respectively, despite being exposed to a high temperature
pyrolysis at 900°C. This is contradictory to previous reports indicating the instability of surface oxygen
species at elevated temperatures [209, 210], with minimal surface oxygen containing groups surviving
temperatures up to 900°C. The fact that a significant amount of surface NO, and oxide groups remain
after high temperature pyrolysis suggests that cyanamide may provide some sort of stabilizing
interaction towards these functional groups. This is similar to a recent report by Chung et al. [188]
attributing the stable incorporation of sulfur into heat treated iron based catalysts to cyanamide
depressing the decomposition of sulfate groups. The oxygen content on the surface of the catalyst
materials was found to increase with cyanamide loading where CNT-cyl, CNT-cy2 and CNT-cy3 had

oxygen surface concentrations of 5.11, 5.31 and 5.69 at. %.
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Figure 39: High resolution N1s spectra for CNT-cy samples deconvoluted into 5 contributing peaks.
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Table 4: Deconvoluted N1s signal peak designations and locations.

Peak location / eV

Peak Nitrogen species CNT-cyl CNT-cy2 CNT-cyd
N1 Pyridinic 398.45 398.47 393.51
N2 Pyrrolic 399.30 399.92 400.02
N3 Quaternary 401.18 401.13 401.14
N4 Oxidized pyridinic 403.03 402.96 403.00
N5 NO2 405.56 405.59 405.49

With similar nitrogen contents and functional moieties determined by XPS for CNT-cy samples,
the primary limiting factor towards ORR activity was dispersion of the surface layer remaining after
pyrolysis. Improved ORR activity was found for samples with a more uniformly dispersed surface layer,
favoured at higher cyanamide loadings. This surely results in a more homogeneous dispersion of
catalytically active site structures (most likely pyridinic and quaternary nitrogen species). Moreover,
increased CNT coverage by this surface layer was found to result in increased oxygen functional group
retention, which may exert some effect on the ORR activity observed [199]. This work provides
indication that catalytically active site structures can be formed by the pyrolysis of cyanamide coated
onto CNT supports in the absence of any metal interaction. Improved ORR activity and product
selectivity were observed for samples synthesized with higher cyanamide weight ratios in the precursors.
Despite only marginal improvements in the ORR activity compared to Pt or other highly active catalysts,
these materials represent an emerging class of metal-free ORR electrocatalysts that would provide
immense economical and environmental benefits towards the commercialization of low temperature
fuel cells. While the performance can most likely be improved by optimization of the synthesis
parameters or utilization of a high surface area carbon support; this work provides insight into the

development of metal free ORR catalysts based on cyanamide complexes.

6.4 Conclusions

Improved ORR activity and product selectivity were obtained by pyrolysis of HNO3-CNTs in the
presence of cyanamide. Cyanamide was initially coated onto the HNOs;-CNT surface by a reflux
procedure in ethanol solvent. High temperature pyrolysis at 900°C was found to result in the deposition
of a thin coating on the surface of CNT-cy samples, with improved surface coverage and uniform coating
observed at higher cyanamide loadings. Increased ORR performance was attributed to a more uniform
surface coating containing active site structures formed in the absence of any metal species interaction.

Specifically, CNT-cy4 displayed a slight improvement in on-set potential, improved ORR kinetics in the
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full potential range investigated and a four fold improvement in H,0 selectivity compared with HNOs-
CNTs. Cyanamide was found to interact with the surface of HNOs-CNTs in forming these ORR active
moieties and furthermore resulted in the stabilized incorporation of oxide and nitride surface functional

groups despite treatments at temperature beyond their stability range.
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7.0 Summary and future direction

In summary, the application of N-CNTs towards the electrocatalysis of ORR in low temperature
fuel cells has been demonstrated through four separate studies. The primary objective was to exploit
the unique structural, surface and electronic properties of N-CNTs in the development of highly active

catalyst materials with reduced or eliminated Pt dependence for PEMFCs and AFCs.

The first study entailed the utilization of N-CNTs synthesized from ethylenediamine and pyridine
precursor solutions as Pt nanoparticle supports. These composites were investigated for their activity
towards the ORR under PEMFC conditions (i.e. in acidic media) and the importance of nitrogen
incorporation in the support material was elucidated upon comparison with undoped CNTs as Pt
supports. Moreover, the importance of high nitrogen contents was demonstrated, where ED-CNTs with
enhanced nitrogen contents were found to facilitate the deposition of more uniform sized, well
dispersed Pt nanoparticles compared with Py-CNTs with a lower nitrogen content. Upon testing in a
MEA, Pt/ED-CNTs displayed significantly higher performance than Pt/CNTs, highlighting the benefits of

using N-CNTs as a catalyst support in fuel cell setups.

The second study was inspired by recent reports indicating the high ORR activity of N-CNTs in
alkaline conditions, similar to those present in AFCs. The effect of utilizing different precursor materials
was investigated, where three aliphatic diamines with varying carbon chain lengths (and by extension
varying nitrogen-carbon ratios) were used as precursor solutions for N-CNTs growth. The importance of
utilizing a nitrogen rich precursor solution was apparent, where this led to higher nitrogen
concentrations in the N-CNTs, along with improved ORR activity determined through half-cell testing.
Detailed material characterization techniques were carried out and the ORR activity observed was

attributed to pyridinic and quaternary nitrogen species present on the surface of the N-CNT materials.

The third study investigated the applicability of the most promising N-CNT materials
investigated in the second study as a cathode catalyst in an AEMFC setup. Highly active ED-CNTs were
fabricated into a thin, free standing membrane which was tested as a standalone cathode in a single cell
AEMFC. The performance of this cell was found to be superior to a similar AEMFC setup utilizing
commercial Pt/C as the cathode catalyst material. Improved performance was attributed to the high
inherent ORR activity of ED-CNTs and the distinct structure and morphology of the cathode layer

including high surface aspect ratios and a highly porous nature.

The fourth study investigated CNTs coated with cyanamide and then exposed to a high

temperature pyrolysis. This post treatment method was done in the absence of any metallic species on
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the surface of the CNTs and thus any catalytic activity observed can be attributed to active site
formation occurring in lieu of metal interactions. CNT-cy samples were found to have improved ORR
activity resulting from the post treatment procedure utilizing cyanamide as the nitrogen precursor. It
was observed that a thin surface layer was deposited on the CNT-cy samples following pyrolysis. At
higher cyanamide loadings, improved uniformity and surface coverage of this thin film was favoured.
This was also found to result in higher ORR activity for CNT-cy samples treated with increasing amounts

of cyanamide.

The studies presented herein provide novel approaches to the utilization of N-CNTs or N-CNT
composites as cathode electrocatalyst materials for fuel cell applications. Electrochemical studies were
coupled with detailed structural and surface characterization techniques in order to provide insight
regarding the factors affecting the ORR activity for this class of materials and potential approaches to

improve their electrocatalytic performance. Future work can potentially encompass:

e Further MEA testing in order to investigate the stability of N-CNTs and their composites in fuel
cell systems. This will provide further insight into their applicability as cathodic electrocatalysts
and moreover will elucidate potential degradation mechanisms.

e Synthesis of N-CNTs from alternative precursor materials in order to potentially improve ORR
activity by obtaining N-CNTs with higher nitrogen contents and pyridinic/quaternary surface
groups. Focus should be on precursor materials with high nitrogen contents.

e Optimization of synthesis parameters. This will be in an effort to tailor the specific structural,
electronic and atomic properties of the N-CNT materials in order to obtain higher ORR activity.

e Utilization of N-CNTs or their composites towards other applications. These could include metal-
air batteries or fuel cells. The unique structural and electronic properties of N-CNTs are very
appealing and still not well understood. The applicability of these materials towards many other

technologies still remains to be investigated.
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