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Abstract

Polymer electrolyte membrane (PEM) fuel cells have been viewed as promising
power source candidates for transport, stationary, and portable applications due to their high
efficiency and low emissions. The platinum is the most commonly used catalyst material for
the oxygen reduction reaction (ORR) at the cathode of PEM fuel cells; however, the limited
abundance and high cost of platinum hinder the large-scale commercialization of fuel cells.
Two approaches being widely accepted to overcome this limitation are 1) to improve Pt
utilization to boost the activity while reducing the loading, or 2) to develop non-precious
metal catalysts (NPMCs) with sufficient activity and stability to be used in the PEM fuel
cells. Of the NPMCs that have been developed, M/N/C (M=Fe, Co) catalysts have gone
through several breakthroughs and shown the most promising results until now. Despite the
ample amount of research and improvements, the activity and stability of these catalysts
must be further improved to be practical in PEMFC applications.

The activity can be further enhanced by several different approaches including but
not limited to: 1) use of different dopants (nitrogen, boron, sulfur, etc.) precursors, 2) use of
different non-platinum group metals (Fe, Co, Mn), 3) utilizing high surface area support
materials and 4) applying heat treatment in various conditions. The combination of these
approaches affect the active site density and distribution, electronic structure of the active
site thus affecting its kinetics and turn over frequency, electrical conductivity and stability of
the catalyst in various ways. Although many researchers have reported promising
performance in terms of catalytic activity, there is still enormous demand and potential for

the catalysts to improve, especially enhancing its stability in a fuel cell test. Herein, two
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chapters are included exploring with the above mentioned combinations to synthesize highly
active and stable catalysts, followed by another chapter investigating its fuel cell
performance and discussing possible causes of stability loss with a method to verify the issue
with flooding of the microporous active sites.

In the first study, non-precious metal oxygen reduction reaction (ORR) catalysts
were prepared by pyrolyzing a carbon supported complex consisting of iron acetate
coordinated with 1,2,4,5-tetracyanobenzene (TCNB) in an iron phtalocyanine-like polymer
arrangement. By employing these small precusursor molecules, it is expected that more
uniform and complete coverage of the carbon support material can be obtained, and by using
the in situ formation and polymerization of FePc, effective iron-center segregation can be
achieved. The effect of heat treatment temperature is systematically investigated from 700 to
1000 °C, with ORR activity investigated by half-cell electrochemical evaluation in 0.1 M
HCI1O,. The highest ORR performance is obtained for the sample heat treated at 1000 °C,
with this sample demonstrating high (> 98 %) selectivity towards the efficient 4 electron
reduction mechanism, comparable with some of the best non-precious metal catalysts
reported to date. The physical and surface properties of the prepared catalysts were
investigated by high-resolution transmission electron microscopy (TEM), x-ray
photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA). After heat
treatment, a thin (< 10 nm) coating was observed on the surface of the carbon supports,
attributed to residual species remaining from the heat treated precursor complex that provide
the source of ORR activity. Decreased nitrogen contents are observed with an increase in
heat treatment temperature, concurrent with an increase in the relative concentration of

graphitic nitrogen species that likely plays a role in the ORR activity enhancement. The
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results suggest that this type of catalyst has great potential used as a non-precious PEM fuel
cell catalyst

In the second study, Co-N decorated porous graphene aerogel catalyst was
synthesized as an efficient catalyst for ORR. Graphene, consisting of a two-dimensional (2D)
monolayer of graphitic carbon atoms, has been viewed as a promising candidate for the fuel
cell catalyst support, due to its many intriguing properties such as high aspect ratios, large
surface areas, rich electronic states, good electron transport, thermal/chemical stability and
good mechanical properties. In the preparation process, polyaniline (PANI) is introduced as
a pore-forming agent to aid in the self-assemble of graphene species into a porous aerogel
networks, and a nitrogen precursor to induce in situ nitrogen doping. Therefore, a Co-N
decorated graphene aerogel framework with a large surface area (485 m’ g ') and an
abundance of meso/macro pores is effectively formed after heat treatment. Such highly
desired structures can not only expose sufficient active sites for the ORR but also guarantee
the fast mass transfer in the catalytic process, which provides significant catalytic activity
with positive onset and half wave potentials, low hydrogen peroxide yield and remarkable
stability that is comparable to commercial Pt/C in acid medium.

The activity of non-precious metal catalysts (NPMCs) has now reached a stage at
which they can be considered as possible alternatives to Pt for some proton exchange
membrane fuel cell (PEMFC) applications. However, challenges still remain in achieving
acceptable stability (performance during potentiostatic or galvanostatic experiments). The
most widely reported hypotheses for the instability of NPMCs include de-metalation,
protonation/anion binding, and generation of H,O,. Recently, it has been proposed that the

largest contribution to the instability of NPMCs is from flooding of micropores within the

viii



catalyst particles leading to significant mass transport limitations. While indirect evidence
has been obtained that appears to support this hypothesis, no study has yet been performed to
directly target micropore flooding. In the last chapter, with a highly microporous catalyst
made with dual nitrogen precursors (phenanthroline and polyaniline), a systematic study is
performed to investigate micropore flooding in-situ before and after stability testing. The
results do not support micropore flooding as being a large contributor to instability, at least
for the family of NPMCs evaluated in this work. The protocol outlined here can be used by
other researchers in the NPMC community to diagnose micropore flooding in their own
respective catalysts.

In summary, this thesis combines both development and investigation from synthesis
to an actual fuel cell test with diagnosis, an exploration to find the way to make non-precious
metal catalysts commercially viable. Several recommendations for future work were
suggested in the last section of this work to further apply the knowledge to design a highly

active, durable, and low-cost NPMCs.
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Section 1: Introduction

1.1  Problem Statement

With world’s rapid increasing demand for energy and rising awareness for
environmental issues, the need for sustainable and environmentally benign energy
technology is getting urgent on a global level. The world primary energy consumption is
expected to grow by more than 30% from 2013 to 2030, and several studies have indicated
that the reserve for the crude oil and gas, the main fossil fuel resources for world energy
supply, will near an end within the next 50 years" 2. As one of the most promising renewable
energy technologies to resolve the global energy issues, fuel cells, particularly proton
exchange membrane (PEM) fuel cells are becoming increasingly popular due to its high
energy conversion efficiency, high power density, and environmental benignity. PEM fuel
cells are regarded as a very important technology possessing a great potential for various
applications including transportation power, micropower, stationary power and other
generation applications®. However, despite the advantages and focus on the technology,
system cost of existing PEM fuel cells are still very high; the majority of the cost comes
from the catalyst layer, present at each electrode with the purpose of facilitating the
necessary electrochemical reactions, which compromises almost 50 % of the total PEMFC
stack cost. While economies of scale may significantly reduce the price of manufacturing
PEMFCs, the cost of Pt would likely increase as PEMFC technology is scaled up, being one

of the major barriers hindering the large-scale commercialization of fuel cells *.



Of the two half-reactions occur in the process of generating energy in the fuel cell,
and it is known that the reaction happening at the cathode side is prone to high overpotential
and slow reaction kinetics compared to the other at the anode, thus becoming the rate
limiting reaction >”. To compensate the resulting voltage loss, about 5 times as much as
platinum is required for the cathode than the anode, and thus research efforts have been
focusing on reducing or eliminating the platinum loading on the cathode catalysts. Finally,
during operation, the cathode catalyst materials are exposed to harsh, potentiodynamic and
oxidizing conditions that lead to physical, structural and chemical degradation over long
periods of use. This inevitably results in only short operational lifetimes of PEMFC systems,
limiting their attractiveness towards a variety of different applications. Clearly these are
inherent challenges facing the development and commercialization of PEMFC systems that
cannot be solved with the current state of catalyst technology. Two approaches have widely
been proposed to rectify the issue regarding the efficiency and the cost of the cathode
catalyst: (1) increase the utilization or effectiveness of platinum catalysts, so less platinum
need to be used, or (2) completely replace platinum catalysts with non-precious metal
catalysts.

In the long term, it is far more desirable to take the second approach and completely
replace platinum with non-precious metal catalysts as the first approach does not address the
issue of limited world supply of platinum. Since the evolution of this type of catalyst began
in 1964 by Jasinski, several breakthroughs have led to significant advances in the activity of
NPMCs, boosting its potential from being a pure scientific curiosity to become a
commercially viable option ® °. However, despite the great advancement in the activity,

these catalysts have shown remarkably poor stability and durability. Until now, stable



NPMC performance in a membrane electrode assembly (MEA) for hundreds of hours has
been considered a major achievement and it is far less from standard operation times of
5,000 hours and 80,000 hours for automotive and stationary applications, respectively '°.
Based on the current state-of-art NPMC:s, it is clear that the future work needs to focus more
on finding mitigations for the poor stability since their activity is now enough for low power
applications such as distributed generation and backup power.

Although it’s difficult to identify one single degradation mechanism for all NPMCs
due to the variety of synthetic designs and methods, most common causes could be
narrowed down to three mechanisms: 1) protonation of the active site, 2) H202 attack and 3)
leaching of the non-precious metal catalyst. In addition, one of the degradation mechanisms
for NPMCs that’s widely accepted and has recently been attracting more scientists’ interest
is the rapid initial stability loss due to the flooding of the micropores where many scientists
believe that the most active catalytic sites are hosted within''. Despite the effort to identify
the issue with the flooding, limited success has been achieved in quantifying the degree of
the micropore flooding and relating that to the measured loss.

In this thesis, first two chapters highlight novel synthesis approaches taken to
improve the activity and stability of the catalysts with different precursors and support
materials. The last chapter includes synthesis of highly active and micropores catalyst and a
series of experiments to directly quantify both the degree of micropore flooding and the

resulting impact on the stability.



1.2 Operation Principle

Fuel cells refer to devices that directly convert chemical energy in fuels into
electrical energy. There are many types of fuel cells that use a wide variety of fuels and
oxidants, but the most common type and of most interest are the fuel cells that use hydrogen
and oxygen as the reductant and the oxidant, respectively. In a typical hydrogen/oxygen fuel
cell including PEM fuel cell, two gases are supplied into the fuel cell’s electrodes, where on
anode side the hydrogen is catalyzed generating protons and electrons and on the cathode

side protons are combined with oxygen to form water, as illustrated in Figure 1.

‘ 0,
qEmmm Oxident
W Em) Water
: 2H,0

Proton Cathode
Exchange
Membrane

Figure 1: A diagram illustrating the operation principles of a PEM fuel cell device.

Reproduced with permissions from '2. Copyright © 2010 Springer



The hydrogen gas purged at the anode side undergoes the half-cell reaction described
in Equation 1.
H, > 2H +2¢ E'=0V (1)
Where E° is the standard half-cell potential based on a reversible hydrogen electrode (RHE).
By dissociating a hydrogen gas molecule, two protons and two electrons are generated from
this reaction. The electrons travel through the external circuit whereas the protons migrate
through the polymer electrolyte membrane inside the cell. Both electrons and protons reach
the cathode where they react to combine with the supplied oxygen and form water,
following another half-cell reaction as shown in Equation 2 *°.
2H" + %0, + 2¢” > H,0 E'=1229V (2)
By combining the above two equations together, it gives the overall reaction described in
Equation 3:
H, + 40, > H,0 + heat E’=1229V (3)
In principle, the only products from this overall fuel cell reaction are water and heat, which
makes the fuel cell considered as zero-emission, thus environmentally friendly energy
device'. Equation 3 can be balanced to show a reaction involving a single oxygen molecule
with four protons and four electrons combine to form two water molecules, which is
normally referred as 4-electron pathway as described in Equation 4.

0, +4H" + 4" — 2H,0 Elysec=1.229 V (4)

Ideally, fuel cells can generate power as long as there is continuous supply of each
fuel assuming no other side reactions and no catalysts or other components degradation.

However, besides the most common and most preferred 4-electron pathway reaction,



another reaction that generates electrons is usually observed simultaneously as shown in
Equation 5. This reaction is referred as 2-electron pathway where an oxygen molecule with

two protons and two electrons combine to form a hydrogen peroxide.

0, +2H" + 2¢” — H,0, E’=0.70 V (5)

The generation of hydrogen peroxide by the 2-electron pathway not only lowers the energy
conversion efficiency but also can damage the internal components of the fuel cell by
forming harmful radical species'’. Thus, the degree of the two different pathway reactions
should be investigated while evaluating new catalysts and the development of the catalysts
should be targeted so that it favors the 4-electron pathway.

Despite boasting a theoretical open circuit voltage of 1.229 V, during actual use,
observed voltages are always significantly lower than this value and decreasingly so at
higher drawn currents. This is due to a phenomenon referred to as overpotential, or
irreversible voltage losses than can be attributed to a variety of different factors. Figure 2
provides an example of a typical PEMFC polarization curve. The first thing that can be
noticed from this figure is that the open circuit voltage (no current being drawn) is
significantly lower than the theoretical ‘No loss’ voltage marked by the dashed line. This
can be attributed to fuel crossover across the membrane 14, and to some extent, platinum
catalyst oxidation.

Moving to the region where current begins to be drawn from the PEMFC, a sharp
drop in cell voltage with increasing currents is observed. This region is due to activation
overpotential, and is directly related to the slow kinetics of the necessary electrode reactions.

This is the most detrimental and important cause of voltage drop in PEMFCs, contributed



primarily by the cathode due to the very sluggish ORR kinetics in comparison to the HOR.
Using more effective catalysts with deliberately designed nanostructures can serve to
overcome these irreversible voltage losses and is a primary research objective of scientists
and engineers.

The region displaying a linear loss of cell voltage with increasing currents in the
polarization curve provided in Figure 2 is due to ohmic losses. The sources of resistance in
PEMFCs can arise from the polymer electrolyte, the cell connections or the bipolar plates.
These issues can be mitigated by appropriate selection of materials, including electrode
structures with high conductivity.

Finally, at excessive current densities, the voltage of the PEMFC will drop off
dramatically as observed in Figure 2. This is due to the fact that the necessary electrode
reactions are proceeding at a rate faster than the reactants can be delivered to the catalyst
surface. Using pure reactant feeds, or increased gas pressures can help to mitigate this
occurrence, but also using well designed catalyst layer architectures conducive to good
reactant flow and accessibility will increase the current densities attainable in a PEMFC

system.
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Figure 2: Typical PEMFC polarization curve showing the various regions of overpotential,
or irreversible voltage losses. With permission from '*, copyright John Wiley and Sons,

2003.

1.3  Non-precious Metal Catalysts

It was seemed among the scientists that only precious metal catalysts were active for
ORR until the early work in 1964 by Jasinski who first discovered that cobalt
phthalocyanine was able to reduce oxygen in alkaline media *°. In 1989, Yeager applied a
heat treatment in the presence of nitrogen and transition-metal precursors to achieve a
reasonable performance at lower material cost °. Since then, the idea of using non-precious
metal in the ORR catalyst have drawn a lot of attention in the field of fuel cell catalysts and
there has been a significant progress in the performance improvement and understanding of

the ORR mechanism on NPMCs.



Despite the ample amount of research being done in the field of NPMCs, it is still
unclear as to what kind of active sites exist and of which type is most active. Along with the
high temperature heat treatment, it has generally been accepted that a metal precursor is
necessary to achieve a reasonable ORR activity. Metal free catalysts for PEM fuel cell
application also have been developed in the past, however, the performance achieved is far
lower than the ones with metal precursor involved during the synthesis. Some researchers
support the idea that the active site exist in the form of Fe-Nx complex, while others claim
that the metal precursors only assist in forming the active site but not participate directly in

the ORR reaction '°. Several different types of metals have been studied to work in creating

19-22,24-28 : 20,24,27,29,30 20, 24,27, 29, 31
, N1 Cu .

the ORR active catalysts, including Fe '***, Co and
From these findings, the general trend is that Fe tends to show the highest activity among the
other non-precious metal precursor. The Co precursor often results in achieving high activity
but its durability is poor due to the dissolution in acid media. The optimal loading suggested
of these metal precursors is usually very low, ranging from 0.2 to 2 wt.% for the best
performance '. The metal precursor loading higher than 4 wt.% will most likely lead to
forming agglomerates that cause negative outcome upon high-temperature heat treatment as
well as can easily dissolve in an ink or electrolyte solution.

Not only the presence of metal precursors but it is also crucial to use nitrogen
precursor in synthesizing NPMCs. Many different types of nitrogen precursors have been
studied and have been utilized successfully in creating ORR active catalysts. It seems that

the more nitrogen content the better the ORR performance it gets, although not many have

achieved nitrogen loading over 4 wt.% after high temperature treatment over 700°C. Some



15, 32-36 19, 37, 38

of the popular nitrogen precursors include ethylenediamine , polyaniline ,

20, 28, 39-41 30, 39, 42 43-49

polyacrylonitrile , acetonitrile , and ammonia

The carbon support also serves as one of the key factors to influence the overall
catalyst performance. Carbon black has been intensively used as a catalyst support due to its
low cost, abundance, chemical property, easy-to handle, and electroconductivity. However,
with technology development in preparing many novel or low-cost nanostructured materials,
many types of carbon supports have also been utilized as support material for the fuel cell
catalysts including mesoporous carbons ** °***, carbon nanotubes ***°, and carbon
nanofibres '* %2, These support materials benefit from having high specific area that are
prospective regions for active sites formation and also having high electroconductivity.

In general, the key factors in achieving high ORR activity seem to be choosing the
adequate heteroatom precursors and utilizing carbon supports with disordered contents and
micropores, while having fairly low amount of Fe or Co precursor and high nitrogen content
after synthesis. More detailed information is provided in each chapter in the main section

regarding the carbon support materials, types of metal or heteroatom precursors chosen, and

synthesis method taken.

1.4  Catalyst Layer Structure and Performance

The current state of electrocatalyst technology consists of uniform sized platinum
nanoparticles well dispersed on a high surface area carbon support, commonly abbreviated
as Pt/C and illustrated in Figure 3a. The cathode electrode generally consists of a catalyst

coated gas diffusion layer (Figure 3b). The gas diffusion layer is a carbon paper or carbon

10



cloth that serves as the backing for the electrode structure, and also delivers and diffuses the

reactant gas over the entirety of the electrode surface.

e

a) b)

Polymer electrolyte membrane

Gas diffusion layer

Pt/C electrocatalyst

Figure 3: a) Typical image of commercial Pt/C showing platinum nanoparticles (dark spheres)
dispersed on a high surface area carbon support. b) Schematic illustration of a cathode catalyst layer
in a PEMFC. With permission from '*, copyright John Wiley and Sons, 2003.

As stated previously, the specific type of catalyst utilized will have a direct impact
on the activation voltage losses, which have a subsequent impact on the power performance
of the devices. Increasing the activity of the electrocatalyst materials towards the ORR will
have a marked impact on the overall performance output, effectively reducing the overall
platinum requirement, system cost and performance. As a result of activity advances of the
NPMC s, recent work has shifted focus towards the optimization of the catalyst layer, as
opposed to strictly focussing on ORR activity improvements. This has become a crucial area
of work for NPMC researchers, since the much lower ORR activity of NPMCs versus Pt/C
has necessitated much thicker cathode catalyst layers (~100 mm for NPMC versus ~12 mm

for Pt/C) and it has become widely known that thick catalyst layers result in mass transport

11



limitations. Thus, it is important to consider that optimizing/controlling the porosity of the
catalyst can have a significant impact on the performance of PEMFCs which utilize NPMCs

or any novel catalyst at the cathode.

1.5 Electrocatalyst Stability Limitations

During fuel cell operation, the cathode will be exposed to potentiodynamic
conditions encountered during drive cycles, through start up and shut down procedures or
during periods of fuel starvation. Combined with the acidic nature of the polymeric
membrane, humidified conditions and elevated temperature, all of these factors culminate in
an environment that is very harsh and electrode materials are very prone to degradation and
performance loss over time. As previously discussed, despite the significant advance in the
activity, NPMCs suffer from extremely poor stability under these conditions. Although the
degradation mechanism for NPMCs is not known with certainty, the main hypotheses are: 1)
corrosion of the carbon support, i1) oxidative attack by H,O; or the resulting free radicals, ii1)
dissolution or leaching of the active metal site®> **.

Corrosion (or oxidation) of the carbon support has a relatively low reversible
equilibrium potential of 0.207 V vs RHE under standard conditions, and is thus
thermodynamically favourable at the conditions encountered as the cathode of PEMFCs
during operation ®. Factors including humidity, temperature and the amount of carbon
exposure will all play an influential role in carbon corrosion ®> ®, however potential is the
primary governing factor. Carbon corrosion is very detrimental to long term fuel cell

durability and can be mitigated a variety of different ways. One technique is to use highly

graphitized carbon supports, as graphitic carbon is less prone to corrosion than disordered or

12



amorphous carbon species ©’. This should be considered when designing and synthesizing
the NPMC:s.

A study was performed in 2003 to investigate the effect of H,O, and the acid
treatment on the loss of performance for NPMCs, and the authors were able to demonstrate
that exposing their NPMC to a 5 vol % H,0O, / 1M H,SOy solution for 5 hours significantly
decreased the ORR activity of this catalyst, while exposing it to a 1 M H,SO, solution with
no H,O, demonstrated no loss in activity47. Based on this research and the fact that many of
the NPMCs reported undergo an acid leaching process at temperatures relevant to PEMFCs
(80 °C), it is reasonable to conclude that the oxidative attack performs a crucial role in
NPMC degradation mechanism than the dissolution / leaching of the active sites and efforts
need to be put into minimizing the peroxide and its radicals.

Evidences for the above mentioned degradation mechanisms have been reported and
it is likely that all three mechanisms contribute to the stability loss of NPMCs. Recently, a
new mechanism regarding flooding of the micropore in the catalysts has been suggested as a
major contributor for the rapid initial performance loss seen in many fuel cell tests with high
activity NPMCs. However, while some preliminary tests have been done to support this
hypothesis, further experiments are needed to accurately measure the degree to which

micropore flooding can explain the instability of these NPMC:s.

1.6  Organization of Thesis
This thesis explores a several approaches to synthesize non-precious metal fuel cell
catalysts for the oxygen reduction reaction (ORR) that are critical for the functionality of a

PEM fuel cell, and the breakdown of the projects tasks conducted throughout this thesis is

13



shown in Figure 4. The thesis is divided into six sections. The first section introduced the
reader to the scope and objectives of the work as well as background information in fuel cell
catalysis. It contains a literature review on past work done in the field of non-precious
catalysts for fuel cells. Section 2 discusses most of the theory and analysis techniques that
were utilized in the work included in this thesis. Next two sections focus on novel synthesis
approaches to develop NPMCs, first with Fe catalyst with uniformly distributed active sites
by employing small nitrogen precursor molecules (Fe-TCNB/C, indicated by red lines in
Figure 4), and second with Co with nitrogen doped porous graphene aerogel as a high
surface and stable carbon support (Co-N/GA, indicated by yellow lines). The last section
includes both synthesis of highly microporous catalyst (Fe-Phen-PANI/C) and investigation
on its stability behavior based on the measured degree of micropore flooding, as indicated
by green lines in Figure 4. These sections describe the motivation for the work, the
experimental procedure, the discussion of the results and the conclusions arrived at. The
work described in sections 3 to 5 have been published previously. Section 6 summarizes the

important results and some discussion on the future direction that the work may take.

14



Non-Precious Electrocatalyst Development

Non-precious metal catalyst synthesis

Section 4

Section 3 Section 5

Fe-Phen-PANI/C

Material Characterization

Electrochemical Physicochemical
half-cell ORR activity (SEM, TEM, XRD,
and durability test etc.)

Fuel cell MEA performance
and stability verification

Analysis & Diagnosis

Figure 4: Schematic of the project work flow.

15



Section 2: Characterization Techniques

Developed electrocatalyst materials will be extensively characterized by a variety of
physichochemical and electrochemical techniques with the results correlated to gain
insightful feedback. This will allow elucidation of the important factors governing catalytic
activity and PEMFC performance, providing fundamental scientific knowledge and aiding in
the optimization of developed catalyst materials. This section will illustrate the details
regarding several physical and electrochemical characterization techniques that are applied

in the research present in this thesis.

2.1  Physical Characterization Techniques

The types of physical characterization techniques discussed in the following sections
are scanning electron microscopy (SEM), energy dispersive X-ray (EDX), transmission
electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy

(XPS), and Brunauer-Emmett-Teller (BET) analysis.

2.1.1 Scanning Electron Microscopy/Energy Dispersive X-Ray

Scanning Electron Microscopy (SEM) is one of the most reliable methods for
analyzing solid materials ®. It is a type of electron microscopy that captures images of the
surface of sample by scanning it with high-energy beam of electrons. Since the emitted
electrons have smaller wavelength than photons, SEM can achieve higher magnification
than optical microscopes and thus very sensitive. Due to this reason the operation requires
the sample to be placed under ultra-high vacuum. The emitted electrons hit the atoms of the

16



sample and their bombardment and interactions with the sample will produce various types
of signals, including secondary electrons, back scattered electrons, characteristic X-rays®.
This happens due to the varying energy levels of the incident electrons. They all contain
useful information about the sample’s morphology, surface topography, compositions,
crystallography and other important physical properties. In the proposed project, SEM will
be utilized to investigate the distinct nanostructures of the fabricated electrocatalyst
materials. Preparation of samples for SEM imaging involves spreading the powder sample
onto carbon tape that is secured to a sample holder stub. This stub can then be placed into
the SEM machine, followed by evacuation of the sample chamber and subsequent imaging.

The schematic representation of a typical SEM is illustrated in Figure 5.
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Figure 5: Schematic of a typical scanning electron microscope and imaging process. Reproduced

with permissions from ”°. Copyright © 2010 Springer

SEM can be coupled with energy dispersive X-ray (EDX) analysis to determine
elemental composition as well as other properties such as electroconductivity of a sample.
EDX involves bombardment of electrons onto a materials surface which results in the
emission of x-rays collected by a detector. The energy of the emitted x-rays and their
corresponding intensity are characteristic of certain elements, allowing their appropriate
identification and quantification in the sample being investigated. Elemental mapping is also
an interesting technique that can be utilized and involves analyzing the x-rays emitted from
localized positions on the sample. For a typical EDX spectrum, it plots the X-ray emission

lines of element on the x-axis and the percent composition of those lines on the y-axis.

2.1.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique where a beam of electrons
is transmitted through and interacts with an ultra-thin specimen ''. The schematic showing
the inner structure of a conventional TEM is shown in Figure 6. The electrons are generated
by a process called thermionic emission from a tungsten filament and are aligned and
accelerated as they pass through numerous intermediate and projector lenses . An image
will be formed from the electrons transmitted through the specimen and it will be magnified
and focused by an objective lens. The image produced is the result of beam electrons that are

scattered by the specimen versus those that are not.
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The main difference between SEM and TEM is the structural information about the
sample material they deliver. While SEM is mainly used to visualize the surface topography
and morphology of the material sample, TEM is widely used to study the underlying inner

structures of the sample material.

Electron Gun

siHH
aiafy

Wehnelt o }
[ >— Electron source

Accelerating anode

Condenser lenses
C1and C2

Condenser aperture stigmator coils
Beam deflectors = lllumination system
Condenser mini-lens
Sample holde : —
mple holder \ --------------
Objective lens Objective aperture Objective system
Selected area aperture ——— RN, S b~ Stigmator coils _

Intermediate and

projector lenses Projection system

Binocular

Fluorescent screen Acquisition system
Acquisition chamber

(Film, Imaging Plate or caméra) g

________________ Magnetic coil

Figure 6: Schematic representation of a column in a transmission electron microscope. Reproduced

with permissions from 7. Copyright © 2010 Springer

TEM is also capable of getting much higher resolution than optical microscopes or
SEM due to the small de Broglie wavelength of electrons. The Equation 6 gives the

maximum resolution achieved by an optical microscope given the wavelength of a photon.

_ A (6)
" 2nsina
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Where A is the wavelength of photon, n is a positive integer, and d is the theoretical
maximum resolution. If we apply the de Brogile wavelength of electrons, this maximum
resolution will increase to a degree that the instrument can distinguish objects in a few
nanometer range.

In this study, TEM was utilized to view the surface morphology of the catalyst support

materials and to verify the presence of any metal particles.

2.1.3 X-Ray Diffraction

X-ray Diffraction (XRD) is a non-destructive characterization technique that
identifies the crystalline phases in materials and measures the structural properties such as
chemical composition, grain size, and etc '*. It also determines the thickness of thin films
and atomic arrangements in amorphous materials. There are several types of X-ray
diffraction such as single crystal X-ray diffraction, powder diffraction, thin-film diffraction,
and high-resolution XRD.

A beam of monochromatic X-rays of known wavelength will be generated by the
filament X-ray tubes, by striking an anode (Cu in this case) of a particular metal with high-
energy electrons. The incident X-Rays will pass through divergence limiting slit, bombard
the sample at a certain angle and reach the detector through a receiving slit. Interaction of X-
rays with sample creates secondary diffracted beams of X-rays that are related to interplanar
spacings in the powder, according to Bragg’s Law (Equation 7):

nA=2dsin0 (7)
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Where n is an integer, A is wavelength of X-rays, d is the interplanar spacing, and 6 is the
diffraction angle. The information given by the reflected X-rays is based on the atomic
structure of the sample materials which is caused by the elastic scattering of X-rays from the
electron clouds of the species within the sample ”°.
From XRD spectra, the mean platinum particle size can be easily estimated from Scherrer’s
equation (Equation 8)

d=K\/(B cosb) (8)
Where d is the particle diameter (nm), K is the shape factor, A is the wavelength of the x-rays
(0.154 nm for Cu-Ka), B is the full width at half-maximum (FWHM) of the peak of the
interest in radian and 0 is the Bragg angle of the peak in degrees. In this study, XRD was
applied to obtain the morphology and crystallinity of the carbon materials and to identify the

presence and state of metal.

2.1.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative technique that measures
elemental composition, chemical states, and electronic states existing in the sample material.
The XPS spectra are obtained by irradiating the sample with a beam of X-rays while
measuring the number of electrons and the kinetic energy from the material .

Conventional XPS instruments utilize a highly focused 20 to 200 um beams of
monochromatic aluminum K-alpha X-rays. Due to the sensitivity of the instrument and to
accurately detect the number of electrons, the device must be operated in an ultra-high
vacuum to minimize any source of error. XPS can only analyze materials with their atomic

numbers equal to or greater than 3 since the orbitals in hydrogen or helium are too small.
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This spectroscopy technique is commonly used for materials such ase inorganic compounds,
metal alloys, semiconductors, polymers, ceramics, catalysts, and etc .78

In this work, XPS was utilized to analyze the surface concentrations of various elements
including iron, nitrogen and carbon on the catalysts. It was also used to quantify the different

types of nitrogen-carbon bonds existing on the catalysts to see which structure is mostly

related to the electrocatalytic active sites.

2.1.5 Gas (Nitrogen) Sorption Analysis

Gas sorption analysis utilizes the physical adsorption of gases onto solid materials to
measure the specific surface area of the solid. The theory works based on a number of
assumptions; adsorption occurs only on well-defined sites of the sample, there is no
interaction between the adsorption layers, and the layer number tend to go infinity at the

?  Gas sorption analysis is very useful for obtaining structural

saturation pressure
information on the catalyst and its support, especially when the material is porous. The
principle of nanotechnology is to increase the reaction sites by increasing the area to volume
ratio to achieve superior performance or functionality, thus the specific surface area
measured by Brunauer-Emmett-Teller (BET) analysis with the nitrogen adsorption data can
possibly become a significant source of evidence. In this work, Gas sorption analysis along

with BET measurement was utilized to measure the specific surface areas and pore

distributions in the catalysts synthesized in this study.
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2.2 Electrochemical Characterization Techniques
To verify the functionality and to investigate the performance of synthesized
catalysts, electrochemical measurements are required. The following two sections explain

about half-cell measurement and a fuel cell test.

2.2.1 Rotating Disc and Ring Disc Electrode

Both the rotating disc electrode (RDE) experiment and rotating ring disc electrode
(RRDE) experiment are one of the most widely used electrochemical characterization
technique to test activity of catalysts in the field of fuel cell and other energy technologies.
The main difference between the two is that the RRDE has an ability to test hydrogen
peroxide generation during the test. The system simulates one of the two electrodes of the
fuel cell depending on the supplied gas, but since the cathode catalyst is of the most interest,
mainly the cathodic reaction occurs at the tip of the RDE with the supply of oxygen as the
fuel. Two other connections, counter electrode and reference electrode are necessary to
complete the circuit with the tip of the RDE as the working electrode. All three electrodes
are in contact with the electrolyte and a continuous flow of oxygen in the system keeps the
electrolyte saturated. The main advantage of using this method over the complete fuel cell
test is that it can save cost and time taking to assemble a full cell to test the performance of a
newly synthesized catalyst, by evaluating in a simple and easy-to-handle setup.

The schematic illustration for the complete RDE/RRDE system is shown in Figure 7.
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Figure 7: An illustration of an electrochemical half-cell RDE setup. Reproduced with permissions

from '2. Copyright © 2010 Springer

The common type of RDE used in fuel cell catalyst test has a round disc made of glassy
carbon, where the sample catalyst ink will be deposited and form a catalyst layer once dried.
The rotation feature of this electrode is important since it helps the mass transfer of the
oxygen to the electrode surface by creating a laminar flow in the cell. While RDE can carry
out most electrochemical measurement on the fuel cell catalyst that are currently being
practiced, RRDE adds another ring-type working electrode made of platinum, surrounding
the glassy carbon disc. This enables the system to capture a portion of the hydrogen
peroxide being generated and give information on the selectivity of the catalyst. The surface

schematic of the RRDE is shown in Figure 8.

24



Figure 8: Schematic representation of a RRDE head from a top view. Reproduced with permissions

from *. Copyright © 2010 Springer

Reduction of oxygen by two different pathways generates HO and H,O, simultaneously at
the working electrode, and due to the laminar flow all the products are pushed away from
the glassy carbon towards the ring. When the ring electrode is held at a certain voltage, it
can reduce the H,O, to H,O and the current change is monitored at the second working
electrode. With this information it is possible to analyze the number of electrons transferred
during ORR and the percentage of 2-electron pathway reaction over the 4-electron pathway
reaction based on the current density difference. This selectivity can be calculated by the

following equations "*:

n=4l1/(1p] + (Igl/N)) ©)
%H,0, = 100(4 —n)/2 (10)
%H,0 = 100 — %H,0, (11)
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Where n is the number of electrons transferred, Ip is the current from the disc electrode, Iy is
the current from the ring electrode, N is the collection efficiency which is usually indicated
by the manufacturer of the instrument, %H,0; is the selectivity of H,O, and %H,0 is the
selectivity of H,O.

The rate of rotation changes the current of the laminar flow which is correlated to the
amount of saturated solution to reach the catalyst surface in a given time. Increase in the
rotation speed means higher rate of fuel being supplied at the reaction site. A typical RDE
test is done by scanning the potential of the working electrode in a selected range while
monitoring the current behavior as plotted in Figure 9. A plot of current density versus
potential for a certain range is called ORR curve, and these curves are usually obtained at a

set of rotation speeds of 100, 400, 900, 1600 rpm or higher in O, saturated acid electrolyte.
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Figure 9: A set of ORR curves with different rotation speeds. Reproduced with permissions from *'.

Copyright © 2012 ECS — The Electrochemical Society

At a point where the oxygen reduction reaction initiates, this potential is called onset
potential. From this potential to the point where the overpotential of the reaction does not
increase the current density, the reaction is governed by its kinetics '*. The current density in

this kinetic limited region is modeled by Equation 12:

Where i is the reaction kinetics controlled current density, n is the number of electrons
transferred, F is the Faraday constant, A is the area of the electrode, ky is a rate constant as a
function of the overpotential, and C is the reactant concentration in the bulk solution.

The current obtained at the region in which the current density does not increase
upon changing potential is called the limiting current, where the mass transfer is the limiting
factor. The model that describes this steady-state diffusion-controlled system is called the

Levich equation and is shown in Equation 13.

ligl = 0.620nFAD?/3w'/?y~1/6¢C 13)

Where 14 is the diffusion controlled current density, n is the number of electrons transferred,

F is the Faraday constant, A is the area of the electrode, D is the diffusion coefficient of
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reactant in the bulk solution, o is the angular rate of rotation, v is the kinematic viscosity,
and C is the reactant concentration.

When the catalyst is deposited on the glassy carbon electrode, the ink usually
contains Nafion which forms a layer binding the catalyst. The model that describes the

diffusion behavior of reactant through the Nafion binding film is shown in Equation 14:
|if| = nFAC;D; /5 (14)

Where if is the diffusion current density of the reactant through the Nafion, n is the number
of electrons, F is the Faraday’s constant, A is the area of the electrode, C¢ is the
concentration of reactant in the Nafion film, Dr is the diffusion coefficient of the reactant
though the film, and 9 is the thickness of the Nafion layer.

The above three equations can be combined to model the overall current density at a
specific potential in the diffusion layer near the surface of the electrode. This overall
expression for current density is called the Koutecky-Levich equation and is described in

Equation 15:

1 1 1 1 (15)
=+t —+
i Tl Tl T

Where 1 is the overall or total current density, i4 is the diffusion controlled current density, ix
is the reaction kinetics controlled current density, and ir is the diffusion current density of

the reactant through the Nafion.
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The durability of catalysts can be investigated by applying ADT using a half-cell
RDE setup. ADT protocols typically involve subjecting catalyst materials to repeated cycles
(typically in the range of 1,000-3,000), and then measuring the ORR activity. These
transient conditions will induce catalyst deactivation and upon comparison to the initial
activities, a gauge of catalyst stability can be provided.

In this work, RDE and RRDE was utilized to characterize the onset potential, half-
way potential, limiting current density, and/or H,O/H,0, selectivity of the synthesized
catalysts. RDE was also used to investigate the durability of catalysts by repeated cyclic

tests.

2.2.2 Membrane Electrode Assembly Testing

Although the half-cell measurement using the RRDE system is cost and time
effective way to test the electrocatalytic activity of catalysts, the information given by the
half-cell is limited. The actual fuel cell performance using the catalyst can be quite different
than the half-cell test due to many other factors. To verify and see the actual fuel cell
performance of the catalyst, membrane electrode assemblies (MEA) can be fabricated and
tested in single cell. A MEA consists of a polymer electrolyte membrane contained between
an anode and a cathode. The electrode is fabricated by depositing the catalyst onto a GDL,
which can be accomplished by a variety of different techniques *2. Spraying, painting,
filtering or electrodepositing the catalyst materials directly onto the GDL several forms of
electrode fabrication. The catalyst coated GDLs are then hot pressed together with the
electrolyte membrane in order to secure the MEA, ensuring uniform contact and adhesion.

Catalysts can also be coated directly onto the electrolyte membrane and secured by hot
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pressing. Using different electrode and MEA fabrication techniques will result in variable
electrode architectures and resultant performance and durability. The techniques utilized will
need to be optimized for the specific catalyst materials under investigation.

After assembling the MEA stack, a polarization curve can be obtained by potential
sweep as similar to that of the half-cell test. The performance evaluation will be done by
cycling the cell current from open circuit conditions (no current being drawn), to very high
current densities. During this testing, the cell voltage is continuously monitored, resulting in
a MEA polarization curve similar to the one provided previously in Figure 2. Generally,
several cycles will be run before performance evaluation in order to ensure adequate
hydration of the electrolytic membrane and activation of the catalyst materials. Many
operating parameters can be adjusted including the flow rate for the hydrogen and oxygen,
cell temperature, anode temperature, cathode temperature, relative humidity and etc. A
typical polarization curve along the power density versus current density plot is shown in

Figure 10, using platinum supported on carbon catalyst for both electrodes.
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Figure 10: Typical MEA polarization curve with a power density versus current density plot
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Section 3: Iron-tetracyanobenzene complex derived non-precious

catalyst for oxygen reduction reaction

This chapter is reprinted with permission from Electrochimica Acta.
JY. Choi, D.C. Higgins, G. Jiang, R. Hsu, J. Qiao, and Z. Chen, Iron-tetracyanobenzene
complex derived non-precious catalyst for oxygen reduction reaction, Electrochimica Acta,

2015, 162, 224-229

3.1 Introduction

The development of efficient oxygen reduction reaction (ORR) catalysts is essential
for the widespread commercialization of polymer electrolyte fuel cells (PEFCs) due to the
importance of the reaction kinetics in controlling device performance **. Platinum and
platinum-alloy based catalysts are conventionally used owing to their high intrinsic ORR
activity and stability; however the high cost and monopolized global distribution hinders the
long term economic feasibility of PEFC systems. This has inspired significant research
efforts to the development of low cost, non-precious metal based catalysts to replace
platinum-based materials.

1.3¢ that demonstrated cobalt

Since the initial discovery in 1964 by Jasinski et a
phtalocyanine (CoPc) materials were active for the ORR, significant progress has been made
towards the development of transition metal (M = Fe or Co)-nitrogen-carbon complexes,
commonly referred to as M-N-C systems. Early investigations illustrated the importance of

heat treating transition metal macrocycles at temperatures up to 1000 °C to realize

significant performance and stability gains ™. Years later the discovery was made that
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pyrolyzing a mixture of relatively inexpensive transition metal, nitrogen and carbon
precursor materials could produce highly active M-N-C catalyst materials *>**. Owing to the
heterogeneous complexity of the resulting catalyst structures, there still remains debate in
the literature over the exact identity and nature of the catalytically active sites, with
contrasting opinions over whether the transition metal species comprises the active site, or

. Regardless, it has been well

merely plays an integral role in active site formation
established that the structure, properties and resulting ORR activity of heat treated M-N-C
complexes is directly governed by the particular precursor materials employed and synthetic
processes utilized ',

While several catalysts have been prepared by pyrolyzing transition metal-
phtalocyanine (i.e. FePc, CoPc) macrocycles absorbed on the surface of carbon supports **
' " the bulky sheet-like structure of these molecules can arise some challenges including
poor dispersion on the carbon support and molecular overlap resulting in iron agglomeration
during the heat treatment. Alternatively it is possible to prepare FePc polymer sheets in situ
from relatively inexpensive iron acetate and 1,24 ,5-tetracyanobenzene (TCNB) "' By
employing these small precusursor molecules, it is expected that more uniform and complete
coverage of the carbon support material can be obtained, and by using the in situ formation
and polymerization of FePc, effective iron-center segregation can be achieved. Herein, we
heat treat iron acetate and TCNB adsorbed on the surface of Ketjen black carbon supports at
300 °C and then subsequently at 400 °C to promote the formation of polymeric FePc sheets
with planar geometry over the carbon support and form strong molecular interactions. After

collection, the obtained materials were systematically pyrolyzed at temperatures ranging

from 700 to 1000 °C and then were characterized and investigated for ORR activity in an
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acidic electrolyte to determine synthesis-property-performance relationships for this newly

developed non-precious catalyst.
3.2 Experimental

3.2.1 Catalyst Synthesis

The Ketjenblack EC-600J (AkzoNobel Corporate) carbon black support was first
functionalized by a procedure described in our previous work '*. Briefly, 5 g of the carbon
black was first dissolved into 6 M HCI for 2 hours at room temperature to remove metal
impurities. The sample was air filtered and washed with copious amounts of D.I. water. This
treatment was followed by refluxing the carbon black in 70% HNO; at 80°C in air for 8
hours before filtering. The precipitate product was washed with copious amounts of D.I.
water and dried at 60°C overnight to obtain the functionalized Ketjenblack EC-600J (KJ600).

0.0178 g of TCNB (Sigma Aldrich, 97%) and 0.0174 g of iron(Il) acetate (FeAc)
(Sigma Aldrich, 95%) were dissolved in 10 mL of quinoline for 30 minutes under N»
protection and at room temperature. 0.3168 g of KJ600 was added to the mixture and stirred
for 30 minutes. Still under N, protection, the temperature was raised to 210°C for 24 hours
and continuously refluxed. After cooling, 200 mL of methanol was added to precipitate out
the solid, which was then filtered, washed with methanol and dried in an overn at 60°C
overnight. The sample was then heat-treated in a reaction furnace at 300°C for 1 hour, at
400°C for 1 hour and finally for 1 hour at a final heat-treatment temperature ranging from
700-1000°C. N, was used to flow through the reaction chamber during pyrolysis. The
furnace was allowed to cool before the samples were removed and utilized as the final

catalyst product. The catalysts are denoted as Fe-TCNB/C-X where X is the final heat-
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treatment temperature. The catalyst obtained without the final heat-treatment is denoted as

Fe-TCNB/C-0.

3.2.2 Physicochemical characterization

Catalyst samples were analyzed using TEM through a Philips CM300 operating at
300 kV to observe the surface morphology. A Thermal Scientific K-Alpha XPS
spectrometer (150 eV) was used to investigate the relative content of different elements on
the surface of the synthesized catalysts. Narrow range XPS scans of the N1s peaks were
conducted to determine the relative amounts of each nitrogen species present in the catalysts.
TGA was conducted using a TGA Q500 to determine the thermal behaviour of the
phthalocyanine polymer formed with TCNB and the thermal stability of each of the catalyst
samples. Monochromatic CuKa X-rays were used with an Inel XRG 3000 diffractometer to
conduct XRD to observe the crystal structures present in the catalysts. A broad range scan of
20 from 0.288 — 80.0° was carried out at a rate of 5°min”'. Fourier transform infrared (FTIR)

spectra were recorded on a Bruker Tensor 27 FTIR spectrometer in KBr media.

3.2.3 Electrocatalytic Activity Evaluation

Electrocatalytic ORR activity for each synthesized catalyst was evaluated using
rotating ring disk electrode (RRDE) voltammetry. The instruments used include a
bipotentiostat and a rotation speed controller (Pine Research Instrumentation). The RRDE
experiment was carried out in 0.1 M HCIOy4 electrolyte and using an Ag/AgCl reference
electrode. The disk potential was varied from -0.25 to 0.95 V vs. Ag/AgCl at a potential
sweep rate of 10 mVs™, and the ring potential was held constant at 1.0 V vs. Ag/AgCl. All

figures are reported against the reversible hydrogen electrode (V vs. RHE).
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The catalyst ink deposited on the glassy carbon disk consisted of 4 mg of catalyst
suspended in 2 mL of 0.2 wt % Nafion solution. For each RRDE experiment, 40 pL of
catalyst ink was deposited onto the glassy carbon electrode with a diameter of 5 mm and
allowed to dry. Electrochemical potential sweeps were first conducted with the electrolyte
saturated in nitrogen as a background. Bubbling oxygen gas was then used to saturate the
electrolyte solution for 30 minutes before potential sweeps were conducted at 1600 rpm to

evaluate the ORR activity.

3.3 Results and Discussion

Catalyst morphology and surface structure following synthesis was investigated by
TEM with results from Fe-TCNB/C-900 displayed in Figure 11. A TEM image of KJ600
pyrolyzed at 900 °C under N, for 1 hour is also obtained and included in Figure 1la to
illustrate the morphology change before and after the full synthesis with TCNB. For both
KJ600 and Fe-TCNB/C-900, the carbon black support with particle sizes of ca. 30-50 nm in
diameter clearly observed, while Fe-TCNB/C-900 catalyst shows a coating layer of less than
ca. 10 nm in thickness on the surface. This coating is expected to the residual product
remaining after the pyrolysis of the iron and nitrogen precursors that occurs at these elevated
temperatures. The coating is relatively uniform over the entire surface of the carbon support
materials, indicating that the catalyst synthesis technique utilized was effective in terms of
good precursor distribution. The speculated structural transformations occurring between the
precursor molecules on the surface of the carbon support are provided in Figure 12: (1)
nitrogen and iron precursors are first dissolved in quinoline at 210°C to form FePc

105

monomeric units , (2) heat-treatment at 300 and 400°C cause the units to polymerize and
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adsorb onto the carbon black, and (3) the sheet polymers on carbon support enter a high

temperature pyrolysis in N2 which decompose the polymer into active sites of NPMC.

a)

' ‘ 4 ‘ﬂ L L ':‘
Figure 11. TEM images of (a) KJ600 pyrolyzed at 900 °C and (b) Fe-TCNB/C-900 with

h

area of (c) high resolution TEM image indicated by the black circle.
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Figure 12. Proposed structural transformations of precursor molecules on the surface of

carbon supports during the various stages of catalyst synthesis.

The evidence of metal phthalocyanine structure formation was obtained by using
FTIR spectroscopy technique on Fe-TCNB/C-400, a sample undergone a heat-treatment up

to 400°C without any further pyrolysis at higher temperature, and the result is given in
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Figure 13. The IR spectrum of Fe-TCNB/C-400 shows strong resemblance to the previously
reported metal containing polyphthalocyanines synthesized by using TCNB as the
monomer'®®. The peak observed at 911 cm™ is known to be associated with metal ligand
vibrations and the wavenumber matches closely with what’s previously reported for FePc'”.
The strongest peak oabtained at 1108 cm™ is attributed to C-H bond in plane bending and
Co-Cp bond stretching in FePc. In addition, a strong peak observed at 1330 cm™ corresponds
to C=C or C=N stretching vibrations in the pyrrole ring in the plane of the FePC
macrocycle'®''%. Another strong peak observed at 1517 cm™ contributes to pyrrole rings

intense expansion as well as C,-N¢-C, and C-Ny, stretching. This provides a strong evidence

for a successful formation of FePc structure from TCNB monomers on the carbon support.

KJ600

Fe-TCNB/C-400

Transmission (a.u.)

1330

1517

22I00 . 20I00 . 18100 . 16100 . 14100 . 12I00 . 10I00 . 8(IJO
-1
Wavenumber (cm )
Figure 13. FTIR spectra of KJ600 and Fe-TCNB/C-400 in KBr pellet
XRD was utilized to investigate the crystalline structures existent in the catalyst

samples, with patterns shown in Figure 14 for Fe-TCNB/C-800, Fe-TCNB/C-900 and Fe-

TCNB/C-1000. The peak at ca. 25° (denoted with o) in all the samples is attributed to the
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(002) plane reflection of graphitic carbon. The diffraction peaks at 44 and 65° correspond to
the (110) plane of a-Fe(denoted withA) and the (200) plane of a-Fe(denoted with'V¥),
respectively. Fe;sC was also shown to be present in the catalyst structure with characteristic
peaks observed at 38, 43 and 78°. The presence of these iron-based crystallites indicate that
iron migration and coalescence occurs during the high temperature heat treatment process

and is consistent with results of previous reports on M-N-C catalyst development ** > ',

o 0 C(002)
DF63C
A o-Fe(110)
v a-Fe(200)
> o
PTG
>
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§ |oo0c s
£
800°C 1 X
20 40 60 80
26 (")

Figure 14. XRD patterns for catalysts synthesized at 800, 900 and 1000 °C.

Elemental surface concentrations for each prepared catalyst material were quantified
by XPS and summarized in Table 1. All samples displayed similar surface iron contents,
which is to be expected owing to the identical nominal iron precursor concentrations used
for catalyst preparation. Furthermore, the nominal iron content is more than sufficient to
generate good ORR activity (ca. > 0.1 wt. %)"'*"'"*, and should not be a governing factor for
the catalysts prepared at different temperatures in this work. It is more likely that the content
and identity of the nitrogen dopant species influences ORR activity, an observation that has

been reported in several different investigations. At increased heat treatment temperatures
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from 700 to 1000 °C, the nitrogen content was found to decrease from a maximum of 2.79
at. % in Fe-TCNB/C-700, to 1.20 at. % in Fe-TCNB/C-1000. This decrease in nitrogen
concentration is a common observation, owing to the instability of some nitrogen species at

elevated heat treatment temperatures >> ' °.

Table 1. Surface atomic contents of synthesized catalysts determined by XPS

Catalyst Sample C Fe N 0)
Atomic %

Fe-TCNB/C-700 94.96 0.06 279 219

Fe-TCNB/C-800 95.45 0.07 1.94 254

Fe-TCNB/C-900 95.18 0.06 1.51  3.25

Fe-TCNB/C-1000 94.70 0.07 1.20  4.03

The high resolution N1s spectra for each sample were de-convoluted into four peaks
representing different nitrogen species with results displayed in Figure 15. The observed
peaks can be attributed to pyridinic (398399 eV), pyrrolic (399.9-400.5 eV), graphitic
(401402 eV), and oxidized (402<>410 eV) nitrogen species ''*''® with their relative
contributions to the N1s peak signal of each sample summarized in Table 2. At increased
heat treatment temperatures, the relative contents of both pyridinic and pyrrolic nitrogen
species decreases, accompanied by a simultaneous increase in the relative content of
graphitic nitrogen. This observation is consistent with results from previous reports, and is
owing to the increased stability and favourable formation of graphitic nitrogen ''* '*
residing in a six-membered ring formation and residing on the basal plane of graphitic

structures.
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Figure 15. High resolution XPS Nls scans for catalyst materials prepared at various

temperatures.

Table 2: Relative nitrogen species contents determined by XPS N1s peak deconvolution

Catalyst Sample Pyridinic  Graphitic =~ N-oxide Pyrrolic

Atomic % of nitrogen atoms scanned

Fe-TCNB/C-700 37.69 38.27 15.21 8.82
Fe-TCNB/C-800 34.09 34.29 17.37 14.25
Fe-TCNB/C-900 26.40 45.63 26.29 1.68
Fe-TCNB/C-1000  24.94 51.60 21.10 2.36

To determine and verify the thermal behavior of the proposed polyphthalocyanine
structure, TGA under nitrogen was carried out on the pre-pyrolysis material Fe-TCNB/C and
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the results are shown in Figure 16a. Based on the previously reported thermal
decomposition behavior of metal phthalocyanine materials, the weight loss due to the
decomposition of the side molecular chains is expected to occur in the range of 220 ~ 500 ‘C
and the minor and major decomposition for FePc should occur at 220 and 275 °C,
respectively'?"” '?2. For Fe-TCNB/C, it can be observed that the rate of the weight loss
increases sharply after initial loss of moisture at 100 °C and peaks at 240 ~ 260 °C, which
corresponds well to the reported values. This cured Fe-TCNB/C at temperatures around 400
°C exhibits enhanced thermal stability due to the physical cross-linking points in the
polymer matrix and is well maintained until the temperature reaches up to 700 °C '**'%. To
evaluate the effect of different pyrolysis temperatures on these structures, TGA under
oxygen was carried out on the TCNB-derived catalysts with curves illustrating the
percentage weight remaining versus temperature displayed in Figure 16b. It can be seen that
all TGA curves have a similar shape showing a significant weight loss in the temperature
range from 400 to 600 °C. By investigating the derivative weight change plot shown in
Figure 16¢, four distinct peaks are clearly observed for Fe-TCNB/C-700. The first peak,
located at ca. 409 °C is relatively small and is not observed in the catalyst samples heat-
treated at higher temperatures (800 °C or greater). In nitrogen, it has been shown that iron
phthalocyanine macrocycles begin to decompose around ca. 600 ~ 700 °C '**, thus it
hypothesized that the first peak at 409 °C is due to the combustion of iron phthalocyanine
structures which have not been decomposed during the 700 °C heat-treatment employed
during catalyst preparation. Additionally, a small peak at 444 °C can be seen in the Fe-
TCNB/C-700 and Fe-TCNB/C-800 derivative weight change curves, however disappears in

the case of Fe-TCNB/C-900 and Fe-TCNB/C-1000. This peak can also be attributed to the
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combustion of analogous iron phthalocyanine or intermediate species that remain on the
catalyst materials following synthesis. Heat treatments of 900 °C or above for 1 hour in N,
was sufficient to fully decompose these species, and hence, this peak is not seen in the
samples prepared at these temperatures. The majority of weight loss for all the samples was
observed at heat treatment temperatures above ca. 460 °C. Interestingly the onset of this
weight loss is shifted to higher temperatures with the increase of catalyst heat treatment
temperature. This indicates that the thermal stability of the catalyst materials are increased
under these conditions, most likely arising due to a more graphitic carbon structure formed

at higher synthesis temperatures '*.
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Figure 16. TGA data obtained (a) under nitrogen environment for Fe-TCNB/C (pre-
pyrolysis) sample; (b) under oxygen environment for various post pyrolysis samples

showing percent weight remaining and (c) derivative weight change versus temperature.
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The ORR activity of the prepared catalysts was evaluated by RRDE in 0.1 M HCIOy,
with results depicted in Figure 17a. All ORR curves present in the figure have been
corrected by removing the background signals obtained in N, saturated electrolyte. For the
sample prepared in the absence of a high temperature pyrolysis, negligible ORR activity is
observed, highlighting that the high temperature heat treatment is essential for inducing high
catalytic activity. For the catalysts heat-treated at increasing temperatures from 700 to 1000
°C, a clear performance increase is observed in terms of ORR on-set potential and mass
transport limited current densities (Table 3). By processing ring current data, the selectivity
of the prepared catalysts towards the overall 4 electron reduction of oxygen was determined
and displayed in Figure 17b. Consistent with the trend observed in terms of ORR activity,
increased heat treatment temperatures resulting in higher selectivity towards the 4 electron
reduction mechanism. Approximately 98.5 % selectivity towards the formation of water is
achieved on Fe-TCNB/C-1000 at an electrode potential of 0.4 V vs. RHE, a value that is
consistent with some of the best non-precious metal catalysts reported to date '°. The
increase in ORR activity observed with increased pyrolysis temperatures can likely be
linked to the complete decomposition of the FePc-like structures formed by the processing
of iron acetate and TCNB on the surface of the functionalized carbon supports. Interestingly,
an increase in ORR activity and selectivity towards the 4 electron ORR mechanism is
observed with an increased relative content of graphitic nitrogen present in the materials.
This suggests that the formation of graphitic nitrogen may play a possible role towards
enhancing ORR activity, however stringent investigations are still required in order to

elucidate the exact identity and structure of active site(s) present in M-N-C catalyst materials.
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Figure 17. (a) ORR polarization curves and (b) H,O selectivities for catalysts prepared at

various temperatures obtained at 1600 rpm in O, saturated 0.1 M HCI1O,.

Table 3. ORR performance parameters for synthesized catalysts

Catalyst Current Density at Onset potential H,O Selectivity at
04 V wvs. RHE (Vvs. RHE) 0.4 V vs. RHE (%)
(mAcm™)

Fe-TCNB/C-0 0.33 0.60 --

Fe-TCNB/C-700 4.15 0.84 90.2

Fe-TCNB/C-800 4.84 0.84 96.1

Fe-TCNB/C-900 5.25 0.87 97.1

Fe-TCNB/C- 5.26 0.88 98.5

1000

3.4 Conclusions

ORR active non-precious metal catalysts were prepared by heat treating a carbon
supported iron-TCNB complex at temperatures ranging from 700 to 1000 °C. The highest
ORR activity in 0.1 M HCIO4 was observed for Fe-TCNB/C-1000 catalyst, demonstrating
an onset potential of ca. 0.88 V vs. RHE and a 4 electron reaction selectivity greater than 98 %

at all electrode potentials investigated, a value comparable with some of the best non-
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precious metal catalysts reported to date. Based on high-resolution TEM imaging, the
observed ORR likely arises from a thin (< 10 nm) surface layer formed during the heat
treatment of the surface coordinated iron-TCNB complex. Additionally, at higher pyrolysis
temperatures, decreased nitrogen contents were observed along with an increase in the
relative concentration of graphitic nitrogen species that likely play an important role in the

catalytically active site structure(s).
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Section 4: Co-N Decorated Hierarchically Porous Graphene

Aerogel for Efficient Oxygen Reduction Reaction in Acid

This chapter is reprinted with permission from ACS applied materials & interfaces.
X. Fu, JY. Choi, P. Zamani, G. Jiang, M.A. Hoque, F.M. Hassan, and Z. Chen, Co—N
decorated hierarchically porous graphene aerogel for efficient oxygen reduction reaction in

acid, ACS applied materials & interfaces, 2016, 8 (10), 6488-6495

4.1 Introduction and Motivation

Currently, the proton exchange membrane (PEM) fuel cell, owing to its high fuel
efficiency and zero emissions at the point of operation, represents one of the most promising
energy conversion technologies.'?® For widespread commercialization of PEM fuel cell, one
crucial factor is reducing the high cost caused by the exclusive use of expensive platinum-
based catalysts at the cathode, due to the slow kinetics of the oxygen reduction reaction
(ORR)."?"'* Therefore, searching for efficient and less expensive non-platinum catalysts
(NPC) for ORR is extremely desirable to commercialize the clean operating, efficient
electrochemical devices.'**"**

Recent intense research efforts towards replacing platinum-based catalysts have
shown that nitrogen doped carbon nanomaterials could act as effective ORR catalysts, due to
their low cost, excellent electrocatalytic activity, long durability and their environmental
friendliness.””>"* Among them, graphene based carbon materials have attracted great

interests for exploring alternative ORR catalyst due to its exceptional chemical and physical

properties such as theoretically ultrahigh surface areas, superior conductivity and excellent
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140-1% However, most of the nitrogen-doped graphene

mechanical/chemical stability.
materials which show promising ORR performance in alkaline electrolyte suffer from
relatively low activity in acid medium, making them less competitive than commercial Pt/C
catalyst. The introduction of transition metals (e.g. Fe, Co) to the above mentioned graphene
matrix results in metal-nitrogen-carbon (M-N-C) based NPC further enhances their ORR
activity in acid media.'*® """ Although the nature of the catalytically active sites in these

48139 quantum  mechanical calculations and experimental

NPC remains elusive,
investigations have both suggested that M-N moieties, in which metal cations coordinated to
pyridinic nitrogen atoms, play a vital role in catalyzing the ORR."”'™* In addition,
according to previous report that one of the limitations for enhancing the catalytic activity of
these catalysts is due to low density and utilization of M-N active sites as well as poor mass
transport properties.'> Thus, turning to large surface area and high porosity graphene
structures to afford both abundant accessible M-N catalytic sites and suitable channels for
mass transport is a potential solution to produce advanced ORR catalysts.'*®

It is well known that, due to the inherent property of 2-dimensional materials,
graphene sheets are easily tend to irreversibly planar stacking. This severe agglomeration
thereby leads to a drastic loss of the high intrinsic specific surface areas, which results in
inaccessibility of electro-active sites for catalysis and inferior mass transfer. To improve the
utilization of active sites and facilitate mass transfer through the volumetric entirety of
graphene-based catalysts, various strategies have been explored to prevent the stacking

" metal

between individual graphene sheets. Spacer blocks such as carbon nanotubes,'
nanoparticles and templates were inserted between graphene sheets to prevent their

stacking."”® ' Different physical and chemical treatments have also been employed to
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acquire porous frameworks that suppress their agglomeration.'®'® However, the use of
hazardous reagents or the tedious synthesis procedures result in low production yield and
high cost. Besides, the goodish electrochemical performance still needs to be improved.
Based on the above considerations, high ORR performance materials are expected for
example by designing and constructing interesting graphene framework enveloping a high
surface area and suitable porosity as well as more active M-N moieties. It will be certainly
great if such a novel graphene structures could be fabricated through a simple but efficient
way.

Here, we report a Co-N moieties decorated graphene aerogel (Co-N-GA), which has
unique hierarchical pores, large surface area and an abundant of potential Co-N active sites.
A combined hydrothermal self-assemble, freeze-drying and pyrolysis process was employed
to efficiently prepare this porous graphene framework. Specifically, polyaniline (PANI) is
carefully selected as pore-forming agent to aid in the self-assembly of graphene oxide (GO)
species into a highly porous hydrogel structure, while also being an effective nitrogen
precursor due to its unique chemical structure.'®*' The as-fabricated graphene aerogel was
used as a catalyst to achieve several merits, including: 1) to maximize the Co-N active sites
density; 2) to maximize the utilization of active sites; 3) to facilitate good transfer of reactant
and product. Benefiting from these excellent structural properties, the Co-N-GA exhibits

impressive electrochemical performance in acid medium.
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4.2  Experimental

4.2.1 Synthesis of Graphene Oxide (GO)

GO was prepared from graphite powder using an improved method reported
previously by Marcano et al.' Briefly, 2 g of graphite powder was added to 400 mL of a 9:1
volumetric mixture of concentrated H,SO4/H3POy in an ice bath. 18 g of KMnO4 was then
added slowly and the reaction was heated to 50 °C and held for 12 hours. Deionized (DI)
water (400 mL) then was slowly added to the mixture. Lastly, 15 mL of H,O, (30%) was
added in order to complete the oxidation reaction, and the final mixture was centrifuged to
separate out the solids which were washed thoroughly with water, ethanol and HCI (30 %);

followed by lyophilization.

4.2.2 Synthesis of Co-N-GA

In a typical experiment, a 30 mL of GO (2 mg mL™") aqueous solution containing
Co(NO3),-6H,0 (15 mg) and PANI (80 mg) was sonicated for 1 h to form a stable complex
solution. Subsequently, the stable suspension was sealed in a Teflon-lined autoclave and
hydrothermally treated at 180 °C for 12 h. After that, a columnar hydrogel was lyophilized
to prevent the agglomeration of graphene sheets during the drying process. The maintained
monolithic architecture was then heated at 900 °C for 1 h under Ar. The heat-treated sample
was then pre-leached in 2 M H,SO4 at 80 °C for 24 h to remove unstable and inactive
species from the catalyst, and thoroughly washed in de-ionized water. Finally, the catalyst
was heat-treated again in Ar at 900 °C for 3 h referred to as “Co-N-GA” catalysts. For
comparison, the Co-N modified graphene sheets (Co-N-GS) catalyst was prepared with a

slightly modified approach. In the case of Co-N-GS, a 120 mL of dilute
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d GO (0.5 mg mL™",) aqueous dispersion with cobalt salt (15 mg) and PANI (80 mg) was
prepared, and then followed the same synthetic procedures. Due to the relative low
concentration of GO solution, an amorphous precipitation instead of a hydrogel is formed
during the hydrothermal treatment. N-GA was prepared with the same procedures as Co-N-
GA but without cobalt salt. GA was also prepared with the same procedures as Co-N-GA

but without PANI and cobalt precursors.

4.2.3 Electrochemical Measurements

Surface morphologies of samples were investigated using SEM (LEO FESEM 1530)
and TEM (TEM, JEOL 2010F). X-ray diffraction (XRD) measurements were recorded with
Bunker AXS D8 Advance. Surface area and pore size were determined by a surface area and
porosity analyzer (Micromeritics Instrument Corp. ASAP2020). XPS spectra were collected
using a Thermal Scientific K-Alpha XPS spectrometer. Raman spectroscopy was carried out

on a Bruker Senterra Raman Microscope operating with a wavelength of 532 nm.

4.2.4 Electrochemical Measurements

Electrochemical experiments were conducted on a workstation (Pine Instrument Co.,
AFCBP-1) assembled with a rotation speed controller (Pine Instrument Co., AFMSRCE)
using a conventional three compartment electrochemical cell. Ag/AgCl electrode (3 M KCI)
and graphitic electrode were used as reference and counter electrode, respectively. All
potentials in this study were converted to RHE scale. A rotating ring-disk electrode (RRDE)
with a Pt ring (5.52 mm inner-diameter and 7.16 mm outer-diameter) served as the working
electrode. The catalyst ink was prepared by dispersion the catalyst powder (10 mg) with 1

mL 1-Propanol in an ultrasonic bath for 2h. Then 12uL of the catalyst ink was pipetted onto
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the glass carbon surface and dried thoroughly in air, after that 3uL of 0.05wt% Nafion
solution was dropped onto the catalyst layer, leading to a catalyst loading of approximately
0.6 mg cm™. The ORR activities were measured in 0O, saturated 0.5 M H,SO4 and 0.1 M
KOH from 1.0 V to 0.0 V with a scan rate of 10 mV s '. For detecting H,O, formed at the
disc electrode, the ring potential in the RRDE system was set to 1.20 V (vs RHE).
Commercial Pt/C (TKK, 28.2 wt. % Pt) with a Pt loading of 20 pg cm™ was measured in 0.1
M HCIO4 and 0.1 M KOH electrolyte for comparison. Accelerated degradation testing
(ADT) was carried out by cycling the electrode potential 5000 times under nitrogen
saturated electrolyte between 0.6 V and 1.0 V vs RHE at a scan rate of 50 mV S,

4.3 Results and Discussion

Hydrothermal Freeze drying
——

Pyrolysis
Acid leaching

Hybrid Hydrogel

@® cCo(NO), I PANI ® coox

Figure 18. Illustration of the synthetic route for the Co-N-GA catalyst.

The fabrication process for Co-N-GA is demonstrated in Figure 18. In the first step,
a stable aqueous suspension containing graphene oxide (GO), Co(NOs), 6H,O and PANI
(Figure 19a) was hydrothermally treated to synthesize a graphene-based hybrid hydrogel
(Figure 19b). Subsequently, a freeze drying and pyrolysis process was applied to obtain the
aerogel with a monolithic architecture (Figure 19c). Finally, the as-prepared aerogel was

pre-leached in 2 M H,SO4 to remove unstable and inactive species from the catalyst, and
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then pyrolyzed again to yield the Co-N-GA. Here, the PANI serves two important functions
in preparing the Co-N-GA catalyst. First of all, it helps with the assembly of graphene to
form a spongy hydrogel, owing to the hydrogen bonding and n-m interactions with GO
during the hydrothermal treatment which can prevent the restacking of GO so as to form a
hierarchical porous structure. Otherwise, in the absence of PANI, a much smaller and
compact GO hydrogel was formed due to the aggregation of GO sheets (Figure 19d). Second,
it acts as an efficient nitrogen doping agent, owing to its high N/C atomic ratio (0.17) and
unique aromatic structure which can facilitate the incorporation of nitrogen-containing
active sites into the graphene matrix.'”’ Meanwhile, along with the decomposition of PANI
during the pyrolysis process, a large amount of nitrogen containing gas was released, which

could further expand the graphene sheets to have fewer-layer and increased porosity.

Hydrothermal Freeze drying

Pyrolysis

Co-N-GA

GO/PANI/Co solution

GO hydrogel without PANI GO precipitation
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Figure 19. (a), (b) and (c): fabrication process for the porous Co-N-GA catalyst; (d): the GO
hydrogel prepared in the absence of PANI and cobalt salt; (e): GO based precipitation.

The morphology and microstructures of Co-N-GA were first investigated by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM
imaging reveals large amount of open-pore structures that continue through the graphene
framework (Figure 20a). Meanwhile, the magnified SEM image indicates the existence of
numerous smaller pores contiguous with large pores (Figure 20b). These SEM results
definitely certify that the Co-N-GA with an interconnected porous network was successfully
prepared. This morphology is beneficial for a catalyst. Such a porous graphene skeleton
could maximize the exposure of active sites to participate in the ORR process. Meanwhile,
during the ORR process, these robust interconnected pores could function as arteries that
shorten the diffusion length of reactant and product.'®® To investigate the utilization of the
pore structures, graphene-sheet-based Co-N-GS catalyst was also prepared. In contrast to
Co-N-GA with loose porous networks, Co-N-GS exhibits a relatively agglomerated structure,
which is disadvantageous for the contact of oxygen, electrolyte and active sites (Figure 21).
TEM characterization of Co-N-GA reveals almost transparent wrinkled surface
characteristic of graphene, while some composite carbon structures which result from the
carbonization of PANI and cobalt are also observed (Figure 20c). The high resolution TEM
(HRTEM) image of Co-N-GA further indicates the presence of graphitic carbon shells
which are commonly observed from acid leached M-N-C catalysts (Figure 20d).'®" ' The
graphitic carbon shell structures are likely to result in improved ORR performance due to
the increased exposure of sites responsible for oxygen adsorption and fast electron

transport.'”’

55



(e) 6004 _._ Co-N-GS (f) —=—Co0-N-GS
—=—Co-N-GA —e—Co-N-GA
- 500
o
§ 4004 )
& :
» 3004 =
C) a
o >
£ 200 o
2 == 3
o - >
> 100+ [ s N
01+ T T T T T . .
0.0 0.2 04 0.6 0.8 1.0 10 100
Relative pressure (P/P ) Pore width / nm

Figure 20. (a), (b) SEM and (c), (d) TEM images of as-obtained Co-N-GA. (e) N, sorption
isotherms of Co-N-GS and Co-N-GA catalysts, and (f) the pore size distribution from the

BJH method of corresponding samples.
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(b) Co-N-GS

Figure 21. (a), (b) SEM images of Co-N-GS

The Brunauer—-Emmmett—Teller (BET) analysis of nitrogen adsorption—desorption
isotherms reveal that both the plots of Co-N-GS and Co-N-GA show close to a type IV
patterns with a H3 hysteresis loop according to IUPAC classification (Figure 20e). The
absence of saturation at a relatively high pressure indicates the presence of macro-pores and
the rapid rise at low pressure region also indicates the presence of micro-pores. Meanwhile,
the hysteresis in the middle pressure range suggests the existence of slit-type meso-pores
structure typically formed by aggregates of lamellar graphene sheets. The detailed pore
structure parameters of Co-N-GS and Co-N-GA are summarized in Table 1. Remarkably,
the specific surface area of Co-N-GA is approximately 485 m*® g ', which is about two times
higher than that of Co-N-GS (222 m? g '). Such high surface area graphene structure could
achieve high volumetric surface area therefor maximize the active site density to improve
ORR performance. The pore size distribution (calculated by Barrett—Joiner—Halenda method)
clearly shows the presence of multiple porosities ranging from a few nanometers to the near

micrometer scale (Figure 20f). It is worth noting that the Co-N-GA shows predominantly
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macro-pores (53%), while in Co-N-GS the macro-pores account for only 29% of the overall
pores volume (Table 4). It is reported that the macro-pores could shorten the diffusion length
of reactive molecules thus improve the ORR performance.'”" It is therefore expected that the

presence of numerous large pores could provide superior electrochemical performance for

Co-N-GA.
Table 4. Pore structure parameters of Co-N-GS and Co-N-GAa
Samples SBET Viotal 4 Z V3
2 T 3 -1 3 -1 3 -1 3 -1
m g cm’ g cm’ g cm’ g cm’ g
Co-N-GS 222 0.41 0.11 0.18 0.12
Co-N-GA 485 0.71 0.05 0.29 0.37

“Sget: the BET specific surface area; Viga: the total pore volume; V;: the volume of micro-
pores (< 2 nm); V5: the volume of meso-pores (2—50 nm); V3: the volume of macro-pores
(50-100 nm).

Raman spectroscopic and X-ray diffraction (XRD) measurements were employed to
characterize the physical structures of the graphene based samples. As can be seen in Figure
22a, two peaks at around 1350 and 1580 cm ' corresponding to the well-defined D band and
G band,'” respectively, were obtained. In comparison to GO, the increased Ip/Ig intensity
ratio of N-GA, Co-N-GS and Co-N-GA illustrates their increased disordered feature that
caused by nitrogen-doping effect. X-ray diffraction (XRD) pattern in Figure 22b only show
broadened peak around at 23°, corresponding to the (002) planes of carbon materials. No
obvious diffraction peak of Co phases or its oxides can be observed. This shows that the
majority of large inorganic cobalt particles were most likely removed during the acid
leaching step, and any particles that may remain or too small or present in amounts too low

to be detected.
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X patterns (b) of GO, N-GA, Co-N-GS and Co-N-GA;

(c) XPS survey of N-GA, Co-N-GS and Co-N-GA; (d) and (e) High resolution N 1s peak of

the resulting Co-N-GA and N-GA; (f) EDX spectra of Co-N-GA; (g) STEM image of Co-N-

GA and corresponding elemental mapping images of (h) C, (i) N and (j) Co.

X-ray photoelectron spectroscopy (XPS) measurements were further carried out to

probe the chemical compositions and contents of the materials. The measured survey spectra

of Co-N-GA and Co-N-GS clearly reveal the presence of C, O, N and Co peaks (Figure 22c,
Figure 23). Table 5 outlines the atomic surface concentrations with only small differences

observed between the two catalysts. The high resolution N 1s spectra of the two Co-N

modified catalysts were deconvoluted into five different peaks with binding energies of

398.6, 399.3, 400.9 401.5 and 403.2 eV, corresponding to pyridinic N, Co-N, pyrrolic N,
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graphitic N and oxidated N, respectively (Figure 22d, Figure 23a, Table 6)."”'"* Here, the
assignment to the Co-N type of N species is based on previous investigations of pyrolyzed
metal-containing macrocycles.'” Specifically, Co-N moieties are proposed as a complex in
which a cobalt cation is coordinated to two or four pyridinic-type nitrogen atoms that are
doped in carbon matrix."”®'”” Moreover, in the Co 2p range (Figure 23b—c), a peak centered
at 781.8 eV could be related to Co-N structures due to cobalt cation associated with N
atoms,” which goes well with the corresponding peak detected in the N 1s spectrum due to
Co-N species. For comparison, the N 1s of nitrogen doped graphene aerogel (N-GA) was
peak-fitted with four peaks, due to the absence of no meaningful Co-N species at ~399 eV
because this catalyst was prepared without cobalt precursor (Figure 22e, Table 5).'”® The
detailed peak-fitting results of the N 1s were listed in Table 6, and such different N-bonding
configuration should exert a significant influence on their catalytic performances. In
particular the Co-N functionalities, which are proposed as the most likely active sites play an

important role for the ORR activity in acidic medium.
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Figure 23. High resolution N 1s peak of the (a) Co-N-GS; (b) and (¢): High resolution Co
2p peak of the Co-N-GA and Co-N-GS.
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Table 5. Elemental composition of the samples obtained from XPS results.

Samples C (at.%) N (at.%) 0O (at.%) Co (at.%)
N-GA 93.80 2.86 3.34 -
Co-N-GS 94.63 2.57 2.52 0.29
Co-N-GA 94.54 2.10 3.12 0.24

Table 6. Atomic concentrations (at.%) of heterocyclic N components of samples in the N 1s
binding energy region (398 ~ 405 eV).

Pyridinic N  Co-N Pyrrolic N  Graphitic N  Oxidated N

~398 eV ~399e¢V  ~400 eV ~401 eV ~402—-404 eV
N-GA 43.75% - 25.2% 24.5% 6.5%
Co-N-GS 26.3% 17.9% 18.9% 28.6% 8.2%
Co-N-GA 25.8% 18.7% 21.4% 29.8% 4.2%

Energy-dispersive X-ray spectroscopy (EDX) was also employed to further probe the
elements and their locations in Co-N-GA. First, EDX pattern in Figure 22f confirmed the
presence of elemental C, N, O and Co in Co-N-GA, in agreement with the XPS results. The
EDX elemental mapping was performed to further identify the distribution of elements in
this catalyst. Unexpectedly, Co species were detected along with C, N and O elements all
uniformly distributed throughout the graphene structure (Figure 22h—j). Such finely
dispersed Co species could possibly coordinate with the N atoms to form Co-N moieties
which are suggested to be highly active sites for ORR. All in all, the well distributed Co-N
sites along with the porous structure are highly beneficial for the ORR performance.

The catalytic performance of the prepared materials towards the ORR was evaluated
in 0.5 M oxygen saturated H,SO4 solutions by the rotating ring disk electrode (RRDE)
method. At beginning, the catalysts pyrolyzed at various temperatures were assessed to

optimize the catalysts” ORR activity. It was found that 900 °C is the optimized temperature
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(Figure 24), and all the physical characterization results and the electroactivity investigation

were based on the best optimized materials.

JImA cm™

B
02 03 04 05 06 07 08 09 1.0
E IV vs.RHE

Figure 24. Polarization curves of the Co-N-GA catalysts pyrolyzed at 800 °C, 900 °C and
1000 °C. Test conditions: 0.5 M H,SO, solution, 10 mV s ! scan rate and 900 rpm rotate
rate.

For comparison, pure GA, N-GA, Co-N-GS and commercial Pt/C (TKK, 28.2 wt.%
Pt) were also investigated. As shown in Figure 25a, Co-N moieties modified graphene
materials (Co-N-GA and Co-N-GS) exhibit much more positive onset potential (E£,) and
half-wave potential (£;,;) than that of N-GA and GA. This indicates the ability of Co-N
moieties modified graphene materials to efficiently catalyze the ORR in acid medium. This
result is corresponding to the previous report that a transition metal is necessary for
nitrogen-doped carbons to be highly active catalysts, due to the formation Co-N
coordination structures.'>¢ Moreover, the E, and E;;, of Co-N-GA (E, =0.88 V, Ey, =0.73
V) are more positive than that of Co-N-GS (E, = 0.84 V, E, = 0.68 V), which is
approaching the commercial Pt/C catalyst (E,= 1.0 V, E;, = 0.86 V, Table 7). Additionally,
Co-N-GA also shows a slightly higher diffusion limiting current density than that of Co-N-

GS at 0.4 V (Figure 25a). The peroxide yield and electron transfer number (n) of the
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prepared catalysts and Pt/C were further studied using the RRDE analysis. The measured
H,0, yield on the Co-N-GA electrodes is 7%—13% from 0.2 V—-0.7V, which is slightly
superior to that of Co-N-GS (10%—15%, Figure 25b, Table 7). On the basis of the ring and
disk currents, the n values for Co-N-GA were 3.75—3.85 over the potential range from
0.20—0.70 V, similar to that of Co-N-GS (3.71-3.80, Figure 25b, Table 7), approaching that
of Pt/C catalysts, indicating that both of the two Co-N modified samples proceed mainly via
a four-electron mechanism. In view of the above analysis, the enhanced ORR activity of Co-
N-GA could mainly originate from its unique hierarchically porous structure and more
active Co-N moieties. On one hand, the abundant hierarchical pores could sharply enhance
the surface area of the catalyst, which could provide sufficient active sites to participate in
the ORR process. Meanwhile, the hierarchical pores are favorable for mass transport and
electrolyte accessibility. On the other hand, the potential Co-N moieties could function as
more active sites for catalyst, which could further improve the ORR performance. All of

these merits could contribute to the final excellent ORR performance.
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Figure 25. (a) RRDE polarization curves of the GA, N-GA, Co-N-GS, Co-N-GA and Pt/C
in 0.5 M H,SO, at a scan rate of 10 mV s~ and 1600 rpm; (b) electron-transfer number and
H,0; yield of the catalysts; (¢) ORR polarization plots of Co-N-GA and Pt/C before and
after 5000 potential cycles in N, saturated 0.5 M H,SOy at a scan rate of 10 mV s ' and 900
rpm. The potential was cycled between 0.6 and 1.0 V at a rate of 50 mV s '; (d) ORR
polarization curves of Co-N-GA and Pt/C in O, saturated 0.5 M H,SO4 with or without

methanol at a scan rate of 10 mV s~ and 900 rpm.

Table 7. ORR electrocatalytic performance of the samples®.

Samples Medium E, Eip AE; n Maximum
A% \Y mV H,0, (%)
N-GA Acid - - - - -
Alkaline  0.85 0.68 190 38
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3.2~3.6

Co-N-GS  Acid 0.84 0.68 180 3.71~3.80 15
Alkaline  0.92 0.81 60 3.94~-39¢6 2.43

Co-N-GA  Acid 0.88 0.73 130 3.75~3.85 13
Alkaline  0.99 0.85 20 3.94~397 2.26

“Acid: 0.5 M H,SO4; Alkaline: 0.1 M KOH; E,: onset potential; £,: half-wave potential;
AE);;: halt-wave potential difference between Pt/C and prepared samples; n: electron

transfer numbers; “—: The activity is too low to be detected.

Apart from the ORR activity, stability is another important aspect of fuel cell
catalysts that needs considering. The durability of the Co-N-GA catalyst was assessed using

an ADT by potential cycling between 0.6 V and 1.0 V at 50 mV s '

under N, saturated
solution. After 5000 continuous cycles, a small negative shift of E;, (ca. 21 mv) was
exhibited for Co-N-GA, which is similar to the ca. 15 mV negative shift observed for Pt/C
(Figure 25c). This suggests comparable durability of Co-N-GA in acidic electrolyte, a
feature rarely seen for NPMCs. The high electrochemical stability of this Co-N-GA catalyst
could be ascribed to the high degree of graphitization of carbon support and the lower H,O,
production.'” " Furthermore, the methanol crossover effect of Co-N-GA and Pt/C was
investigated by measuring the RDE polarization curves for the ORR in 0.5 M methanol-
containing acid solution. As shown in Figure 20d, the Co-N-GA catalyst shows almost

identical ORR polarization curves in the acid electrolyte with and without methanol,

indicating excellent methanol tolerance. In contrast, a drastic decrease in the current density
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was observed for the Pt/C, indicating oxidation of methanol due to high anodic activity of
Pt/C.

In addition, the ORR performance of abovementioned materials in alkaline
electrolyte was also investigated. As shown in Figure 26, the electrocatalytic performance in
alkaline follows the same trend with observations in acid media. The cobalt contained
catalysts (Co-N-GS and Co-N-GA) show higher E, and Ej, than that of N-GA catalyst
(Table 7). Still, the Co-N-GA catalyst with high surface area and hierarchically porous
skeleton exhibits the highest ORR catalytic activity in alkaline media with £, = 0.85 V vs
RHE, which is very close to that of Pt/C catalyst (£, = 0.87 V). What’s more, the higher n
value (> 3.94) and low H,0; yield (< 3%) for Co-N-GS and Co-N-GA further indicates
their promising activity in alkaline medium. Through above analysis, it is obvious that the
activity gap between Co-N-GA and Pt/C catalyst, expressed as a difference of half-wave
potential (AE;;) in RRDE testing, in acid medium is much greater than that in alkaline(130
vs 20 mV, Table 7). This is probably because: 1) most of the incorporated nitrogen groups
(not involved in metal coordination) which contribute to ORR activity in alkaline medium
are prone to protonate in acid electrolyte thus results in decreased activity for ORR;'®' 2)
only the acid-resistant Co-N moieties play a vital role in catalyzing ORR in acid medium.'™
Hence, in ordered to diminish the influence of protonation it is necessary to increase the
number of Co-N active sites per unit volume to sustain a high ORR activity in acid medium.
Ascribed to the unique hierarchically porous architecture of Co-N-GA, many acid-resistant
Co-N sites that secluded inside the aggregated graphene sheets could be exposed at the top
layer of Co-N-GA catalyst and the reactant could also be transferred more efficiently, all of

these facts make the Co-N-GA materials as promising ORR catalyst in acid medium.
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Figure 26. (a) RRDE polarization curves of the GA, N-GA, Co-N-GS, Co-N-GA and Pt/C
in 0.1 M KOH at a scan rate of 10 mV s ' and 900 rpm; (b) electron-transfer number and
H,0; yield of the catalysts.

4.4  Conclusions

In summary, a Co-N decorated graphene aerogel has been successfully fabricated via
a simple approach. The introduction of PANI, which acts as a hydrogel forming agent and
nitrogen precursor, can efficiently prevent graphene sheets restacking and promote nitrogen
doping. The resulting Co-N-GA framework possesses a high BET surface area and
hierarchically porous skeleton as well as homogeneous distribution of potential Co-N active
sites, which can not only expose more active site to electrochemical interface but also
facilitate the mass transport to improve the ORR performance. Based on these characteristics,
the resultant Co-N-GA exhibits high ORR activity (£, = 0.73 V), high electron transfer
selectivity (n >3.75), excellent electrochemical durability and high methanol tolerance in
acidic solution. The outstanding electrochemical performance makes the Co-N-GA a

promising NPC for PEM fuel cell.
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Section 5: Is the rapid initial performance loss of Fe/N/C non

precious metal catalysts due to micropore flooding?

This chapter is reprinted from the following two publications, with permission from both
journals.

JY. Choi, L. Yang, T. Kishimoto, X. Fu, S. Ye, Z. Chen, and D. Banham, Is the rapid initial
performance loss of Fe/N/C non-precious metal catalysts due to micropore flooding?, Energy &

Environmental Science, 2016, In press (DOI: 10.1039/C6EE030057)

X. Fu, P. Zamani, J. Y. Choi, F. Hassan, G. Jiang, D. C. Higgins, Y. Zhang and Z. Chen, In
situ polymer graphenization ingrained with nanoporosity in a nitrogenous electrocatalyst
boosting the performance of polymer-electrolyte-membrane fuel cells, Advanced Materials,

2016, In press (DOI: 10.1002/adma.201604456)

5.1 Introduction

Over the past 5 years, proton exchange membrane fuel cells (PEMFCs) have begun
to make real and measured progress towards commercial viability in markets such as backup
power and materials handling. While these markets are certainly growing, and represent an
excellent commercial opportunity for PEMFCs, ultimately the biggest market will be
automotive. In 2015, Toyota and Hyundai both launched small scale PEMFC automotive
fleets, with plans from many other automotive OEMs to do the same by 2020. This exciting
result is due to the great achievements made over the past decades on reducing cost and

improving the durability of PEMFCs.
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However, despite the unquestionably impressive advances in PEMFC technology,
the wide-spread adoption of PEMFCs for automotive applications will require further
reductions in cost. In particular, a reduction in the total platinum group metals (PGMs)
currently used to catalyze the hydrogen oxidation reaction (HOR) at the anode, and the
oxygen reduction reaction (ORR) at the cathode, is required for PEMFCs to become cost
competitive in the long term. The largest opportunity for reducing PGM loading is currently
at the cathode, which typically contains ~ 80 % of the total PGM loading in the membrane
electrode assembly (MEA) due to the sluggish kinetics of this reaction (10° slower than the
HOR'®).

One approach to reducing PGM loadings has been to develop non-precious metal
catalysts (NPMCs). Of the NPMCs that have been developed, the most promising to date
appear to be the M/N/C (M=Fe, Co, Mn) class'® ** "% In fact, the significant
improvement in activity/performance of these catalysts that have been demonstrated in
recent years has advanced these catalysts to a stage at which they can start to be considered
as viable alternatives to Pt/C for certain PEMFC applications. While this is very
encouraging, it has been recognized that the durability/stability of these catalysts must be
further improved before they can truly compete under the harsh operating conditions of
PEMFCs'"".

Certainly over the past several decades, the primary research focus in the NPMC
field has been to improve performance/activity. Thus, it is no surprise that the research
community mostly agrees upon the main active sites/design parameters required to achieve
high performance as a result of many detailed studies aimed at characterizing and

understanding the active sites in these catalysts'®'*?. However, the same cannot be said for
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stability/durability limitations, which have only recently become a higher priority within the
research community. To aid in this discussion, our group recently wrote a review paper in
which we clearly defined and separated ‘durability’ and ‘stability’ in the context of PEFMC
testing®’. Durability was defined as performance loss following voltage cycling, and
stability was defined as performance loss following constant voltage/constant current
experiments. Certainly the majority of work in the literature has focused on stability, with

15,31,94, 193,194 v
o7 This

only limited studies on voltage cycling durability is likely due to the fact

that only recently have NPMCs demonstrated sufficient performance to warrant
durability/voltage cycling experiments. However, the stability of the catalyst is inevitably
tested during routine performance measurements, and thus significantly more data has been
obtained for this mode of degradation. Using the extensive data set available in the literature,
it quickly becomes clear that there are two distinct time-frames involved in stability loss
during MEA testing: 1) a rapid initial loss in the first few hours, and 2) a more gradual but

187

persistent loss with continued testing ~'. Due to the rapid nature and magnitude of the initial

performance loss, understanding and mitigating this problem is of critical importance.

187

A survey of the literature °' shows that stability losses of NPMCs have largely be

attributed to one of three mechanisms: 1) leaching of the nonprecious metal catalyst® '*>%%,

2) attack by H,0,'" ' (and/or free radicals)*’, 3) protonation of the active site’®, or
protonation of a N species neighbouring the active site, followed by anion adsorption".
Evidence for each one of these mechanisms has been reported, and it is possible (likely) that
all three mechanisms impact the stability of NPMCs. Recently, a new mechanism
concerning micropore flooding has been suggested as an explanation for the rapid initial

performance loss***2%.

70



Extensive work by Dodelet’s group over the past decade has provided convincing
evidence that the most active catalytic sites are hosted within micropores®**2*. Thus, it is
reasonable to conclude that flooding of micropores would negatively impact performance by
causing additional mass transport losses to the active sites hosted within these pores. Recent
work by Dodelet’s group has shown that this mechanism of instability does appear to
explain several previously observed results including 1) the stability of NPMC has a
negative correlation with the percentage of micropores, 2) the stability observed in rotating
disk electrode (RDE) experiments do not match that observed in an MEA, which the authors

d**. While some

suggest is because the micropores in RDE tests should already be floode
preliminary tests have been performed to help support this hypothesis, further experiments
are required to confirm the degree to which micropore flooding can explain the instability of
most NPMCs. Fortunately, of all hypotheses for NPMC instability that have been proposed,
flooding of micropores should be relatively straight forward to test experimentally.

Before proposing how to experimentally test this hypothesis, it is important to first
clarify the difference between standard catalyst layer flooding and the mechanism of
seemingly irreversible micropore flooding that has been proposed™ ?**. Catalyst layer
flooding is a well-known phenomenon that can occur at high relative humidities/current
densities and leads to performance loss due to mass transport limitations. In fact, preventing
catalyst layer flooding is a strong consideration when designing any MEA, and many
mitigation strategies have been developed at all levels (catalyst layer, MEA, stack, and
system) of PEMFC products. This mode of flooding is not specific to micropores within the

catalyst, but extends to the entire hierarchy of pore sizes within the catalyst layer and GDL.

However, a key aspect of this type of cathode catalyst layer (CCL) flooding is that it is
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reversible, and performance can be recovered by changing the operating conditions. This is
contrary to (and a key distinction from) the proposed mechanism of micropore flooding in
NPMCs. In the most comprehensive study on this topic yet published®®, it is stated that the
micropores in NPMCs initially are hydrophobic, and thus do not contain any water. During
operation, carbon oxidation is said to lead to the micropores becoming hydrophilic, at which
point they fill with water. Since this surface oxidation cannot be reversed by simply
returning to dry conditions, the performance loss is irreversible (unlike conventional catalyst
layer flooding). It is also stated that this surface oxidation leads not only to a mass transport
loss (from micropore flooding) but also to a kinetic loss due to either oxidation of active

202

sites or a loss in electronic conductivity through the catalyst™ . Several studies have

provided indirect support for this mechanism”” **

, or worked to eliminate competing
hypotheses®**. However, to date there has been no clear study to directly measure the degree
of micropore flooding and its possible effect on the stability of NPMCs.

Thus, the goal of the present study was to devise a series of experiments to directly
quantify both the degree of micropore flooding that may occur, and the resulting impact on
NPMC stability. This was achieved through comparing air/O, polarization curves at various
relative humidities, as well as evaluating changes in the double layer capacitance (obtained
by cyclic voltammetry) before and after stability testing. In devising the experiments in this
study, two separate cases of micropore flooding were considered: 1) The micropores are
initially not wetted, but fill over time resulting in mass transport limitations, 2) Micropores
are initially partially wetted, but then completely fill when current is generated in the

catalyst layer. There is of course a third case where the micropores could be fully filled at

beginning of life (BOL). However, this possibility clearly could not lead to additional
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transport losses during operation of the fuel cell as no additional flooding of the micropores
would be possible. Since the goal of the present work is to develop a method for studying
micropore flooding, and to utilize this method to study one particular NPMC, the case of
fully filled micropores at BOL has been omitted since no additional transport losses from

micropore flooding would be expected.

5.2  Experimental

5.2.1 Background information on the catalyst

Among the NPMCs developed up to date, complexes of transition metals (M = Fe,
Co, etc.), nitrogen and carbon precursors (M-N-C) which undergo high temperature
pyrolysis, represent the most promising alternatives to potentially replace Pt-based catalysts
in PEMFCs.'3% 2218 Dodelet’s et al., pioneers of this research area, utilized filler materials
and ball-milling approach to improving the ORR performance of the Fe-N-C catalysts.”* >
Also, Zelenay’s research team in Los Alamos National Lab developed a new class of
heteroatom polymer derived catalysts with improved activity and durability in half cell and
fuel cell tests.'” #** 2! Despite these sign of progresses, the current state-of-the-art M-N-C
catalysts still suffer from moderate activity and mass-transport properties and therefore they
could not yet reach the fuel cell performance of Pt/C based catalysts.”*? In order to address
these remaining challenges, it is necessary to maximize the electrochemical surface area of
the catalyst, which is capable of hosting a large number of active sites towards ORR and
hence boosting the activity of M-N-C catalysts.***

To further boost the activity, we developed an efficient strategy to synthesize Fe-N-C

catalyst with in-situ formed 3-dimensional (3D) nanoporous graphene-like structures by
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using dual nitrogen sources, e.g., phenanthroline (Phen) and polyaniline (PANI). This was
achieved via introducing Phen into the pores of carbon support by ball-milling, which was
then covered with PANI shell through polymerization of aniline, followed by several
subsequent pyrolysis and acid leaching steps leading to the formation of in-situ 3D porous
graphene-like morphologies with multiple types of pores. Here, Phen acts as a pore-forming
agent that is capable of expanding the external PANI shell during the decomposition.
Simultaneously, PANI shell converted to graphene-like structures through graphenization in
the presence of iron species during pyrolysis processes.””* > Therefore, the obtained
graphene-like morphology can serve as high surface area carbon matrix hosting active sites
to catalyze ORR.'® Such utilization of dual nitrogen sources leads to unique graphene-based
nitrogenous electrocatalyst with nanoporosity, which significantly boost the fuel cell
performance. Among the NPMCs developed in our group, Fe-N-C-Phen-PANI dual nitrogen
catalyst has been selected due to its high activity and high microporosity to study the

micropore flooding behavior.

5.2.2 Catalyst Synthesis

For the synthesis of Fe-N-C-Phen-PANI, modifications to a previously reported
synthesis procedure from the literature by Wu et al'® was taken. Typically, Phen (1,10-
Phenanthroline, 500 mg), Fe(Ac), (30 mg) and commercial carbon KJ600 (Ketjenblack EC
600J, 500 mg) were first dispersed in ethanol (100 mL) and the mixture was stirred at 80 °C
until the aqueous solution was completely evaporated followed by a ball-milling process for
3 hours. The ball-milled powder mixture (400 mg) was dispersed in 0.5 M HCI and aniline
(1.5 mL), FeCls (5.0 g) and ammonium peroxidisulfate (2.5 g) were added consecutively.

After 48 hours of vigorous stirring, the liquid from the suspension was removed via
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evaporation overnight. The collected solid materials were then pyrolyzed at 900 °C in argon
(Ar) for 1 hour. The resulting powders were subsequently leached in 0.5 M H,SO4 for 8
hours followed by thorough washing with deionized water. Finally, the catalysts were heat-
treated again in Ar for 3 hours and then in NH3 for 15 mins at the same temperature as the

first heat treatment.

5.2.3 Physicochemical characterization

Porous structure and surface properties of the catalyst was analyzed by nitrogen
adsorption technique using Micromeritics ASAP 2020 surface area and porosimetry system.
From the obtained isotherm, Brunauer-Emmett-Teller (BET) surface area was calculated and
the microporous surface area was obtained by the t-plot method. Transmission electron
microscopy (TEM) was utilized to investigate the morphology of the catalyst, and scanning
electron microscopy (SEM) was used to observe the cross-sectional image of the cathode
catalyst layer in the MEA. The elemental composition of the catalyst was determined by

energy dispersive X-ray (EDX) analysis.

5.2.4 Half-cell electrochemical test

All the ORR half-cell measurements were conducted using Pine Electrochemical
Station (Model AFCBP-1) with a conventional three-electrode method. Ag/AgCl (filled with
3M KCIl) and graphitic electrodes were used as reference and counter electrodes,
respectively. All potentials were afterward converted to reversible hydrogen electrode (RHE)

scale for the ease of comparison.
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5.2.5 MEA Preparation

To prepare catalyst ink, 40 mg of Fe-N-C-Phen-PANI catalyst was mixed with
deionized water, isopropanol and 5% Nafion dispersion to achieve the ionomer to catalyst
(I/C) ratio of 0.54 corresponding to 35 wt.% Nafion. The homogenized catalyst ink was
deposited onto Nafion 211 membrane in 5 cm” square area and the catalyst loading was
determined by comparing the weight before and after the catalyst layer coating. The catalyst
coated membrane along with the gas diffusion layer (SGL 29 BC) on the cathode side and a
gas diffusion electrode with 0.2 mg cm™ Pt loading as anode were pressed together at 130 °C

for 5 minutes, using a pressure of 1000 psi.

5.2.6 MEA Testing Protocol

The MEA was evaluated in a single cell using a Scribner 850¢ fuel cell test station. A
series of experiments was performed in a sequence of conditions as illustrated in Fig. 27,
namely 60% RH, 100% RH, a stability test, 100% RH, 60% RH, an extreme dry-out
protocol and 60% RH, consecutively. For both the 60% and 100% RH test cases, cyclic
voltammetry (CV) was conducted before and after taking polarization in air and oxygen, in
an order of CV, air polarization, oxygen polarization and CV in the voltage range from 0.1
to 0.8 V at 20 mV/s scan rate with N, purge in cathode and H, in anode. The cell
temperature was kept at 80 °C while anode and cathode gases were humidified at different
temperatures to obtain the desired relative humidity values. The stability test was performed
at 100% RH in air by keeping the voltage at 0.4 V for 4 hours while monitoring the current.
For the dry-out step, the cell temperature was maintained at 80 °C for 5 hours while nitrogen
was purged in both anode and cathode at room temperature to remove moisture and residual

reactants in the MEA. The flow rates for air, O,, H, and N, were all kept at 200 sccm
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throughout the experiments and the backpressure for both electrodes were maintained at 15
psig.

Sequence Time Experimental Procedure

cv S Air polarization S O, polarization S cv
Ccv > Air polarization > 0, polarization> Ccv
Potentiostatic test at 0.4 V for 4 h period
100% RH cv S Air polarization S O, polarization S cv
cv > Air polarization > 0, polarization> cv
80°C cell temperature with N, flow for 5 h
cv > Air polarization > 0, polarization> cv

Figure. 27. Diagram outlining the experimental sequence for MEA test and the

corresponding procedure for each step

5.3 Results and Discussion

5.3.1 Defining and Characterizing Case 1 and Case 2
Figure 28 highlights the differences in the water distribution in the catalyst for both
Case 1 (micropores initially not wetted) and Case 2 (micropores only partially wetted). In
both cases, it is assumed that the ionomer cannot penetrate into the micropores (d < 2 nm).
226,227

This assumption is based on the fact that Nafion micelles range in size from 1-5 nm ,

making it extremely challenging for Nafion to penetrate into pores < 2 nm in diameter. This
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is supported by previous work in the literature which has also indicated that Nafion
penetration into pores < 2 nm is extremely unlikely to occur™®**. Aside from this point,

there is a key difference between these two cases that must be highlighted.

Case 1: Unfilled micropores Case 2: Partially filled micropores

Water film

Active site Active site (partially filled pore)

Carbon Carbon

Micropore Micropore

lonomer lonomer

(a) (b)

Figure. 28 Schematic representation of the two possible cases: (a) Case 1: Micropores are
unfilled at BOL, (b) Case 2: Micropores are partially filled at BOL.

In Case 1, it is assumed that the pores are initially not wetted. This initially appears
to be in line with the recent work published on the impact of micropore flooding on apparent
stability, where it is stated that at beginning of life (BOL) the catalyst is hydrophobic and
thus any water in the catalyst layer is not trapped in the micropores®”>. However, when
bearing in mind that the majority of the active sites are believed to reside inside

micropores”’*2%

, it quickly becomes apparent that this case is extremely unlikely. Without
ionomer inside the micropores, the only possibility for proton transport to the active sites
(required for the ORR to occur) would be through water. Without water already present in
the pores, these sites would be inactive and the NPMC would show very poor BOL activity

(low BOL activity is not generally observed). Additionally, no water would be formed in

these pores during operation of the fuel cell as there would be no opportunity for the ORR to
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occur. Furthermore, it is suggested that during operation of the fuel cell, the carbon becomes
oxidized resulting in carbon functionalities that render the carbon surface hydrophilic and
thus allow water to become trapped in the micropores. Since the electrochemical oxidation
of carbon (Eq. 1) also requires the presence of water, any ‘water-free’ micropores would

suffer no oxidation and thus should remain hydrophobic during operation of the fuel cell.

Equation 1: C+2H,0 > CO, + 4H" +4¢”

Thus, it quickly becomes apparent that not only is Case 1 quite unlikely, but even if it were
to occur, no additional mass transport losses from micropore flooding would be expected as
these pores would remain inactive.

Fortunately, cyclic voltammetry provides a simple and reliable approach for
evaluating whether or not Case 1 does occur. Specifically, the double layer capacitance of
the electrode is directly proportional to the electrochemically accessible surface area of the

conductive catalyst particles™' (Eq. 2).

eepA
C - %
Equation 2:

Where C is the capacitance, e is the dielectric constant of the medium, ¢y is the permittivity
of free space, A is the electrochemically accessible surface area and d is the thickness of the
double layer. If we assume that the micropores are initially not wetted, and then gradually
wet during operation of the fuel cell, the double layer charging current would be expected to
increase as the electrochemical surface area gradually increases. In fact, since these catalysts

are highly microporous, the growth in double layer charging current would be expected to be
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quite large as ‘flooding’ of these pores occurred. This should be clearly observable by
comparing in-situ cathode CVs obtained throughout the stability test.

The key difference with Case 2 is that a thin water film is already present in the
pores. This significantly changes the argument, as now it is conceivable that additional water
could be generated in these pores during operation of the fuel cell leading to flooding. Also,
the surface of the pores could now be oxidized through Eq. 1 leading to an increase in
hydrophilicity which in turn would further enhance micropore flooding. However, if a thin
water film does indeed cover the surface of the micropores, this would render the walls
hydrophilic, and due to the high energetics of micropore adsorption”, the pores would be
immediately filled at even moderate relative humidities. Nonetheless, overlooking this
admittedly concerning problem with the hypothesis, Case 2 at least provides the possibility
for flooding to occur in the micropores, and thus could lead to additional mass transport
losses.

Characterizing Case 2 purely through observing changes in the double layer charging
current is not as simple as in Case 1. If the micropores are partially/fully wetted by a thin
water film at the beginning of the test, then little to no change in double layer charging
current would be expected during operation of the fuel cell as little/no change in the
electrochemical surface area would be observed. However, it should be emphasized again
that if no change in double layer charging current is observed, this would suggest that the
pores are in fact fully wetted by a thin water film at BOL, and it would thus be highly
surprising if water did not immediately condense into these pores due to the highly
favourable energetics of micropore filling®. If some unknown mechanism did somehow

prevent this from occurring, another diagnostic tool would be required to evaluate whether
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micropore flooding did indeed occur over the duration of the stability test. Fortunately, it is
already known that comparing polarization curves obtained under air and O, can greatly aid
in diagnosing mass transport limitations. Specifically, mass transport limitations will occur
at much earlier current densities under air than under O, due to the ~ 5x lower oxygen
concentration in air vs. pure O,. Thus, if the active sites remain stable, but become less
accessible due to flooding of the micropores, then polarization curves under air will show
significantly more ‘loss’ than polarization curves under O,. However, if the active sites are
actually degrading with time, then a kinetic loss (parallel shift to lower voltages at every
current density) would be observed when comparing subsequent O, polarization curves
obtained at different times during the stability test.

Overall, by utilizing in-situ CVs and air/O, polarization curves, it should be
straightforward to 1) differentiate between Case 1 and Case 2, and 2) determine whether
either of these cases is actually responsible for the loss in performance that is observed
during the stability testing. The protocol described in section 2.4 was specifically designed
to answer these questions, and could be used as a diagnostic protocol by other researchers in

this field to help address the impact of micropore flooding in their specific catalyst.

5.3.2 Characterization of NPMCs

Nitrogen sorption was used to evaluate the surface area and pore characteristics of
the Fe-N-C catalyst used in this study as outlined in Table 8. The catalyst exhibits a BET
surface area of 1244 m?/g and a very high micropore area of 1149 m?/g obtained by t-plot
analysis, showing that over 92% of the total surface area of the catalyst is due to micropores.
The large amount of micropores can be attributed to the presence of micropores within the

carbon structures as well as inter-particle porosity. Since our aim is to examine the

81



correlation between the micropore flooding and the resulting impact on the stability, the
high microporosity of this Fe-N-C catalyst makes it an excellent candidate to be used in this

study.

Table 8. Surface and porosity analysis of the Fe-N-C catalyst

Fe-N-C-Phen-PANI

BET Surface Area 1244 m%/g
t-Plot Micropore Area 1149m?/g
t-Plot External Surface Area 94 m?/g

The TEM images (Fig. 29) illustrate the porous nature of the catalyst, showing an
agglomerate of small carbon particles and porous graphite/graphene structures. Larger (10-
20 nm) interparticle pores can also be observed (Fig. 29b), which could be beneficial for

mass transport at high current densities when operating in an MEA'*>.

i ‘} - :, 4:‘ “ 5 l-, 9a ; g - N ;r. » / (

Figure. 29 TEM images of Fe-N-C-Phen-PANIcatyst at different agniﬁctions
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The elemental composition of the catalyst obtained by EDX is outlined in Table 9,
and the catalyst loading in the MEA used in this study was measured to be 3.8 mg cm™. The
cathode catalyst layer thickness measurement was done and the thickness of the layer turned
out to be around 95 um, which is in agreement with reported thicknesses for NPMC CCLs
3184,233

having a loading of ~ 0.4 mg cm

Table 9: Elemental composition of the Fe-N-C-Phen-PANI catalyst obtained by EDX

C N 0
(Wt. %) (Wt. %) (Wt. %) S (Wt. %) Fe(Wt. %)
Fe-N-C-Phen-
PANI 89.41 4.45 431 0.12 1.71

The ORR activities of the as-fabricated Fe-N-C catalysts were first evaluated using
rotating disk electrode (RDE) in 0.5 M H,SO, electrolyte. The steady-state ORR
polarization curves indicated the dual nitrogen sources derived Fe-N-C-Phen-PANI catalyst
exhibits superior activity regarding half-wave potential (E;, = 0.80V) compare with
individual nitrogen source obtained catalyst Fe-N-C-PANI (£, = 0.79V) and Fe-N-C-Phen
(Ev2 = 0.67V) (Figure 30a). Additionally, rotating ring-disk electrode (RRDE) study was
further performed to investigate the selectivity of these Fe-N-C catalysts towards the four-
electron reduction of oxygen. Notably, the H,O, yield of Fe-N-C-Phen-PANI catalyst
remains below 2.5 % in potential ranges from 0.80 V to 0.20 V, which is lower than that of
3.0 %—5.0 % and 3.0 %—10.0 % for Fe-N-C-PANI and Fe-N-C-Phen catalysts, respectively
(Figure 30b). The electron transfer number of Fe-N-C-Phen-PANI catalyst is above 3.95
(Figure 30b), which is superior to that of 3.91 and 3.82 for Fe-N-C-PANI and Fe-N-C-Phen
catalysts, respectively, indicating a high selectivity towards four electron reaction. These

electrochemical results clearly showed that dual nitrogen sources-derived catalyst exhibited
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a better ORR activity than that of individual nitrogen source-derived catalysts, making it

more ideal for the flooding investigation.
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Figure. 30. (a) Steady-state ORR polarization plots of prepared catalysts; (b) Electron
transfer number and H,O, yield of prepared catalysts; All the RDE/RRDE test conditions:
0.5 M H,SOy, saturated with O,, 900 RPM, 10 mV sfl, catalyst loading of 0.6 mg cm 2.

5.3.3 In-situ Evaluation

Relative humidities of 60 and 100% were evaluated to probe the impact of RH on
micropore flooding. In each case, a CV was obtained before and after performing air and O,
polarization curves. If micropore flooding occurred during the stability test, an increase in
capacitance would be expected, as explained in section 3.1. However, as shown in Fig. 31,
there is no clear change in the double layer charging current between the CVs obtained at 60
or 100% RH, before or after the polarization curves. This indicates that the micropores are
already partially filled (Case 2) or fully filled, and that this process occurs immediately.
Another possibility is that any micropores which are not initially filled do not flood during

the polarization curves.
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Figure. 31 CVs at BOL obtained at 60% RH and 100% RH

While the overlapping CVs in Fig. 31 clearly indicate that no additional wetting of
the carbon surface occurs due to water being generated during polarization, it is not initially
obvious what fraction of the total carbon surface is wetted (i.e. are the micropores fully
wetted at this early stage of the analysis). Fortunately, an estimate can be made by
examining the area specific capacitance (F/m?) of the carbon catalyst obtained by the CVs.

Fo Capacitance (F)
Loading(g/cm’ue4) - Area(cm’ve4) - Carbon area (m’/g)

Equation 3: s
Clearly the area specific capacitance of a carbon material will be greatly impacted by the
density of electroactive pseudocapacitive groups on its surface. However, it is known that
for a wide range of carbons, this value falls between 0.05 F/m? (highly graphitic carbons) to

2% As the carbon catalysts used in this work are

0.15 F/m” (highly functionalized carbons)
relatively amorphous, and do not appear to have a high density of pseudocapacitive groups
(Fig. 31), it would be reasonable to expect a specific capacitance value of ~ 0.1 F/m”. This is

in fact what is observed, with a specific capacitance of ~ 0.09 F/m? calculated from the CVs

in Fig. 31. The only way to achieve this is if the majority of the surface area is fully
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accessed/wetted at BOL, and contributing to the double layer. This is an important finding
when keeping in mind that the catalysts are ~ 90% microporous (Table 8), and clearly
indicates that even at BOL, the micropores are easily wetted. Thus, even at this early stage
of the analysis, it seems likely that Case 1 is improbable, and if any micropore flooding is
occurring, it must be starting with Case 2. However, due to the uncertainties in this estimate,
no firm conclusions can be made at this stage of the analysis.

To evaluate whether traditional catalyst layer flooding was occurring in these CCLs
at BOL, polarization curves were obtained under air and O, at both 60 and 100% RH (Fig.

32).
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Figure. 32. Polarization curves at 60% and 100% RH under (a) air and (b) O,.

The BOL high current density performance at 100% RH was not found to be
significantly lower than at 60% RH, indicating that catalyst layer flooding was not occurring
in this MEA. In fact, under air, the performance at 60% RH is slightly higher than that under
100% RH until a current density of ~0.6 A/cm?, at which point the performance at 60% RH

becomes mass transport limited. Clearly this mass transport limitation is not due to catalyst
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layer flooding, which would actually be worse at 100% RH vs. 60% RH. Thus, it is likely
that the mass transport limitations observed at 60% RH are due to drying of the CCL,
leading to increased resistance to proton transport within the CCL. Unlike proton transport
resistance in the membrane which are manifested as an Ohmic loss, proton transport
limitations in the CCL lead to distributed potentials which are distinctly non-linear
performance losses. When examining the O, polarization curve at 60 % RH (Fig. 32 (b)), the
mass transport losses that were observed under air at 60% RH are absent, likely due to the
significantly higher [O,], which pushes the reaction boundary much closer to the membrane
thus minimizing any proton transport losses in the CCL*”. In this case with O, it is clear
that the 60% RH data is slightly higher than the 100% RH data, and that this shift is mostly
kinetic. As this small performance difference is clearly a kinetic loss, it is hypothesized that
some of the active sites were degraded during the 60% RH testing, leading to lower
performance when tested under 100% RH. In fact, it is well known that NPMC instability is

most rapid during the first few hours of testing” *% %

, 50 it would not be surprising if some
activity was already lost following the several hours required for the diagnostics at 60% RH.

To evaluate stability, a potentiostatic experiment was performed by keeping the
MEA at 0.4 V while monitoring the current that was generated (Fig. 33). As is clearly
observed, the performance is significantly decreased over a 4 h period. This is not an
uncommon finding, with many researchers showing significant performance loss within the

first few hours of operation *** 3¢ %’

, which is often attributed to any of the previously
mentioned mechanisms. However, the primary question being addressed in the present work

is not about understanding exactly what mechanism is causing this loss, but rather, whether

or not it is in fact due to micropore flooding. Fortunately, by previously obtaining the BOL
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CVs, air polarization curves, and O, polarization curves, this question should be relatively

easy to answer.
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Figure. 33. Stability test for 4 hours under a constant voltage of 0.4 V at 100% RH. Cell

temperature: 80°C; Hy/air flow rate: 200 sccm

Immediately following the stability test, a CV was obtained at 100% RH. In Fig. 34
(a), this CV is overlaid on top of the CV obtained at 100%RH prior to the stability test. It is
clear that following the stability test, a small (~8%) increase in the double layer charging
current is observed (a similar increase was observed at 60% RH). While no distinct
pseudocapacitive peaks are observed, it is still possible that some surface oxidation occurred
leading to either/or: 1) Pseudocapacitive groups forming over a range of potentials or 2) An
increase in surface area due to loss of carbon. Alternatively (and possibly due to surface
oxidation leading to increased hydrophilicity), it is possible that this increase is due to
increased catalyst layer wetting. If this is true, then the question is whether this is simply

CCL wetting in the traditional sense (i.e. wetting of a higher percentage of the total catalyst
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layer and not just micropores), or whether this is evidence for the irreversible ‘micropore

1.00E-01 | ——100% RH before stability test
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flooding” mechanism purportedly responsible for the low stability of NPMCs.

Figure. 34 CVs after the stability test obtained at (a) 100 %RH and (b) 60% RH

Based on the specific capacitance calculation performed previously, the majority of
the micropores were already wetted at BOL. However, as discussed previously, the double
layer charge can only be used to examine surface wetting, and it could still be possible that
the partially filled micropores (Case 2, Section 3.1) have fully filled with water, and that this

has led to the observed decrease in performance.
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To examine this possibility, polarization curves under both air and O, were obtained
(Fig 35). The goal of this experiment was to help understand whether actual kinetic losses
(loss and/or deactivation of active sites) had occurred or if the losses could be explained due
to reduced mass transport in the now flooded micropores. If the active sites were actually
destroyed/de-activated during the stability test, a purely kinetic loss would be expected.
However, if the loss in performance was due to micropore flooding, no change in the low
current density performance would be expected, but significantly higher mass transport
losses would be present even for the O, polarization curve, as O, would be forced to
transport through the liquid water to the active sites as opposed to through the open

micropores.
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Figure. 35. Polarization curves (after performing the stability test) at 60% RH under (a) air
and (b) O,. The polarization curves following the extreme dry-out are shown in green

triangles.

Looking first at the results under air at 60%RH, it is clear that significant decrease in
performance has occurred following only 4 h at 0.4 V. The losses appear largely kinetic, but

it is also clear that the polarization curve obtained after the stability test does not suffer as
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severely from mass transport losses. In fact, at current densities >0.8 A/cm?, the polarization
curve obtained after the stability test actually shows higher performance than that obtained
before the stability test. The reason for this is not entirely certain, but could be due to
conditioning of the membrane/ionomer during the stability test. Importantly, this result does
not show higher mass transport losses following the stability test, as would be expected if
micropore flooding was indeed responsible for the low performance. This is further
confirmed by analyzing the O, polarization curves, which show a kinetic loss following the
stability test. This is a very different result than what would be expected if micropore
flooding were the primary factor in reducing performance, and provides strong evidence that
active site loss/de-activation has occurred. In fact, based on the change in the performance

under O,, the fraction of active site loss can be estimated using Equation 4:

RT active sites at BOL
E ti 4: A’? =—In . ; -
quation 4. aF | active sites after stability test

In Eq. 4, An is the difference in voltage at a given current density in the performance plots
shown in Fig. 35 (b). This equation relates the difference in performance to the total activity
of the catalyst layer (assuming Butler Volmer kinetics). The results in Fig. 35 (b) show an
approximately 60 mV loss in performance, which would suggest a 10x reduction in activity
(loss of, or de-activation of, 90% of the active sites) of the catalyst layer following the
stability test. This is a significant loss, and does not appear to be simply a mass transport
limitation due to flooded micropores.

While the data shown in the manuscript provides convincing evidence that the

instability of this NPMC cannot be attributed to micropore flooding, and additional
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experiment was performed to rule out conventional catalyst layer flooding. Specifically, an
extreme dry-out protocol was performed following the stability testing, which was designed
to remove any water filling the macropores of the catalyst layer. This consisted of holding
the cell temperature at 80°C while purging nitrogen gas in anode and cathode for 5-hour
period. Despite this fairly aggressive dry-out, no performance gain was achieved. In fact,
slightly lower performance was observed following the dry-out, which clearly appears to be
a kinetic loss (Fig. 35). It is believed this is due to even further degradation of the active
sites during the 5 h over which the dry-out occurred. While this does not itself prove that

micropore flooding did not occur (for reasons clearly outlined in recent work*”

), when
combined with the complete data set from this study, it does cast doubt on the micropore
flooding mechanism for this particular catalyst.

Finally, it should be noted that this test protocol was designed specifically to look at
the role of micropore flooding (assumed to occur steadily within the first few hours of
operation). Longer term testing would almost certainly reveal additional performance loss

mechanisms (e.g. oxidation from H,0;), but as this was not the focus of the present work,

the stability test was relatively short (4h).

5.3.3 Most likely cause(s) of rapid degradation

The goal of this work was to determine whether or not micropore flooding®’*>"
could be responsible for the observed instability of NPMCs (particularly within the first
several hours), and in that respect, it was successful with the ‘micropore flooding’
mechanism found to be very unlikely. However, this only leads to a more urgent question: If

not micropore flooding, then what mechanism is responsible for the significant loss in

performance that was observed? While answering this question lies beyond the scope of this
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work, these findings would nevertheless feel incomplete without some commentary on
likely mechanisms for instability.

As mentioned in the introduction, several of the co-authors have already written a
comprehensive review on the stability and durability of NPMCs'®’. In that work, three main
mechanisms for NPMC instability were identified. Since this time, the ‘micropore flooding’
mechanism has emerged, giving us four possible degradation mechanisms: 1) demetalation
of the NPMC®" 1% 2) attack by H,0,'" ' (and/or free radicals)*’, 3) protonation of the
active site’”, or protonation of a N species neighbouring the active site, followed by anion
adsorption”’, 4) micropore flooding”*>%. However, it should be stated that, based on the
findings from the present work, it appears likely that the first three mechanisms remain the
most likely, with ‘micropore flooding’ having a minor contribution, if at all, to NPMC
stability.

In the present work, the observed kinetic losses were attributed to ‘loss’ and/or ‘deactivation’
of active sites. Clearly these terms will have different meanings, which must now be

clarified. Loss of an active site would most likely come about from irreversible oxidation of
the active site. This is the type of degradation predicted by Mechanisms 1 and 2.

Deactivation is associated with a change in the chemical nature of (including change in

oxidation state of pseudocapacitive groups), or inaccessibility of reactants to, the active site.

In either case, it is more likely to be reversible. With this in mind, Mechanisms 1 and 2

would lead to ‘loss’, whereas Mechanism 3 and 4 would lead to ‘deactivation’.

While it is very difficult to rule out Mechanism 3, it is the authors’ opinion that
active site loss as opposed to deactivation, is the most likely reason for NPMC instability.

This is based on our own observations that these performance losses are irreversible. This
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leaves either demetalation (Mechanism 1) or attack by H,O,/radicals (Mechanism 2) as the
most likely causes. Recently, operando spectroscopy has been used to directly characterize
demetalation during operation of NPMC-based MEAs'"* '*®. Through this important work, it
was determined that while demetalation will occur, it is not responsible for the rapid
performance loss that is typically observed with the first several hours. This is in agreement
with previous work by Zelenay et al. who also reached the conclusion that demetalation will
occur, but that it is not strongly correlated with performance loss®".

This leaves oxidation of the carbon/active sites as the most likely cause. At potentials

relevant for most stability tests (< 0.6 V)*'+#7- 111,238,239

, it is unlikely that carbon corrosion is
occurring electrochemically at a significant rate. Thus, attack of the carbon/active sites by
H,0,/radicals currently is our leading hypothesis for the rapid performance decay observed
in most NPMCs. In fact, direct evidence for this mechanism has previously been
demonstrated'*” **°.

Unfortunately, this mechanism is far more difficult to characterize through
conventional electrochemical methods than the micropore flooding mechanism studied in
the present manuscript. While growth the carbon double layer charge under N, would occur
with oxidation of the carbon surface, it is not clear how oxidation of active sites would
impact the CV response, nor is it clear what the relationship would be between growth of the
carbon double layer and observed performance loss. It is our opinion that characterizing,

understanding, and overcoming this problem should be a large focus in the coming years

within the NPMC community.
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5.4  Conclusions

A systematic study was designed and performed to investigate the emerging
hypothesis that the largest contribution to the instability of NPMCs is from the flooding of
micropores. This was achieved by comparing the degree of micropore flooding in-situ with
the observed instability of a NPMC-based MEA. As a means to evaluate the degree of
micropore flooding, the changes in the double layer capacitance following cyclic
voltammetry were monitored throughout the test protocol and compared to the changes in
air/O, polarization curves at various conditions. The CVs and specific capacitance
calculation clearly show that the majority of the micropores are wetted at BOL, and although
some degree of additional catalyst layer wetting occurs during the stability test, such a small
increase cannot explain the significant performance loss that is observed. In addition, the
loss in performance appears primarily kinetic and the mass transport loss due to flooded
micropores appears relatively insignificant. Overall, the findings in the present study do not
support micropore flooding as being the major contributor to the stability loss, at least for
the family of NPMCs evaluated in this work. Importantly, the protocol outlined here can be
utilized by other researchers in the NPMC community as a simple but highly effective
method to diagnose micropore flooding in NPMCs and its impact on the stability of their
catalysts. This should help guide researchers as they strive to develop more stable NPMCs

which will be required for commercialization.
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Section 6: Conclusions and Future Work

6.1 Summary and conclusions

To develop non-precious metal catalysts with high ORR activity and stability that
can deliver sufficient MEA performance and durability in the PEM fuel cell applications,
various experiments were carried out to synthesize three different NPMCs for ORR and
investigate the performance and behaviors in the fuel cell applications. The first two studies
focused on developing active NPMCs with uniformly distributed Fe-Nx active sites on
carbon support and Co-N decorated porous graphene aerogel catalyst which have been
successfully carried out along with in depth analysis on the nitrogen groups related to their
performances. The last study was done to investigate the correlation between the micropore
flooding and rapid initial performance loss that researchers in NPMC communities often
report for the family of Fe/N/C catalysts.

In Section 3, non-precious metal oxygen reduction reaction (ORR) catalysts were
prepared by heat treating a carbon supported iron-TCNB complex at temperatures ranging
from 700 to 1000 °C. By employing these small precusursor molecules, it is expected that
more uniform and complete coverage of the carbon support material can be obtained, and by
using the in situ formation and polymerization of FePc, effective iron-center segregation can
be achieved. The highest ORR activity in 0.1 M HCIO4 was observed for Fe-TCNB/C-1000
catalyst, demonstrating an onset potential of ca. 0.88 V vs. RHE and a 4 electron reaction
selectivity greater than 98 % at all electrode potentials investigated, a value comparable with

some of the best non-precious metal catalysts reported to date. Based on high-resolution
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TEM imaging, the observed ORR likely arises from a thin (< 10 nm) surface layer formed
during the heat treatment of the surface coordinated iron-TCNB complex. Additionally, at
higher pyrolysis temperatures, decreased nitrogen contents were observed along with an
increase in the relative concentration of graphitic nitrogen species that likely play an
important role in the catalytically active site structure(s). The results suggest that this type of
catalyst has some potential to be used as a non-precious PEM fuel cell catalyst, however, the
activity should be further improved and the stability issue related to the corrosion of the
carbon black support should eventually be avoided to be practical for any applications.

In order to utilize many intriguing characteristics of graphene including high
corrosion resistance to enhance the ORR activity and stability, a method to synthesize a Co-
N decorated graphene aerogel based catalyst was developed in Section 4. The introduction
of PANI, which acts as a hydrogel forming agent and nitrogen precursor, can efficiently
prevent graphene sheets restacking and promote nitrogen doping. The resulting Co-N-GA
framework possesses a high BET surface area and hierarchically porous skeleton as well as
homogeneous distribution of potential Co-N active sites, which can not only expose more
active site to electrochemical interface but also facilitate the mass transport to improve the
ORR performance. Based on these characteristics, the resultant Co-N-GA exhibits high
ORR activity (£, = 0.73 V), high electron transfer selectivity (n >3.75), excellent
electrochemical durability in acidic medium. The outstanding electrochemical performance
makes the Co-N-GA a promising NPC for PEM fuel cell.

In Section 5, to further enhance the activity of NPMC catalyst by greatly improving
the surface area and microporosity of the catalyst, Fe-N-C-Phen-PANI dual nitrogen catalyst

was developed and chosen for a systematic study in MEA to investigate micropore flooding
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in-situ before and after stability testing. Recently, it has been proposed in the non-precious
catalyst community that the largest contribution to the instability of NPMCs is from flooding
of micropores within the catalyst particles leading to significant mass transport limitations.
While indirect evidence has been obtained that appears to support this hypothesis, no study
has yet been performed to directly target micropore flooding. This investigation was
achieved by comparing the degree of micropore flooding in-situ with the observed
instability of a NPMC-based MEA. As a means to evaluate the degree of micropore flooding,
the changes in the double layer capacitance following cyclic voltammetry were monitored
throughout the test protocol and compared to the changes in air/O, polarization curves at
various conditions. The CVs and specific capacitance calculation clearly show that the
majority of the micropores are wetted at BOL, and although some degree of additional
catalyst layer wetting occurs during the stability test, such a small increase cannot explain
the significant performance loss that is observed. In addition, the loss in performance
appears primarily kinetic and the mass transport loss due to flooded micropores appears
relatively insignificant. The results do not support micropore flooding as being a large
contributor to instability, at least for the family of NPMCs evaluated in this work. The
protocol outlined here can be used by other researchers in the NPMC community to

diagnose micropore flooding in their own respective catalysts.
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6.2

Proposed future work

Based on the findings of these studies, some future directions for the catalysts research can

be suggested:

1.

High activity catalyst development

Synthesis of NPMCs with different nitrogen precursors based on the high surface
area carbon support such as graphene are encouraged. For TCNB or similar type
precursors could be coupled with other high surface area support materials than
mesoporous carbon particles to further confirm its ability to create well distributed
active sites. For the graphene aerogel based catalysts, since not much research has
been done on NPMCs with this type of support, various combinations of the
currently known heteroatom or metal precursors will likely lead to a improvement of
its activity. However, the activity and especially stability measured in RDE
experiments may not reflect as well in the actual fuel cell test thus it should be tested
in MEA as well.

With the protocol introduced in the last chapter, more investigation on different
MEA compositions (varying amount of catalyst to nafion) or other types of catalysts
can be done to get more insights. Carrying out the similar test with
micro/mesoporous, mesoporous, and macroporous dominating catalysts while
monitoring CVs will give more idea about the wetting and its relation to the stability.
In addition, catalysts with more or less hydrophobic support would likely behave
differently in this protocol, and along with amorphous or crystalline catalyst support
(more or less prone to carbon oxidation) investigation could possibly give more

information on the correlation between the stability loss and the carbon oxidation.
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3. Ptand NPMCs hybrid catalysts
Although it’s difficult to identify one single degradation mechanism for all NPMCs
due to the variety of synthetic designs and methods, one of the degradation
mechanisms for NPMCs that’s widely accepted other than the micropore flooding is
the losses due to oxidative attack by H,O, and its radicals. Despite the effort, much
more limited success has been achieved in mitigating the loss and no clear strategies
have yet been discussed to address this challenge through a synthetic approach.
Interestingly, among the materials that can catalyze the hydrogen peroxide, platinum
is known to be an effective catalyst to facilitate peroxide decomposition with a
minimal formation of hydroxyl radicals and may potentially assist in preventing the
degradation of the NPMCs when used together with NPMC as a hybrid ORR catalyst.
Hence, by combining platinum and NPMCs while achieving the optimal ratio and
structural formation, a novel hybrid catalyst could be synthesized with its ORR
activity supported by both NPMC active sites and low-loading platinum
nanostructure, and with enhanced NPMC support durability by effective peroxide

decomposition.
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