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Abstract

In addressing the activity and durability challenges facing electrocatalysts in polymer
electrolyte membrane fuel cells (PEMFCs), atomic layer deposition (ALD) is emerging as a
powerful technique for deposition of noble metals and transition metal oxides due to its
exclusive advantages over other methods. The primary advantages of ALD are derived from
the sequential, self-saturating, gas-surface reactions, and angstrom level control that take
place during the deposition process. Therefore, ALD possesses the advantage in
precisely control the particle size and uniform distribution on the substrate. By
forming chemical bonds between the initial layer of ALD precursor and support atoms
during the first cycle of deposition, the strong interaction between the deposited
material and support could be enabled, which is benefit for achieving the highly stable
NPs.

In this thesis, an area-selective ALD of tantalum oxide (TaOx) on Pt/C catalyst to fabricate
TaOx-anchored Pt NPs with triple-junction structure of Pt-TaOx—C was investigated in the
first part of research work. By introducing a protective agent (oleylamine) to the Pt surface,
TaOx NPs were selectively nucleated and grown around Pt NPs, thus forming the TaOx
anchored-Pt NPs on the carbon surface. The electrochemical durability tests indicated that
the 35ALD-TaOx—Pt/C catalyst exhibited superior durability compared to Pt/C. The
enhanced stability of the 35ALD-TaOx—Pt/C catalyst is attributed to the anchoring effect of
TaOx via the strong triple-junction of TaOx-Pt-C, which plays a significant role in
stabilizing the Pt catalyst by preventing Pt NPs from migration/coalescence and detachment
from the carbon support. Afterwards, to both improve the Pt/C catalyst activity and
durability, a nitrogen-doped Ta>0s was developed by ALD approach. It was found that the
as-prepared Pt/N-ALDTa>Os/C catalyst showed enhanced catalytic activity and
significantly improved electrochemical durability toward oxygen reduction reaction
(ORR). X-ray absorption spectroscopy provided direct evidence of change of the
electronic structure of Pt NPs on N-ALDTa2Os/C support compared to other supports,

indicating the strong metal-support interactions formed between Pt NPs and the



modified N-ALDTa2O0s/C support. It was revealed that by tuning the metal support

interface, the highly active and stable Pt catalyst could be enabled.

To achieve the extremely low Pt loading while maintaining the high catalytic activity and
long-life stability, ALD technique was applied to deposit Pt NPs into the PEMFCs anode
layer. By controlling the ALD cycle number, the Pt NPs with different size and loading
amount were directly deposited on the carbon coating layers to form the anode catalyst
layers. The PEMFCs composed with ALD catalyst showed much better performance and
durability than that prepared by the commercial catalyst with a conventional method. The
electron microscopy reveals that the application of ALD for Pt deposition directly on the
electrode carbon layers could effectively reduce the Pt loading while enhance the Pt
dispersion, utilization, and Pt-support interaction, which achieve the high PEMFCs
performance and excellent durability under the ultra-low Pt loading. Furthermore,
downsizing Pt NPs size to subnano-clusters or even single atoms is highly desirable to
maximize Pt atom utilization efficiency. Here we report on a practical synthesis method to
produce isolated Pt single atoms and subnano-clusters using ALD technique. The Pt single
atoms/subnano-clusters catalysts supported on metal-organic framework-derived nanocarbon
support are investigated for the ORR, where they exhibit significantly enhanced catalytic
activity and superior stability in comparison with the Pt NPs catalysts. The X-ray absorption
indicates that the partially unsaturated coordination environment of Pt single atoms/subnano-

clusters on nanocarbon support is responsible for the excellent performance.

The last experimental investigation of this thesis is development of an alternative non-noble-
metal electrocatalyst of nitrogen and sulfur-co-doped nanocarbon (N,S-co-doped
nanocarbon) for ORR. The N,S-co-doped nanocarbon is synthesized using metal organic
frameworks as a solid precursor, followed by carbonizing and pore size design, then further
co-doping sulfur to generate more active sites. The resulting N,S-co-doped nanocarbon
demonstrates a high catalytic activity toward ORR, remarkable long-term stability and strong
methanol tolerance in alkaline media. First-principles calculations reveal that N,S-co-doped
nanocarbons possess enhanced ORR activity compared to N-doped carbon. More
importantly, this work for the first time report that the N,S-coupled dopants can create active

sites with higher activity than the isolated N and S dopants. The approach and analysis



adopted in this work offer a strategic consideration for designing the high performance

nanocarbon electrocatalyst.
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Chapter 1

1 Introduction

Due to the global warming issue and the ever-growing environmental concerns, the need for
advanced clean energy technology has never been more urgent. To meet the coming energy
challenges, a broad suite of alternative energy and renewable resources will be required,
including biomass, solar, hydro, wind and nuclear. Among them, hydrogen has been
identified as one of the most promising clean source for energy conversion and will certainly

play a significant role in solving the energy challenges. [1]

Polymer electrolyte membrane fuel cell (PEMFCs) (also called proton exchange membrane
fuel cells) as an innovative clean energy conversion device is considered as one of the
technology for the future. PEMFC uses the chemical energy of hydrogen to cleanly and
efficiently produce electricity, with water and heat as the only byproducts. [2, 3] PEMFCs
have several advantages over the conventional combustion technologies currently used in
many power plants and passenger vehicles. (i) PEMFCs can operate at higher efficiency than
combustion engines and can convert the chemical energy to electricity with efficiency of up
to 60%. [2, 3] (ii)) PEMFCs have lower emissions than combustion engines. Hydrogen fuel
cells emit only water, so there are no carbon dioxide emissions and no air pollutants that
create smog and cause health problems at the point of operation. (iii) PEMFCs are quiet
during operation as they have fewer moving parts. PEMFCs are unique in their variety of
potential applications; they can provide power for systems as large as a utility power station
and as small as a laptop computer. In fact, PEMFCs are already being used in a wide
application, including transportation (bus, trail, automotive etc.), materials handling,

stationary, portable power and emergency backup power system. [4]

1.1 Fundamentals of PEMFCs

PEMFCs are made from several layers of different materials (Figure 1.1). The heart of a
PEMFC is the membrane electrode assembly (MEA), which involves the membrane
electrolyte, the catalyst layers, and gas diffusion layers (GDLs). Hardware components used
to incorporate a MEA into a fuel cell include gaskets, which provide a seal around the MEA


https://www.energy.gov/eere/fuelcells/parts-fuel-cell#mea
https://www.energy.gov/eere/fuelcells/parts-fuel-cell#membrane
https://www.energy.gov/eere/fuelcells/parts-fuel-cell#catalyst
https://www.energy.gov/eere/fuelcells/parts-fuel-cell#gdl
https://www.energy.gov/eere/fuelcells/parts-fuel-cell#hardware
https://www.energy.gov/eere/fuelcells/parts-fuel-cell#gaskets

to prevent leakage of gases, and bipolar plates, which are used to assemble individual PEM
fuel cells into a fuel cell stack and provide channels for the gaseous fuel and air. The
catalysts layers, membrane and gas diffusion layers together form the MEA of a PEMFC.
The catalyst coated membrane layers are the key part for the PEMFC technology. A layer of
anode catalyst is coated on one side of the membrane and cathode catalyst layer on the other
side. Conventional catalyst layers include nanoparticles (NPs) of platinum (Pt) dispersed on a
high-surface-area carbon support. The supported Pt catalyst is mixed with an ion-conducting
polymer (ionomer) and sandwiched between the membrane and the GDLs. In a hydrogen-
oxygen PEMFC, the Pt catalyst at the anode separates hydrogen fuel into protons and
electrons, which take different paths to the cathode. The electrons go through an external
circuit, creating a flow of electricity. The protons migrate through the membrane to reach the
cathode. On the cathode side, the Pt catalyst enables oxygen reduction reaction (ORR) by
uniting with protons and electrons to produce water and heat. The ionomer mixed into the
catalyst layers allows the protons to travel through these layers. The membrane electrolyte
permits only the necessary protons to pass between the anode and cathode, other substances
passing through the electrolyte would disrupt the chemical reaction. With the hydrogen
oxidation reaction (HOR) and ORR occurring simultaneously during PEMFCs operation, the

theoretical output cell voltage is given as 1.229 V.
Anode (HOR): 2H2, —» 4H* + 4" Eo=0 V

Cathode (ORR): O2 + 4 e + 4H" ——»2H,0 Eo=1.229V


https://www.energy.gov/eere/fuelcells/parts-fuel-cell#bipolar%20plates
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Figure 1.1. Schematic of the working principle of a typical PEMFC and the involved
porous components: bipolar plate; gas diffusion layer (GDL); electrocatalyst layer and

membrane.

For transportation applications, the membrane is very thin-in some cases under 25 microns.
Another component of MEA is gas diffusion layers. The GDLs sit outside the catalyst layers
and facilitate transport of reactants into the catalyst layer, as well as removal of product
water. Each GDL is typically composed of a sheet of carbon paper in which the carbon fibers
are partially coated with polytetrafluoroethylene (PTFE). Gases diffuse rapidly through the
pores in the GDL. These pores are kept open by the hydrophobic PTFE, which prevents
excessive water buildup. In many cases, the inner surface of the GDL is coated with a thin
layer of high-surface-area carbon mixed with PTFE, called the microporous layer (MPL).
The MPL can help adjust the balance between water retention (needed to maintain membrane
conductivity) and water release (needed to keep the pores open so hydrogen and oxygen can

diffuse into the electrodes).



1.2 Challenges of PEMFCs

With remarkable efficiency, high energy density and negligible emission of harmful gases,
the polymer electrolyte membrane fuel cell (PEMFC) is considered to be a green technology
that meets the energy requirement for future electrical vehicles and portable electronics.
Unfortunately, a major limitation for the low-temperature PEMFCs is the kinetically-sluggish
oxygen reduction reaction (ORR) at the cathode, which requires a large amount of catalyst to
reach the adequate energy output. [5, 6] The state-of-the-art high-performance catalysts for
ORR are the noble metal Pt-based catalysts. [7] To effectively utilize this expensive metal, Pt
NPs are often supported on substrates such as high surface carbon support. However, Pt
catalysts are seriously deactivated under severe PEMFCs operation conditions, resulting in
the loss of Pt performance. Cost, performance, and durability are still key challenges in

PEMFCs commercialization. [8]

Currently, carbon black is the most widely used support material to promote Pt activity in
PEMFCs. However, carbon black suffers from severe corrosion during long-term PEMFCs
operation (especially at potential above 0.9 V) which results in the Pt detaching from carbon
surface and rapid degradation of the PEMFC performance. Moreover, the weak interactions
between carbon support and metal catalysts trigger Pt NPs migration and aggregation to form
big particles, consequent loss the surface area and decrease the activity. [9, 10] Besides the
challenges in catalyst stability, it is highly desirable to improve Pt activity and decrease Pt
loading in PEMFCs because of the high cost and limited availability of Pt. Therefore, it is
extremely desirable to develop highly stable and active electrocatalysts with lower Pt
loading.

For PEMFC stack cost, DOE has targeted total Pt group metal (PGM) content for both
electrodes of 0.125 g/kW and total loading of 0.125 mgPGM-cm (electrode area) by 2020.
[11] DOE durability targets for stationary and transportation fuel cells are 40,000 hours and
5,000 hours, respectively, under realistic operating conditions. In the most demanding
applications, realistic operating conditions include impurities in the fuel and air, starting and
stopping, freezing and thawing, and humidity and load cycles that result in stresses on the
chemical and mechanical stability of the fuel cell materials, components, and interfaces.

Degradation-exacerbating conditions resulting from cyclic operation include hydrogen



starvation, differential pressure imbalance, oxidation-reduction cycling, and oxygen ingress
to the anode, resulting in high cathode potentials. Significant progress has been made in
determining the degradation mechanisms of fuel cell components and developing improved

materials.

1.3 Solutions by designing highly stable and active
electrocatalysts through ALD technique

1.3.1 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a vapor phase technique used to deposit thin films and
nanostructures. [12, 13] It is a technique that has pushed the advancement of semiconductor
technology and hold promise for application in the field of energy storage and conversion. As
materials become increasingly complex and move toward the nanoscale regime, coating
techniques that can provide accurate control of growth and material composition becoming
increasingly necessary. ALD can provide both these advantages due to its cyclic, self-
saturating nature. This advantage results in ALD being the technique of choice for coating
nanomaterials compared to other deposition techniques such as chemical vapor deposition
and physical vapor deposition. In general, the ALD process consists of introducing gaseous
chemical precursors that can react to the substrate. Additionally, a purge step separates
precursor introduction ensuring that gas-surface reactions occur as half-reactions. This allows
for each dose of the precursor to completely react with the substrate through a self-limiting
process. As a result, ALD is a non-line-of-sight technique that can conformally coat complex,
nanostructure substrates in a pin-hole free manner. Although ALD can be used to grow thin
films, careful selection of substrate and chemical precursor can allow for the growth of
nanoparticles. This imparts ALD with the ability to grow particles with atomic level control.
Furthermore, particles can be grown in a non-line-of-sight fashion on nanomaterials,

providing an optimal route in taking advantage of high surface area to volume materials.

In addressing the activity and durability challenges facing electrocatalysts in PEMFCs, ALD
is emerging as a powerful technique for deposition of noble metals and transition metal
oxides due to its exclusive advantages over other methods. The primary advantages of ALD

are derived from the sequential, self-saturating, gas-surface reactions, and angstrom level



control that take place during the deposition process. Therefore, ALD possesses the
advantage in controlling the target materials with precise particle size and uniform
distribution on the substrate. The highly dispersed and uniform Pt particles designed
by ALD method is supposed to possess the high active surface area. On the other
hand, by forming chemical bonds between the initial layer of ALD precursor and
support atoms during the first cycle of deposition, the strong interaction between the
deposited Pt NPs and support could be enabled, which is benefit for achieving the
highly stable catalyst.

1.3.2 Highly stable electrocatalysts: with strong metal-support
interactions

The migration of supported metal NPs can be inhibited through steric stabilization by layers
of porous inorganic oxide such as zirconia, [14] or tin oxide. [15] Metal oxides combined
with carbon supports have been shown to promote Pt activity and improve stability as a result
of synergistic effects between Pt-metal oxide interactions and electrical conductivity. The
underlying metal oxides result in stronger interactions occurring with Pt NPs, generating
active interfacial regions in the electrocatalysts resulting in enhanced activity and stability of
the catalyst. To achieve superior controlled ultrathin and ultrafine deposition, area-selective
ALD of porous metal oxide thin film or NPs can be done without blocking the active Pt
surface. Recently, Cheng et al. [16] demonstrated a facile approach to stabilize Pt catalysts
by encapsulation in zirconia nanocages which are synthesized by area-selective ALD. The Pt
NPs were initially deposited on nitrogen-doped carbon nanotubes (NCNT) by ALD. Then,
ALD zirconia was selectively grown around the Pt NPs but did not deposit on the Pt surface
due to the presence of blocking agent. As a result, an open or holey nanocage architecture
can be formed by precisely controlling the ALD metal oxide layers. The catalyst
encapsulated in zirconia nanocages indicated high stability and activity towards ORR in
acidic media. Pt NPs encapsulated in zirconia nanocages were 9 times more stable than
ALD-Pt on NCNT without zirconia nanocages and 10 times more stable than commercial Pt
on carbon black (Pt/C).



1.3.3  Highly active electrocatalysts: from nanoparticles to single atom

To overcome the challenges associated with the Pt catalysts activity and high-cost issue, it is
very important to markedly decrease the Pt loading and increase the Pt utilization efficiency.
Currently, supported Pt NPs are typically used to promote Pt activity towards the ORR and
HOR. Unfortunately, the geometry of the NPs limits the majority of the Pt atoms to the
particle core, deeming them ineffective, as only surface atoms are involved in the
electrochemical reaction. Reducing the size of the Pt NPs to clusters or even single atoms
could significantly decrease the noble metal utilization and increase their catalytic activity,
which is highly desirable to enhance the Pt atomic efficiency and decrease the cost of the
electrocatalysts.[17, 18] It has been shown that single Pt atoms dispersed on an FeOx surface
have a higher catalytic activity for CO oxidation compared with the corresponding Pt
NPs.[17] Moreover, the single-atom catalysts also exhibited a significantly improved
catalytic activity towards methanol oxidation, up to 10 times higher than the state-of-the-art

commercial Pt/C catalysts.[19]

Controlled and large-scale synthesis of stable single atoms and clusters remains a
considerable challenge due to the high free energy of metal atoms that induce isolated atoms
to diffuse and agglomerate, resulting in the formation of larger particles. [20, 21] In practical
applications, it is required that the single atoms not only have a high activity but also exhibit
a satisfactory stability. [22-24] Moreover, it is also desired to produce a high density of
single atoms to meet the practical applications. Consequently, an ideal single-atom catalyst
must have a high activity, a high stability and a high density. As it has been proven to be a
powerful tool for large-scale synthesis of stable single atom and cluster catalysts, ALD is
considered as an effective approach to synthesize ideal single-atom catalyst. [19, 25, 26]
ALD is able to precisely control the size and distribution of particles on a substrate by using
sequential and self-limiting surface reactions. In our previous work, [26] the Pt single atoms
and clusters supported on nitrogen-doped graphene were prepared as hydrogen evolution
reaction (HER) catalyst using ALD, resulting in the utilization of nearly all the Pt atoms. The
size and density of the Pt catalysts on graphene support are precisely controlled by simple
adjusting the number of ALD cycles. The Pt atoms and clusters show much higher activity

for the HER in comparison with conventional Pt NP catalysts. The ALD provides a



promising approach for the design of highly active and stable next-generation catalysts based
on Pt single atoms and clusters, which have a great potential to reduce the high cost of

industrial commercial noble-metal catalysts.

1.4 Thesis objectives

PEMFCs have been applied as the clean energy conversion devices for electric vehicles and
portable power supply. Unfortunately, the high-cost of noble metal catalysts and poor long-
time stability are the main challenges that limit PEMFCs for widespread commercialization.
To improve the performance and long-lifetime of PEMFCs for future application,
development of advanced electrocatalysts with high activity and stability becomes necessary
and urgent. Fabrication of strong metal-support interactions and downsizing the noble metal
catalyst to clusters or even single atoms, are the key research directions to improve the
PEMFCs performance and long-lifetime. In this thesis, the author focusses on two aspects to

design the highly stable and active electrocatalysts.

Part I: To design highly stable Pt NPs electrocatalysts

1) To develop a highly stable Pt/C electrocatalysts by area-selective deposition of
tantalum oxide (TaOx) anchors. The synthesis of TaOx was carried out via an ALD
technique. By adjusting the TaOx anchors loading and coverage area on the Pt/C catalyst, we

can purposely design high stable electrocatalyst for PEMFCs application.

2) To stabilize Pt NPs on carbon support by decorating a bridge layer of nitrogen-doped
tantalum oxide (N-Ta20s). The uniformly dispersed Ta;Os NPs on carbon surface are
developed by ALD. With NHs-treatment to doping nitrogen into the tantalum oxide, the
strong metal-support interactions between Pt catalyst and carbon support will be formed.
This approach allows us to fabricate a highly stable electrocatalyst by enabling the strong

metal-support interactions.

Part II: To design size controlled highly active electrocatalysts: from nanometer to single

atoms.



1) To achieve the extremely low Pt loading in the anode catalyst layer while maintain
the high PEMFC performance and long-life time, a series of high-performance PEMFCs with
low Pt loading in anode layer are successfully prepared using an ALD technique. By
controlling the ALD cycle number, the Pt NPs with different size and loading amount are

directly deposited on the carbon coating layers to form the anode catalyst layers.

2 To investigate the impact of Pt atom utilization on the electrocatalysis for oxygen
reduction reaction (ORR), Pt single atoms, subnano-clusters as well as NPs with different
size and density on MOFs-derived carbon support are designed. Based on the advantages of
high surface area, high porosity and rich of nitrogen doped species, MOFs-carbon is
anticipated to be a promising support for single atoms catalysts. The supported Pt single
atoms were prepared by ALD via chemical incorporation Pt atoms into the nitrogen or
oxygen species from MOFs-carbon, which is considered to enable the sinter-resistant isolated

Pt atoms with high dispersion on the support.

3) To minimize the use of precious metals, a metal-free catalyst of nitrogen and sulfur-
co-doped nanocarbon would be designed as the electrocatalyst for ORR. First-principles
calculations were investigated to reveal the catalytic mechanism and understand the active
sites. This research will be of great significance for the rational design of a new-generation of

nanocarbon electrocatalysts.

1.5 Thesis organization

This thesis is consisted of nine chapters (one introductory chapter, one literature review
chapter, one experimental chapter, five articles, and one conclusive chapter) and is organized
according to the requirements on “Integrated-Article” form as outlined in the Thesis
Regulation Guide by the School of Graduate and Postdoctoral Studies (SGPS) of the

University of Western Ontario. Specifically, it consists of the following parts:

Chapter 1 gives an introduction of polymer electrolyte membrane fuel cells. In this chapter,
the components, work principle, challenges and opportunities of PEMFCs are introduced.
Nanomaterials solutions on electrocatalysts, including development of highly stable and
active electrocatalysts are highlighted. Furthermore, the research objective and thesis

organization are stated in this chapter.
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Chapter 2 is literature review, which summarize the development and progress of highly

stable and active electrocatalysts for PEMFCs.

Chapter 3 outlines the experimental synthetic approaches of as-prepared nanomaterials. The
characterizations techniques used to determine the materials physical and electrochemical

properties are demonstrated in this chapter.

Chapter 4 presents a study on the atomic layer deposition of tantalum oxide to anchor Pt/C
for a highly stable catalyst in PEMFCs. Controlled synthetic process with different tantalum
oxide mass loading is investigated, detailed relationship between tantalum oxide loading and

the electrocatalyst stability for ORR are also studied.

Chapter 5 investigates the nitrogen-doped tantalum oxide as a bridge layer to stabilize Pt
catalyst on carbon surface. By testing the electrochemical activity and stability, the
electrocatalyst decorated with nitrogen-doped tantalum oxide demonstrate a significantly

enhanced performance compared with their counterparts.

Chapter 6 reports the Pt catalyst of particle size and loading effect on catalytic activity and
stability for PEMFCs anode. The real fuel cell is designed in this study. Moreover, the
hydrogen-oxygen fuel cell performance and startup/shutdown stability are evaluated here.

Chapter 7 presents the fabrication of single atoms and sub-nano clusters Pt catalyst on
MOFs-derived nanocarbon. The ALD method used here shows great advantages in preparing
single atoms catalysts. Electrochemical activity and stability are evaluated on all the as-
prepared Pt/MOFs-C catalysts. It is find that the single atom and subnano-clusters make great

contributions to achieve better catalytic activity for ORR.

Chapter 8 reports the development of a metal-free electrocatalysts derived from MOFs
precursor. Effects of porous structure and heteroatoms doping on electrocatalysts
performance for ORR are investigated. This research work also presents first-principles
calculations to reveal the catalytic mechanism for metal-dree catalysts and understand the

active sites for ORR.
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Chapter 9 summarizes the results and contributions of the thesis work. Additionally, the

author states the perspective and suggestions for future work on electrocatalysts.
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Chapter 2

2 Literature review

Polymer electrolyte membrane fuel cells (PEMFCs) are one of the promising energy-
conversion devices due to their high efficiency and zero emission. However, the overall
efficiency of PEMFCs is severely hindered by their high overpotential, which is mainly
caused by the sluggish reaction kinetics of the oxygen reduction reaction (ORR) at the
cathodic side. To mitigate the overpotential issue, in recent decades, Pt has been widely used
as the active electrocatalyst, but its high-cost and low-durability are still problems in
PEMFCs technology. Therefore, in electrochemical and materials science, the search for
effective strategies to reduce the Pt loading while maintain the high activity and durability of
the electrocatalyst has become critical. In this chapter, recent progress on the development of
low-cost, highly stable and active electrocatalyst for PEMFCs is involved from the
nanomaterial perspective. First, a functional link between the activity and durability on
catalytic nanoparticles (NPs), as well as the degradation mechanisms, will be discussed. Then,
we summarize the current strategies for developing the advanced Pt-based electrocatalysts
with high stability and activity in reactions related to PEMFCs, and their structure impact on
electrochemical performance will be discussed. Finally, an outlook on the future trends and

developments of nanomaterial electrocatalysts in PEMFCs is presented.

2.1 Nanopatrticle electrocatalysts issues and their degradation
mechanisms

The state of the art electrocatalyst for both anode and cathode of PEMFCs are Pt or Pt-alloys
dispersed in the form of NPs on a carbon support, in order to achieve a maximum of active
sites. Concerning the use of NPs, the effects of NP size on the ORR activity have been
studied for a long time. For finely size-controlled NPs, the ORR activity has been mainly
investigated from two primary metrics: (1) specific activity (uA-cm™) and (2) mass activity
(A-mg™). The specific activity is the activity per unit electrochemical surface area, which
indicates the intrinsic reactivity of a unit area of the catalyst surface. The mass activity is the
activity per unit catalyst mass, which indicates the effective utilization of a catalyst material.

[1] For real electrocatalyst applications, cost is the primary consideration; thus, the mass
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activity is ultimately what matters as this metric is directly transferable to cost. In this thesis,
when discussing next-generation ORR catalysts, the primary activity metric will be mass
activity. Electrochemical studies have shown the relationship between the ORR activity and
the durability affected by particle size: in general, when the NP size is decreased, the activity
increases, while the durability decreases (Figure 2.1). [2] Therefore, increasing nanoparticle

durability while maintaining the high activity is critical for NP design.

. High durability

Figure 2.1. Schematic illustration of nanoparticle size effect for activity and durability.
[2] Wiley-VCH Verlag GmbH & Co. KGaA. Copyright 2018.

To address this challenge, understanding the NP degradation mechanism is necessary for
designing advanced electrocatalysts. Regarding Pt/C catalysts, major research efforts over the
last decades have been made to explore the degradation mechanism and improve the
durability of the Pt/C catalysts. Several mechanisms as shown in Figure 2.2 have been
proposed for the degradation of Pt/C catalysts. [3-6] First is the corrosion of the carbon
support, which directly initiates the detachment and aggregation of Pt NPs. Second is the
dissolution of Pt from smaller particles. Third is the growth of Pt NPs via Ostwald ripening
and aggregation. This includes the re-deposition of the soluble Pt species onto larger particles
and the coalescence of Pt NPs via migration on the carbon support surface. There have been
tremendous efforts to understand this behavior by particle size distribution analysis. [7-10]
Recent in situ analysis has significantly helped the understanding of the degradation
mechanism. Strasser et al. [11] investigated the durability of Pt NPs on various carbon

supports by in situ small angle X-ray scattering (SAXS) analysis. The dominant degradation
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mechanism of Pt NPs was suggested to be the coalescence of the Pt NPs on the support.
Based on the control analysis, they also suggested that geometric barriers to prevent particle

merging are effective for protecting nanoparticles.

-
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Figure 2.2 Schematic illustration of the suggested degradation mechanisms for Pt NPs
on a carbon support in fuel cells. [3-6] Reproduced with permission from

Nanotechnology. Copyright 2014.

Although a significant understanding of the fundamental mechanism of Pt NPs durability has
been gained, there remain several unclear issues. The distinction of the dominant degradation
mechanism is crucial because, depending on the mechanism, the solution for durable
electrocatalyst design can be significantly different. If the catalyst support corrosion induced
Pt NP detachment, is the major contributor to the performance degradation, the development
of electrochemical stable catalyst support is a key factor. On the other hand, if Pt NPs
coalescence is the primary cause, inhibiting particle migration and detachment would be a
useful strategy, for example, enhancing the NP-support interaction or NP confinement effects.

Therefore, a rational construction of catalysts from metals with optimized activity and
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durability, and from supports with enhanced stability is a key point for improving PEMFCs

performance.

2.2 Progress of highly stable electrocatalysts for PEMFCs

Improving electrocatalyst stability is pivotal for maintaining performance without activity
loss. Many advances have been suggested to improve catalyst particle and catalyst support
stability based on the suggested degradation mechanisms. The durability of catalysts is
inherently determined by the properties of both the catalytic metals and the support materials
and the specific interaction between them. It is reasonably expected that the higher the
durability of catalytic metals and support materials, and the stronger the specific interaction
between them, the higher the durability of the resultant catalysts. The strategies to improve
the durability of catalysts can be in general categorized into two aspects: support materials

and catalytic metals.

2.2.1 Novel stable catalyst support

The selection of catalyst support materials has a remarkable impact on the durability of the
resultant supported catalysts. There are several basic requirements for an improved catalyst
support: (i) high electrochemical stability under PEMFCs operating conditions (high
potential, low PH); (ii) high surface area for the uniform dispersion of Pt NPs; (iii) excellent
electronic conductivity. With the current state of technology, the state-of-the-art and the most
practical electrocatalysts for PEMFCs are still carbon black supported Pt NPs catalysts.
Although the carbon black with merits of large surface area, high electrical conductivity and
pore structure, the phenomenon of carbon corrosion caused by electrochemical oxidation has
been identified to be the major drawback for catalyst durability. Therefore, it is necessary to
explore more stable catalyst supports to replace the traditional carbon black. In order to
address the carbon corrosion issue, materials with high electrochemical stability have been
studied as catalyst support, ranging from highly graphitic carbons (e.g. carbon nanotubes or

graphene) to noncarbon supports (e.g. transition metal oxides, carbides). [12-14]

Novel carbon support
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It is reported that the extent of graphitization of carbon plays an important role on carbon
support stability, with more graphitic carbon being more thermally and electrochemically
stable, which is due to the decreased defect sites on carbon surface. With the development of
novel carbon nanostructure, carbon nanotubes (CNTSs) have emerged as a promising support
material for PEMFCs due to their large surface area, good electrical conductivity and
excellent electrochemical durability. However, pristine CNTs contain relatively few binding
sites for anchoring the Pt NPs due to the chemical inert surface of CNTs. To overcome these
barriers, many studies have focused on the surface modification of CNTs. The surface
modification involves (i) using special organic functional groups, functional polymers, and
heteroatoms (e.g. N, P, S, F etc.) to decorate CNTs surface, [15, 16] and (ii) using
homogeneous silica or metal oxides (e.g. TiO2, ZiO2, SnO; etc.) shell to link metal NPs and
CNTs support. [17-19]

It was found that an ideal conducting polymer modified-CNTs used for stabilization of
supported Pt NPs should not only provide an anchoring site for Pt NPs, but also maintain the
original perfect structure of CNTSs rather than destroying it. Fujigaya and co-workers [20]
reported an “in situ surface growth method” to fabricate CNTs supported Pt NPs using
polybenzimidazole (PBIs) as linker polymers, by means of which binding sites could be non-
covalently introduced onto a CNT surface. PBI, recognized as a powerful candidate for use in
PEMFCs due to its high proton conductivity, has a strong physical interaction with CNTs and
serves as an effective binding site for anchoring of Pt NPs. A schematic of the structure of
Pt/PBIS/CNTSs is shown in Figure 3a. Due to the non-destructive functionalization of the
CNTs, the Pt/PBIs/ICNTs showed higher electrocatalytic activity and better stability for the
ORR than Pt NPs supported on pure CNTs. In addition, the Pt/PBIS/CNTs have a highly
dispersed Pt NPs, which promote the larger electrochemical active surface area than that of
Pt/CNTs. The interface structure of Pt/PBIS/CNTs is most likely the “ideal” triple-phase

boundary structure that enables excellent durability and activity of Pt catalyst.

Nitrogen-doped graphene (NGNSs), as a unique 2D material with good conductivity, high
surface area and mechanical strength, has attracted great attentions for electrocatalyst support
application. To enhance the metal-support interaction and generate more interfacial regions
in Pt/NGNs electrocatalyst, Sun et al. [21] developed a zirconia (ZrOz) modified NGNs
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hybrid as a support for further enhance the performance and durability of Pt/NGNSs catalyst.
The novel ZrO2/NGNs hybrid support was prepared by growing ZrO2 NPs on NGNs using
atomic layer deposition (ALD) technique. Based on sequential and self-limiting surface
reactions, ALD provides a powerful approach for the coating of ultra-fine metal oxides. The
Pt NPs located and anchored at the interface of ZrO> and NGNs, which improves the
interaction of Pt with support by metal-metal oxide-NGNs junction. High resolution
transmission electron microscopy (HRTEM) image in Figure 2.3b shows that Pt NPs
dispersion on ZrO2/NGNs is uniform, with no indication of agglomeration. Moreover, it is
revealed that major Pt NPs are exactly located between the grain boundaries of ZrO, NPs on
NGNs, suggesting the formation of a unique triple-junction interaction in Pt/ZrO2/NGNs
nanostructure. For the electrochemical performance, Pt/ZrO,/NGNs had a higher mass
activity for ORR (~102 mA-mg? p) than the PUNGNs (~78 mA-mg ! p). When 4000
continuous cycles of accelerated durability test (ADT) were performed, Pt/ZrO2/NGNs
retained 50.2% and 59% of its initial ECSA and mass activity, respectively, compared to
only 23.5% and 28% for Pt/NGNs. The ADT test indicated that the Pt/ZrO,/NGNs had 2.2
times higher durability than Pt/NGNs due to a stronger triple-interaction in ZrO2-Pt-NGNs,
as confirmed by X-ray absorption spectra. This unique metal oxide-metal-NGNs triple

interaction is a promising stable catalyst structure for PEMFCs.

H,PICl,
_
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Figure 2.3. (a) Schematic illustration of the preparation of CNTs/PBIs/Pt, and TEM
images of CNTs/PBIs/Pt. [20] (b) The schematic illustration of high stable catalyst of
Pt/ZrO2/NGNs, and the structure, electrochemical performance of Pt/ZrO2/NGNs. [21]
Wiley-VCH Verlag GmbH & Co. KGaA. Copyright 2013.
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Novel noncarbon support

As discussed above, physical and chemical stability are highly demanding criteria for durable
support materials. Among the several candidates, the transition metal oxides, metal carbides
have been suggested as promising support materials because a specific metal oxide/carbide is
corrosion-resistant in strong acidic media. Among the various metal oxides/carbides, the
limited materials such as ZrO, TiOz, CeO., Ta20s, WOs, M0oOs and their carbides show
chemical stability for strong acidic conditions for PEMFCs. For example, zirconium carbide
(ZrC), a conductive ceramic material with high corrosion resistance, stability and high
electron conductivity, has draw a great attention for the electrocatalysts support. It is reported
that ZrC could promote the Pt activity and showed the superior electrochemical corrosion
resistance. Sun et al. [22] for the first time used commercial ZrC as the catalyst support to
develop the Pt/ZrC catalyst by an ALD method (Figure 2.4). TEM measurements revealed
that the average size of Pt in ALD-Pt/ZrC was ~3.2 nm. Analysis of the X-ray absorption
near edge structure (XANES) spectra at Pt L3 and L. edges suggest that ALD-Pt/ZrC
catalysts show noticeable change in the electronic structure of Pt due to strong interactions
with ZrC support enabled by ALD. The analysis of intensity of the white line in both Pt
L3 edges and Pt L2 edges indicates a stronger interaction between Pt and ZrC in the ALD-
Pt/ZrC than in the Pt/C. Electrochemical measurement for ORR showed that ALD-Pt/ZrC
catalyst exhibited a mass activity of 0.122 A-mg™p at 0.9 V (vs. RHE), which was much
higher than those for Pt/C (0.041 A-mg™s). After an ADT of 4000 continuous cycles, the
ALD-Pt/ZrC had an ORR activity loss of ~26%, which was much lower than Pt/C (76%
loss), while the ECSA loss of ALD-Pt/ZrC was only 17%, compared with 78% Pt/C. Based
on the strong metal-support interactions, the ALD-Pt/ZrC catalyst exhibited promising
electrocatalyst durability being almost five times more stable than Pt/C. The stabilization of
Pt NPs on ZrC can be understood through the strong metal-support interaction, which is
evidenced through XANES. Tightly bound Pt NPs are protected by the migration on the ZrC

support, inhibiting Pt agglomeration.

Based on recent research results, finding stable support materials is still a challenging project

although significant advances have been made in the field of metal oxides/carbides. Though
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nitride and carbide materials can be considered as an alternative, delicate understanding and

investigations are required for further advances.
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Figure 2.4. Normalized XANES spectra of Pt NPs on composite catalyst support at (a)
the Pt L3 edge and (b) the Pt L2 edge. (c) Schematic illustration of ALD-Pt growth on
ZrC support. Loss of electrochemical surface area (ECSA) (d) and mass activity (e) for
ALD-Pt/Zr before and after ADT. Reproduced from [22] with permission from the
Royal Society of Chemistry.

2.2.2  Novel structure of Pt nanoparticles

As discussed above, improving Pt NPs stability is pivotal for maintaining performance
without activity loss. Various methods have been suggested to suppress the atomic
dissolution of NPs and inhibit their agglomeration. For instance, crystal structure and shape
control can help mitigate atomic dissolution and reduce particle coalescence. In this section,
we summarize the recent development for enhancing Pt NPs durability with ultrafine particle

shape and structure, such as Pt nanoframe, nanocage and nanowire.
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Pt nanoframe

In 2014, Chen and co-workers presented highly crystalline bimetallic nanoframes with 3D
structure as highly durable and active ORR electrocatalysts. [23] After synthesis of PtNis
polyhedral NPs, the interior corrosion of Ni in solution transforms the solid PtNis
nanocrystals into the PtsNi nanoframes. Subsequently, a controlled thermal treatment of the
resulting PtsNi nanoframes forms the desired Pt-skin surface structure (Figure 2.5a). The
combination of the 3D structure and the Pt-skin surface promoted ORR activity, achieving a
remarkably high ORR activity. Moreover, the Pt-skin nanoframe also showed superior long-
term durability without appreciable activity loss. After long-term durability tests, scanning
TEM images indicated that the 3D frame structures were well preserved without noticeable
changes. The origin of the long-term durability is ascribed to the lower coverage of
oxygenated species arising from the weaker oxygen-binding energy and optimal Pt skin layer,
which prevents the dissolution of the transition metals. Based on these superior
electrochemical properties, various advances have been proposed by structure modification

[24, 25] and expanded to various bimetallic or trimetallic nanoframe systems. [26-28]

In 2015, Zhang et al. reported the synthesis of catalytically active octahedral and cubic Pt
NPs. The NPs are not solid but instead are hollow nanocages entirely enclosed by either (111)
facets (octahedra) or (100) facets (cubic). [29] Unlike earlier studies on shape-selected Pt-Pd
bimetallic core-shell NPs, the authors managed to carefully dissolve the metallic core without
compromising the well-defined thickness and composition of a Pt shell that is a mere atomic
layer thickness as shown in Figure 2.5b. The ORR performance of the octahedra nanocages
showed a mass activity of 0.75 A-mg™p and a specific activity of 1.98 mA-cm? at 0.9 V,
which are five and eight times higher than those of commercial Pt/C, respectively.
Furthermore, the octahedral nanocages showed better long-term stability, with the ORR mass
activity only reduced by 36% after 10,000 ADT cycles, showing 3.4-fold enhancement
relative to the commercial Pt/C. The ECSAs of the octahedral nanocages only dropped by
6% after 5000 cycles and 23% after 10,000 cycles, respectively. During the durability test,
the holes in the walls of the nanocages were slightly enlarged. These results demonstrated

that the excellent durability associated with the core-shell catalysts was not affected by the
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selective removal of Pd cores. Future investigations of the morphological and compositional
stability of shaped catalysts under realistic PEMFCs conditions need be further investigated.
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Figure 2.5. Shape control of nanoparticles for durable and active electrocatalysts.
Durability results and TEM analysis: (a) PtsNi nanoframe structure. [23] Reprinted by
permission from Science. Copyright 2014 (b) Hollow structure of Pt nanocage. [29]
Reprinted by permission from Science. Copyright 2015 (c) 1D Pt nanowire. [30]
Reprinted by permission from Science. Copyright 2016

1D nanostructure of nanowires, have numerous advantages for use in electrocatalysis.
nanowires have been proposed as an ideal structure, combining advantages from the

increased electrocatalytic active sites of the nanoscale and the high stability of the bulk scale.
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In 2016, Duan and co-workers verified the high activity and durability of a jagged Pt
nanowire-based electrocatalyst for the ORR. [30] The ultrafine jagged Pt nanowire which are
produced by the dealloying of a PtNi nanowire (Figure 2.5¢). This structure was synthesized
by the formation of Pt-core/NiO-shell nanowires, followed by their transformation into a
PtNi alloy nanowire structure by high-temperature annealing at HJ/Ar atmosphere.
Subsequently, electrochemical dealloying was used to leach away the Ni in the nanowire,
generating a jagged Pt nanowire with a highly crystalline character. This jagged Pt nanowire
showed high ECSA values of around 120 m2.g, which is even higher than those of Pt NPs
(around 60-80 m?-g1), and a high mass activity at 0.9 V (13.6 A-mg*p). Furthermore, the
jagged Pt nanowires showed superior ORR durability. After 6000 cycles, the ECSA dropped
by only 7% and together the mass activity dropped by only 12%. The superior ORR
durability of jagged Pt nanowires is attributed to the unique 1D geometry of nanowires and
the multipoint contacts with the carbon support. As discussed of the mechanism for catalyst
degradation, dissolution followed by Ostwald ripening and NPs agglomeration, is the major
cause of low durability, and these effects become even more serious as the NPs size decrease.
Owing to their 1D structure, nanowires might prohibit the movement and aggregation of NPs
and even mitigate Ostwald ripening, resulting in the maintenance of the initial morphology
and contribution to the excellent durability. Because of their structural advantages, nanowires
have been applied to bimetallic or trimetallic compounds and core-shell structures.[31, 32]
Apart from the linear nanowire structure, Huang and co-workers recently reported a
hierarchical PtCo nanowire structure that has a high-index, Pt-rich surface and an ordered
intermetallic structure.[33] These structures showed significant enhancement in ORR activity
compared to commercial Pt nanoparticles and long-term durability for up to 20,000 ADT-
cycles, showing only 8% activity loss. The high activity and durability are attributed to the
exposure of hollow sites on (110) and (310) high-index facets, suggesting that surface facet
control while maintaining the 1D structure is promising for further activity and durability

enhancement.

2.2.3 Pt NPs encapsulation or confinement

Recent studied have shown that a shell coating on catalyst NPs act as a physical barrier to

inhibit the migration and coalescence of metal NPs. Such steric effects can greatly enhance
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the durability of Pt catalyst while maintain the high activity. Various materials have been
explored as effective coating and/or encapsulating agents, including the inorganic
mesoporous materials (e.g. silica, carbon shells, metal oxide nanocage) and organic materials
(e.g. polymers, macromolecules). To prevent Pt NPs from detaching, dissolving, migrating,
and aggregating during electrochemical measurement and heat treatment, Hyeon et al. [34]
designed a facile but effective strategy to embed PtFe nanocrystals into a very thin carbon
shell and verified their unique stability. Solution-based polydopamine coatings on the active
PtFe NPs can be converted into very thin N-doped carbon shell during thermal annealing.
During the heat treatment, the NP crystal structure is converted into a durable intermetallic
structure, without particle agglomeration, verifying their high thermal stability (Figure 2.6a).
By controlling the thickness of the shell below 1 nm, the excellent protection of the PtFe NPs
as well as high activity was achieved. The ordered PtFe/C nanocatalyst coated with a N-
doped carbon shell shows 11.4 times higher mass activity and 10.5 times higher specific
activity than Pt/C. Importantly, there was no significant activity loss up to 10,000 ADT
potential cycles and high durability was also observed in MEA analysis, maintaining its
maximum power density up to 100 h of consecutive operation. In addition to its high activity
and durability, carbon-shell-thickness control results give an insight into the design principle
for appropriate confinement or encapsulation of the particles. It was indicated that the proper
design for NP encapsulation while exposing the active sites for reaction is critical for
achieving both high activity and durability.

Besides carbon encapsulation systems, metal oxide and carbide systems have also been
suggested as promising concept for stabilizing NPs and increasing the catalyst activity and
durability. Sun et al. [35] suggested the Pt stabilization by depositing of zirconia (ZrO.)
nanocage at the interface between carbon and Pt NPs using the area-selective ALD method.
To avoid the ZrO, depositing and covering on Pt active surface, an organic blocking agent
was used to protect the Pt surface. Then ALD of ZrO: selectively grew around the Pt NPs but
was not deposited on the Pt surface. A nanocage structure may be formed by precisely
controlling the ALD ZrO: layers. Finally, removal of the organic agent to expose the active
Pt surface for reaction (Figure 2.6b). In this system, exposing the Pt active surface while the
NPs are confined in ZrO2 nanocage is key for obtaining both high activity and durability.

Because of the strong interaction between the Pt and carbon support and the Pt NPs
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confinement effects, the ZrO, nanocage encapsulated Pt NPs showed remarkably high
durability without significant changes in particle size, suggesting that the inhibition of
particle agglomeration by physical confinement is critical for enhancing Pt NPs long-term

stability.
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Figure 2.6. (a) A thin-layer-carbon shell-protected PtFe nanoparticle. [34] Copyright
2015 American Chemical Society (b) Area-selective ALD of Zirconia-stabilized Pt
nanoparticles. [35] Wiley-VCH Verlag GmbH & Co. KGaA. Copyright 2016.

2.3 Progress of highly active single atom catalysts

Supported metal NPs are the most widely investigated heterogeneous catalysts in catalysis
community. In heterogeneous catalysis by supported metal nanostructure, enormous efforts
have been devoted to improving the performance of supported metal catalysts by downsizing
the metal particles. In the conventional Pt/C electrocatalysts, Pt utilization is extremely low,
as the active sites are only located on the surface of the catalyst particles. Downsizing
catalyst NPs to single atom is highly desirable to decrease the cost and maximize the
utilization efficiency. Single atom catalysts (SACs), as a new frontier in heterogeneous
catalysis, have attracted considerable attention due to their unique catalytic properties.
Different from the traditional particles, the catalytic performance of SACs is highly
dependent on their low-coordination environment, quantum size effects and metal-support
interaction. Recently, several methods have been developed for the preparation of SACs,
including wet-impregnation method, [36] metal-organic frameworks-derived SACs (MOF-
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SACs), [37, 38] high temperature atom trapping approach [39, 40] and atomic layer
deposition method. [41, 42] In this section, we will briefly discuss the recent progress on
preparation, characterization, catalytic activity of SACs. In addition, the main advantages of
SACs as catalysts and the challenges faced for further improving catalytic performance are

also highlighted.

2.3.1  Preparation and characterization of single atom catalysts

A prerequisite for studying the electrocatalytic performance of SACs is to construct the
single atoms dispersed catalyst on the appropriate support surfaces. Fabrication of SACs,
however, has been challenging as the tendency for aggregation of metal atoms either during
the synthesis process or the subsequent treatments. During the past decade, several
approaches to construct isolated single metal sites over the surface have been reported,
including (i) wet-impregnation method; (ii) MOFs-derived SACs; (iii) high temperature atom
trapping approach; (iv) atomic layer deposition technique. Another challenge is the
approaches can be used for detecting SAs due to their unique physical and chemical
properties. Atomic resolution aberration-corrected scanning tunneling microscopy (STEM)
and X-ray absorption spectroscopy investigations are the most typical techniques for
determining SACs. Based on these developments, we summarize the detailed approaches for
the preparation of SACs. The local structural information of SACs at the atomic scale

revealed by these techniques are discussed here.
Wet-impregnation

The metal nitrides, carbides, and oxides can be used as non-carbon supports to support Pt
SAs. It was reported that Pt single atoms have been successfully immobilized on TiN,[43]
TiC,[44] MoS;[45] and FeOx[36, 46] supports. A simple incipient wetness impregnation
method was reported for the synthesis of Pt SACs on FeOx substrate by Zhang and co-
workers. [36, 47] Small amounts of Pt precursor (H2PtCle) dissolved in aqueous solution
mixed with the support precursors. The recovered solid was dried in a vacuum oven, then the
powder was calcined and reduced at high temperature under a H> flow. The Pt SAs weight
percent of the final products were 0.17-0.5 wt% determined by inductively coupled plasma

spectroscopy.
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The characterization of practical single-atom species is another important factor that hinders
the development of SACs. Recent advances in atomic resolution characterization techniques,
such as high-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM), can precisely locate the isolate metal atoms thus providing direct local structural
information about the metal species on supports. In addition, with the combination of the
state-of the art experimental techniques such as X-ray absorption spectroscopy and advanced
modeling and simulation methods in computational chemistry, more in-depth
characterizations about structures of SACs start to become accessible. Figure 2.7 shows the
detailed surface structure of Pt SAs regarding the single-atom species on various supports
obtained by the combination of X-ray absorption spectral characterizations. The HAADF-
STEM images provide direct evidence for the existence of single atoms dispersed on the
supports, but they cannot exclude the existence of nanoparticles. Extended X-ray absorption
fine structure (EXAFS) spectra provide more decisive evidence for the presence of single
atoms and the absence of NPs. Pt NPs typically show an EXAFS peak for the Pt-Pt bond at
2.6A. Pt1/FeOx, Pti/Mo0S,, Pti/TiN, and Pt1/C did not show these peaks, which means the Pt

present as the single atoms dispersed on the substrate.
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Figure 2.7. HAADF-STEM images and EXAFS spectra of Pti/FeOx (a), Pti/MoS:2 (b),
Pti/TiN (c), Pt2/C (d) to confirm the existence of isolated Pt atoms.
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MOFs-derived SACs

MOF-derived single atoms, is based on the metal-ligand interaction in anchoring isolated
atoms with designed configuration. This method is generally used for the introduction of
isolated metal atoms into functional framework in which binding sites are orderly arranged.
[49, 50] More specifically, the high porosity of MOFs and their composites is very helpful
for the fabrication of atomically active sites and effectively improves the stability of SACs.
In addition, the metal nodes of MOFs can act as anchoring sites to bind single atoms.
Furthermore, some organic linkers of MOFs may offer additional coordination sites to
connect single atoms. The loading content of isolated atoms is in direct proportion with the
binding sites, and thus high density loading of isolated atoms can be reached by preliminary

fixing of binding sites.

Ye and co-workers [51] realized the modular optimization of MOFs by incorporation of
coordinatively unsaturated single cobalt (Co) atoms into porphyrin-based MOFs. Local
coordination configuration of the Co atom upon insertion within the framework was
confirmed by EXAFS. EXAFS curve fitting analysis reveals that the coordination number of
the nearest-neighbor nitrogen atoms surrounding the isolated Co atom is 3.9 at the binding
distance of 1.95 A, confirming the square-planar configuration of Co in the newly developed
porphyrin-MOFs and the presence of unsaturated active sites of Co SAs for catalytic
reaction. Xu and co-workers [49] immobilized single Pt atoms into 2,2'-bipyridine-based
microporous MOFs (MOF-253) using modular synthetic approach. The predesigned
coordination sites are particularly well-suited for chelating of the single Pt atoms, the
chelated atoms further coordinate with chloride ion in Pt-Cl bond length of 2.301 A (resolved
by EXAFS). This work clearly demonstrates that the concept of inserting metal salts in a
porous framework can be employed successfully as a strategy for designing and constructing
new types of photocatalysts for H> production. Further studies were reported by Jiang and co-
workers using MOFs as a class of promising supports/hosts to stabilize single metal atoms
for efficient catalysis. [37, 52] A highly stable aluminum-based porphyrin-MOFs (Al-TCPP),
formulated as (AIOH)2H.TCPP (H.TCPP = (porphyrin-5,10,15,20-tetrayl) tetrabenzoate), in
which infinite AI(OH)O4 chains are interconnected by the porphyrin linkers into a 3D

microporous framework, was employed for Pt(Il) metalation into the porphyrin centers.
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Following a simple reduction, the single Pt atoms based on the strong interaction with
pyrrolic N atoms in the AI-TCPP was obtained (Figure 2.8). The spherical aberration-
corrected electron microscope observation and XAFS results unambiguously evidenced the
presence of single Pt atoms inside the MOFs. Remarkably, the resultant MOFs incorporating
with single Pt atoms exhibits an extremely high photocatalytic Hz production rate by water

splitting, far superior to that of the reference Pt NPs catalyst stabilized by Al-TCPP.
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Figure 2.8. Schematic illustration showing the synthesis of Pt single atom on Al-TCPP
for photocatalytic hydrogen production. [37] Wiley-VCH Verlag GmbH & Co. KGaA.
Copyright 2018.

Not limited to pristine MOFs, MOFs-derived porous materials can also act as hosts for the
synthesis of single atom catalysts. Using iron-acetate/phenanthroline/ZIF-8 (Fe/Phen/ZIF-8)
as precursor, Zitolo et al. [53] obtained Fe—-N-C catalysts and then investigated their
structures of the active sites for ORR. XAFS demonstrated the formation of Fe-centered
moieties in the Fe—N-C catalyst, which effectively catalyzed the four-electron reduction of
oxygen to water based on the highly basic N-groups formed during the pyrolysis in NH3
atmosphere. Wu, Shao and coworkers [54-56] developed a chemical doping approach to the

synthesis of single-atom Fe catalyst by choosing Fe-doped ZIF-8 as a precursor. The catalyst
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exhibited remarkable ORR performance in 0.5 M H>SO4 media. These findings would open
an important approach to the synthesis of single-atom metal catalysts based on MOFs

precursors.
High temperature atom trapping

Atom trapping should be broadly applicable as a method for preparing single-atom catalysts.
The approach requires a supply of mobile atoms and a support that can bind the mobile
species. In the atom trapping process, the thermal transport from bulk particles to the
dispersed atoms is realized using a simple model system. The isolated metal was thermally
transported from a bulk metal to support surface by heating together in air. [57] The catalyst
supports have been shown to stabilized Pt in the form of isolated atoms. For example, penta-
coordinated AI** sites on alumina [58], FeOx, [36] and the (111) surface of MgAl,O4. [59]
However, when these catalysts are aged at 800°C in air, the formation of layer crystalline Pt
NPs can be detected. Single atoms on catalyst supports can be mobile and aggregate into NPs
when heated at elevated temperatures. High temperatures are detrimental to catalyst
performance unless the mobile atoms can be trapped. Datye and coworkers [39] used ceria
(CeO2) powders having similar surface areas but different exposed surface facets as support
to trap Pt single atoms under 800°C high temperature in air. When mixed with a Pt/aluminum
oxide catalyst and aged in air at 800°C, the Pt transferred to the CeO and was trapped. As
shown in Figure 2.9, under oxidizing conditions and at high temperature, certain metal such
as Pt can be emitted as volatile (PtO2) molecules. If these molecules are captured by the
surfaces of another CeO2 support which stabilize the metal-containing molecule then metal
single atoms can be uniformly dispersed onto the support surfaces to produce a SAC.
Polyhedral CeO, and nanorods were more effective than CeO cubes at anchoring the Pt.
Performing synthesis at high temperatures ensures that only the most stable binding sites are
occupied, yielding a sintering-resistant, atomically dispersed catalyst. Surface species such as
hydroxyls and carbonates, which could prevent the trapping of mobile species, would have
desorbed at high temperatures, providing a clean surface for the formation of covalent metal
oxide bonds that are needed to stabilize single atoms. Trapping of atoms affords a plausible
explanation for the role of ceria in slowing the rates of Ostwald ripening and may help to

explain how other supports modify the rates of catalyst sintering.
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Figure 2.9. lllustration of Pt NPs sintering, showing how ceria can trap the mobile Pt to
suppress sintering. Cubes appear to be less effective than rods or polyhedral ceria. [39]
Reprinted by permission from Science. Copyright 2016

Atomic layer deposition (ALD)

ALD, relying on sequential self-terminating reactions between a solid surface and gas phase
precursor molecules, is a cyclic process. [60, 61] The self-limiting nature of the chemical
reactions makes it possible to precisely control over size of the deposited materials at the
atomic level. Generally, one complete ALD cycle contains two half reactions (as shown in
Figure 2.10a). In the first half reaction, the first precursor reacts with all available active sites
(functional groups or defect) on the substrate, in which a fraction of ligands of the precursor
are partially removed. Then residue of the first precursor and reaction by-products are purged
away with an inert gas. In the second half reaction, the reactant precursor reacts with the
adsorbed precursor on the substrate to get the target material by removing the remaining
ligands of the first precursor. In this reaction, it is very important to regenerate active sites on

the surface of deposited materials for the next cycle deposition. The residuals of the second
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precursor and by-products are purged with an inert gas and complete the reaction cycle. The
desired material size can be achieved by controlling the deposition cycles number. Based on
sequential and self-limiting reactions, ALD is capable to produce a variety of materials from

noble metals to metal oxides with precise control at the atomic level.

Sun et al. reported the preparation of single-atom Pt immobilized on graphene nanosheets or
nitrogen-doped graphene nanosheets by using ALD. [41, 42] The graphene nanosheets were
prepared by the oxidation of graphene, thermal exfoliation, and reduction. Nitrogen was
added as a dopant by post-heating the graphene under ammonia at 900 °C. Then, Pt was
deposited by ALD via using (methylcyclopentadienyl)trimethylplatinum ([MeCpPtMes]) and
O2 as the precursors. The deposition temperature was 250 °C. The size, morphology, and
loading density of Pt over graphene can be well controlled by simply tuning the cycles of
ALD. As shown in Figure 2.10b, single-atom Pt was clearly observed on the support of N-
doped graphene nanosheets. The constructed SAC produces greatly enhanced catalytic
performance and comparable with that of commercial Pt/C catalyst. As a method for
synthesizing better-controlled SACs for fundamental study, it is anticipated that ALD can
become a powerful tool for studying the structure—performance relationships of supported
metal SACs.
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Figure 2.10. Schematic illustrations of Pt ALD mechanism on graphene nanosheets (a).
HADF-STEM images Pt configurations on N-doped and pristine graphene (b). [42]
Reprinted by permission from Macmillan Publishers Limited, Nature Communications.
Copyright 2016.
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2.3.2  Electrocatalytic performance of single-atom catalysts

Single-atom catalysts, in which metal atoms are dispersed on the support without forming
NPs, have extremely high atom utilization efficiency, which makes them highly active
catalysts for several catalytic reactions. The SACs have been proven to be highly efficient
catalysts for several electrochemical reactions, including methanol oxidation reaction
(MOR), hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR). SACs
have shown high activity, minimizing the use of precious metal, and unique selectivity
distinct from nanoparticle catalysts owing to the absence of ensemble sites. Recent progress
of SACs composed of precious and non-precious metals for use in electrochemical reactions

are summarized and discussed.
Oxygen reduction reaction (ORR)

The big challenge for the widespread adoption of PEMFCs is their large use of scarce Pt
catalyst, which is required especially at the cathode for the ORR owing to its sluggish
kinetics. For the ORR process, two different pathways: two-electron pathway (O2 + 2H" + 2¢°
— H202; E=0.70 V) and four-electron pathway (O; + 4H* + 4e- — H,0; E=1.23 V), were
demonstrated on single atom Pt catalysts. The support plays a significant role for the
selective catalytic reaction route and final product. For instance, the single Pt atoms on
sulfur-doped zeolite-templated carbon support could selectively transfer the Oz to H20:
through a two-electron pathway, [62] while single Pt atoms on nitrogen-doped carbon black

exhibited great performance for highly efficient 4-electron ORR. [48]

Pt/TiN [43] was used as electrocatalyst to reduce O2 and produce H>O> with mass activity
higher than Pt NPs. It was found that the single-atom Pt with content of 0.35 wt% on TiN
substrate exhibited the high selectivity towards H>O,. The H>O, oxidation currents were
surprisingly high, and the H2O- selectivity reached 65% (Figure 2.11a). Single-atom Pt
immobilized on a sulfur-implanted carbon matrix, was used for the ORR with a two-electron
pathway. [62] The newly constructed sulfur-doped carbon matrix enabled the stabilization of
isolated Pt atoms in high loading content of 5.0 wt%. when turns to the oxygen reduction, the
Pt SACs on sulfur-doped carbon could produce H>O, with a very high selectivity of
approximately 95% (Figure 2.11b). The density functional theory (DFT) calculations showed
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that single-atom Pt would be ligated by two thiophenes and two thiolates. When the
elementary steps for the ORR were calculated, it was found that the two-electron pathway
was kinetically favored. It is notable that the support stabilized the single Pt atoms
participates in the surface reaction, thus affecting the selectivity.
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Figure 2.11. (a) HAADF-STEM image of Pt1/TiN, electrochemical ORR polarization
curves and H20: selectivity curves obtained for the Pt/TiN with various Pt loading. [43]
Wiley-VCH Verlag GmbH & Co. KGaA. Copyright 2016. (b) HAADF-STEM image
proposed atomistic structure and ORR activities of the Pti/sulfur-doped carbon
catalyst. [62] Reprinted by permission from Macmillan Publishers Limited, Nature
Communications. Copyright 2016.

The two-electron pathway produces H>O» with less electricity generation; thus, this is an
undesired reaction at the cathode. However, the O-O bonds are usually cleaved on Pt
ensemble sites, making Pt SACs less than ideal for the ORR with four-electron pathway.
There should be neighboring sites to the single-atom Pt to break the O-O bonds. Liu et al.
reported that Pti/N-doped carbon black can be used as a high-performance and durable
electrocatalyst towards efficient four-electron ORR. [48] Although they did not report the
specific mass activity for the ORR, the high half-wave potential of 0.76 V vs. RHE indicates
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the much higher catalytic activity of Pti//N-doped carbon for ORR compared with that of
commercial Pt/C (Figure 2.12). This study implies that the catalytic activity of Pt single
atoms for ORR could be triggered tremendously by the doped-N atoms to a high level due to
the synergetic effect between nitrogen dopant and Pt single atoms, which contribute to a
four-electron ORR pathway with a much lower H>O> yield compared with the Pti/C. The
density functional theory (DFT) calculations indicate that the single-pyridinic-nitrogen (P-
N)-atom-anchored single Pt atom centers are the main active sites, which are not only highly

active for ORR but also are tolerant to CO and methanol.
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Figure 2.12. Physical characterization of HAADF-STEM images (a) and the k?-
weighted R-space FT spectra from EXAFS (b) for Pti/N-carbon. electrochemical ORR
activity (c) and durability (d) of Pti/N-carbon. [48] Reprinted by permission from
Macmillan Publishers Limited, Nature Communications. Copyright 2017.

Hydrogen evolution reaction (HER)
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Hydrogen evolution through electrocatalytic reduction of water holds great promise for clean
energy. The conductive substrate immobilized single-atom Pt catalyst is reported as an

advanced HER catalyst.

Bao et al. first illustrated that the electrocatalytic HER activity of in-plane sulfur (S) atoms
from MoS> can be enhanced by decorating isolated Pt single-atom. Sub-angstrom resolution
HAADF-STEM images confirmed that isolated Pt atoms homogeneously distributed in the
2D MoS:> plane, and the magnified domain verified that isolated Pt atoms exactly occupy the
positions of the Mo atoms (Figure 2.13a). Compared with pure MoS,, Pt:/MoS; produces a
greatly boosted hydrogen evolution activity in the HER process. The enhanced catalytic
activity of the in-plane S atoms of MoS; was triggered by single-atom Pt doping, whereas the
HER activity of MoS; sheets typically originate from edge sites. It was found that the density
of states of an in-plane S atom in Pt-doped MoS was similar to that of an edge S atom in
pure MoS;. Single-atom Pt itself was not an active site, and instead, the adsorption strength
of hydrogen species on the in-plane S sites neighboring the Pt atoms were tuned to have a
much higher HER activity and durability. Further DFT calculation confirmed that the
activated in-plane S sites which neighboring the doped Pt atoms show modified free energy

for hydrogen adsorption.

Sun and co-workers reported on the practical synthesis of isolated single Pt atoms on
N-doped graphene using ALD, as shown in Figure 2.13b. [42] The single Pt atom catalysts
have been investigated for the HER, where they exhibit significantly enhanced catalytic
activity (up to 37 times) in comparison to the state-of-the-art commercial Pt/C catalysts.
Thanks to the strong bonding energy between Pt and nitrogen doped graphene, the activity of
the catalysts dropped only 4% after 1,000 cycles, indicating a high durability. Through the
synchrotron radiation and DFT analysis, it was determined that the interaction between the
metal atoms and the support played a vital role in the stabilization of single Pt atom.
First-principles calculations showed that the interaction between single Pt atoms and
N-dopants was about 5.3 eV, which is approximately 3.4 eV larger than the bonding strength
between Pt atoms and the graphene substrate; thus, suggesting that Pt prefers to bind with
N-doping sites. The strong bonding interaction of Pt;-N dopants promotes the high stability

of Pt single atoms during the potential cycling.
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Figure 2.13. (a) HAADF-STEM images of Pti/MoS2 showing the Pt atoms occupying the
positions of Mo atoms. HER activity and durability measurement of Pti/MoS2 and
counterparts catalysts. (b) HER activity, durability curves and HAADF-STEM image of
Pt1/N-doped graphene prepared by ALD. [42] Reprinted by permission from

Macmillan Publishers Limited, Nature Communications. Copyright 2016

2.3.3 Perspectives of Pt single atoms catalyst

Up till now, the initial active sites of single-atom catalysts for the enhanced mechanism is
still unclear. More fundamental studies should focus on the influence of support on the
performance of single atom catalysts, which might provide systematic understanding of the
interactions between the SAC and supports. In addition to electrochemical catalytic reactions,
the single atom Pt/CeQ> catalyst exhibited a remarkable activity towards CO oxidation.[63]
The single atom Pd/graphene catalysts obtained through ALD showed 100% butene
selectivity in selective hydrogenation of 1,3-butadiene.[64] To further enhance the activity,
the rational design of SACs with multiple compositions should be explored in the future,
because bimetallic catalysts can exhibit improved performance compared to the pure
metals.[65] By using the ALD method, the fabrication of bimetallic dimers is feasible
through deposition of the secondary metal atom on the first single atomic metal. With the
formation of dimer structures, the electronic structure of SAC could be tuned, which would

further increase the activity of SACs to a new level.
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The metal loading is usually very low due to the issues associated with agglomeration during
the preparation process. Therefore, further improve the preparation techniques to achieve
high loading of SACs is still challenge for their future commercial application. Furthermore,
the selectivity of substrates is important for the dispersion of single atoms. Recently, Zeng et
al. [66] found that the mass loading of singe Pt atom catalysts can reach up to 7.5% on MoS:.
In addition to the low loading issues, another key parameter for the SACs is the durability of
the catalysts during the catalytic reactions. Single atom catalysts are highly mobile and tend
to aggregate during the catalytic reactions due to high surface energy of SACs. The
interaction between SAC and substrate plays an important role for their stability. Several
studies have shown that nitrogen-doped carbon black, graphene and nitrogen-doped graphene
can form a strong coordination site with metal atoms, thus observably improved their
stability. However, the single atoms still tend to aggregate on traditional substrates. More

studies should focus on the development of effective routes to stabilize the catalysts.

2.4 MOFs-derived nanomaterials for electrocatalysis

241 Introduction of MOFs

Nanostructured materials such as porous carbon, assembled metal/metal oxides nanoparticles
(NPs), and their composites have been intensively studied in the field of electrocatalysis.[67-
71] Metal-organic frameworks (MOFs), as precursor and/or template for designing these
porous nanomaterials, have become a rapidly expanding research area in last two
decades.[72, 73] As their name suggested, MOFs are constructed of coordination bonds by
interconnecting metal ions and organic ligands to form the three-dimensional (3D) networks.
The organic linkers are enormously diverse and have a variety of configurations. The vast
number of metal ions and organic linkers available as well as their diverse assemblies have
led to more than 20,000 MOFs being reported. [74] In addition to their adjustable
compositions, another distinctive advantage of MOFs is their uniform pore size/shape and
high specific surface area in contrast to traditional microporous and mesoporous materials.
The pore size of MOFs can be adjusted from several angstroms to few nanometers, [75, 76]
which allows the accessibility of reactants and products with specific size, endowing the
selective catalysis of MOFs. Moreover, the high specific surface area (BET, usually>1000

m?-g%, up to 7000 m?-g't) favors the absorption and enrichment of reactant molecules around
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the active sites, further benefiting the enhancement of catalytic activity. Therefore, MOFs-
based nanomaterials being special solid catalysts are very promising, especially in

fundamental electrocatalysis.

The remarkable advantages of MOFs-based materials in catalysis mainly arise from the
inherent properties of MOFs precursor: MOFs possess high-density and uniform dispersion
of active sites; high porosity that render all active sites readily accessible; open channels that
greatly facilitate the transport and diffusion of reactants and products. Therefore, MOFs
effectively integrate the advantages of heterogeneous catalysts with high reaction efficiency.
However, the catalytic active centers involved in pristine MOFs are usually limited to the
coordinatively unsaturated metal sites or the active group located on nonconductive organic
ligands. These situations limit MOFs to a certain scope of electrocatalytic reactions.
Fortunately, this challenge can be alleviated by two approaches: (i) functionalized
modification-it is possible to converse the metal ions/cluster into metal/metal compound
particles while carbonizing organic linker into conductive carbon support by the post-
treatment modification. (ii) pore encapsulation-MOFs can incorporate a variety of catalytic
active species into their pore space and behave as nanoreactor to host catalytic reactions. [77-
79] The obtained nanocomposites derived from MOFs precursors with high surface area and

dispersed active sites, were found to be important in electrocatalysis.

Generally, electrocatalysis is mainly challenged by either one or a few factors of poor
catalytic activity, poor stability, and low conductivity. MOFs and their derivatives are
suitable for highly efficient electrocatalysis due to their advantages of structural diversity and
nearly infinite designability. In this section, detailed design and recent progress of MOFs-
derived nanomaterials as electrocatalysts for ORR, hydrogen evolution reaction (HER),

oxygen evolution reaction (OER) are described.

2.4.2  MOFs-derived electrocatalysts for ORR

The performance of electrocatalysts has become the limiting factor in most of the promising
electrochemical energy conversion systems. ORR has been viewed as one of the most
fundamentally and technologically important electrochemical reactions for fuel cells and
lithium—air batteries. Although Pt-based catalysts are regarded as the most effective
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electrocatalysts for promoting the ORR, their scale-up is still a big challenge due to the high
cost, scarcity and poor stability of Pt catalysts. Bearing this in mind, extensive efforts have
been devoted to developing alternative electrocatalysts for ORR. In recent years,
considerable MOFs-derived nanomaterials such as monometal-MOFs, bimetal-MOFs,
supported-MOFs composite, have been widely investigated and indicated advanced catalytic

activity and durability for ORR.
Monometal-MOFs-derived electrocatalysts for ORR

Among the large variety of MOFs, transition metal-based MOFs, such as Co, Fe, or Zn, are
the most investigated and widely used precursors for fabrication of non-precious metal
catalysts. Their derived porous materials have been demonstrated to be effective
electrocatalysts for ORR. Taking Co-MOF as an example, Liu and co-workers [80] used Co-
ZIF as precursor for preparing non-precious metal electrocatalysts in 2011. Upon a facile
pyrolysis under inert atmosphere at 750°C, the Co atoms and imidazole ligands from Co-
MOFs can be converted into Co NPs and porous N-doped carbon respectively, resulting in a
highly dispersed Co-Nx-C hybrid. Working as electrocatalyst, the Co-Nx-C displayed decent
ORR activity, as noted by the positive onset potential of 0.83 V vs. RHE and the rapid
increase of the cathodic current. Additionally, the electron numbers over this Co-Nx-C
catalyst were found of 3.3-3.6, suggesting a dominative four-electron transfer process with

certain peroxide formation.
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Figure 2.14. (a) Schematic illustration of preparation of CosSs@NS-C; TEM images of
as-prepared CosSs@NS-C; ORR curves of CosSs@NS-C and comparative catalysts.
[81] Wiley-VCH Verlag GmbH & Co. KGaA. Copyright 2016. (b) Schematic
representation for the preparation of the Fe/N-GPC catalyst; TEM images of Fe/N-
GPC; ORR curves of Fe/N-GPC. [82] American Chemical Society. Copyright 2017.

To further enhance the catalytic activity of MOFs-derived nanostructures for ORR, the
introduction of hierarchical pores and incorporation of active doping sites into the carbon
frameworks by forming an enhanced synergetic effect are highly demand. Recently, Zhu and
co-workers [81] reported the construction of a honeycomb-like porous carbon (NS-C)
immobilized cobalt sulphide NPs (CoS) nanocomposite derived from MOFs precursor. An
aluminium-based MOFs (MIL-101-NH2) was selected as a host for the encapsulation of
thiourea and cobalt chloride to form the catalyst precursor. Unexpectedly, the subsequent
carbonization underwent an intriguing morphology-controlled process, which lead to the
unique honeycomb-like N/S-co-doped porous carbon with CogSg NPs entrapment inside (as
shown in Figure 2.14a). The resultant CosSs@NS-C electrocatalyst exhibits the high catalytic
activity toward ORR with an onset potential of 0.05 V and half-wave potential of 0.17 V (vs.
Ag/AgCl), which are comparable to those of Pt/C (0.04 and 0.15 V vs. Ag/AgCl). The high
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current density compared to Pt/C indicated the advantages of its unique open architecture.
Highly dispersion of the guest precursors (thiourea, cobalt chloride) inside of MOFs pores
contribute to the uniform distribution of the active species within the carbon matrix, which
significantly promote the catalytic performance of CogSs@NS-C during ORR. Moreover, the
Co9Ss@NS-C catalyst exhibited outstanding stability with only a slight activity loss (<10%)
over 20000s, which ascribe to the graphitic layers coating form in CogSs@NS-C
nanocomposite that effectively prevent the catalyst corrosion and thus promise the long-term
stability. Later, they constructed a new type of atomically dispersed Fe/N-doped hierarchical
carbon architecture, achieving simultaneous optimization of catalysts material in both
porosity and surface functionality. [82] The combination of hierarchical pores with the
atomically dispersed Fe/N doping species would develop more accessible active sites and
facilitate mass diffusion, and thus leading to the enhanced catalytic performance in the
resultant materials. Consequently, the resultant catalyst of Fe/N-doped graphitic porous
carbon (Fe/N-GPC) with 1.1 wt % Fe and 3.3 wt % N incorporation, achieved the more
positive onset potential of -0.01 V, high half-wave potential of -0.13 V (vs. Ag/AgCl), and
long-time durability (Figure 2.14b) in alkaline media, which exceed the performance of the
Pt/C catalyst, suggesting a superior ORR catalytic activity of Fe/N-GPC. Furthermore, a high
ORR catalytic activity of Fe/N-GPC in 0.5 M H2SO4 an acid electrolyte was also investigated
in this work. The unique morphology and atomically dispersed active sites with a strong
synergetic effect enable the MOFs-derived catalyst a highly efficient ORR activity.

Bimetal-MOFs-derived electrocatalysts for ORR

MOFs crystals precursor containing sole transition metal sites typically generate a large
amount of metal agglomerations during the high temperature synthesis, which results in low
active surface area and limited ORR activity. Designing a bimetal-MOFs simultaneously
containing both an active metal (e.g., Co and Fe) and an inactive metal (e.g., Zn and Al)
would be more desirable to achieve high surface area and uniform distributed active sites on
the skeleton of MOFs matrix.

Bimetal Co/Zn MOFs crystals (ZIF-67/ZIF-8) can be prepared by mixing the Co?* and Zn?*
salts together with 2-methylimidazole in the MOFs synthesis (Figure 2.15a). During high

temperature pyrolysis, ZIF-8 component yield nitrogen-doped carbon with high surface area,
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while ZIF-67 generate Co/N/C active sites which were encapsulated inside the porous
carbon. This strategy well integrates the advantages of both ZIF-8 and ZIF-67, which was
widely used for designing the conductive nanocarbon support bimetal catalyst NPs. You et
al. [83] investigated Co®* and Zn?* in various ratio to synthesis Zn/Co-ZIF bimetal-MOFs,
which was used as precursor for producing self-supported Co/N/C nano-polyhedrons as
electrocatalyst for ORR. It was revealed that the presence of Zn species not only serve as
spatial isolation for Co sites to suppress their sintering during pyrolysis, also promote the
high surface area and porosity in the resultant catalysts due to the removal of Zn species. By
altering the molar ratio of Zn vs. Co from MOFs precursor, the derived Co NPs size and
overall surface area of Co/N/C after pyrolysis can be precisely controlled. An increase of Zn
in the MOFs crystals resulted in an increased BET surface area from 270 m?.g? to 2148
m?-g%, but decreased graphitization in corresponding catalysts. Due to the balance between
surface area, nitrogen content, and dispersed Co/N active sites, the optimal ORR activity was
achieved from Zno sCoo.2(MelM), framework (80 mol% Zn?*, 20% mol Co?*) yielding a half-
wave potential of 0.871 V (30 mV more positive than that of Pt/C, 0.841 V vs. RHE), and a
kinetic current density of 39.3 mA.cm~2 at 0.80 V (3.1 times that of Pt/C, 12.4 mA.cm ) in
0.1 M KOH (Figure 2.15a). Moreover, this bimetal-MOFs derived Co/N/C also exhibited

excellent ORR activity and stability in acidic and neutral electrolytes.

02 04 06 08 10
E (Vvs RHE)

Figure 2.15. (a) Hlustration of bi-metal-MOFs self-adjusted synthesis of Co/N/C; SEM
and TEM images of Co/N/C derived from bi-metal-MOFs; electrocatalytic ORR
performance of Co/N/C and Pt/C in different PH media. [83] American Chemical
Society. Copyright 2015 (b) Hlustration of the formation of Co SAs/NC; TEM and

HAADF-STEM images of Co SAs/NC; ORR polarization curves of Co SAs/NC and
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comparative catalysts in Oz-staurated 0.1 M KOH. [84] Wiley-VCH Verlag GmbH &
Co. KGaA. Copyright 2016 (c) Schematic illustration of the formation of FesC@NCNT
assembly; SEM, TEM images of FesC@NCNT; ORR activity and durability of
FesC@NCNT electrocatalyst. Reproduced from [85] Royal Society of Chemistry.

By accurate control the bimetal composition and post-treatment, the active metal size can be
down to single atom level, thus enabling the maximum atomic utilization in electrocatalysis.
Recently, a similar bi-metal CO/Zn strategy was developed for achieving stable Co single
atoms on N-doped porous carbon with high metal atoms loading over 4 wt%. [84] The
mechanism of synthesis process is proposed in Figure 2.15b. During the carbonization
process, the organic ligands are pyrolyzed into N-doped porous carbon while the metal ions
are reduced to Co by the generated carbon. The presence of Zn between the adjacent Co
atoms, can effectively prevent the formation of Co-Co bonds under high temperature, which
guarantee the highly dispersed Co single atoms. When the molar ratio of Zn/Co is higher than
1:1, Co single atoms/nitrogen-doped porous carbon (Co SAsS/NC) can be obtained after the
evaporation of Zn. The HRTEM images and EXAFS analysis for Co confirm that there are
only highly dispersed atomic Co/N/C sites embedded into porous and graphitized carbon,
instead of the formation in inactive metallic aggregates embedded in graphitized carbon. The
atomic Co catalyst with remarkably enhanced activity and stability holds a great promise as

high-performance next-generation catalyst for PEMFCs.

Besides Zn/Co bimetal MOFs precursor, the dual Zn/Fe-MOFs is another class of precursor
for preparing the important Fe/N/C catalyst. Guan and co-workers [85] developed a bimetal-
MOFs pyrolysis strategy to obtain iron carbide nanoparticle-embedded N-doped carbon
nanotube assembly (FesC@NCNT) as an efficient ORR electrocatalyst (Figure 2.15c).
Unlike the conventional single MOFs precursor, the synthetic strategy relies on a composite
precursor with two distinct MOFs: iron-based MOFs (MIL-88) nanorods embedded in the
Zn-based ZIF-8 host. The introduction of the MIL-88 guests into the ZIF-8 host as co-
precursors ensures the homogeneous formation of MIL-88 nanorods and favors the synthesis
of small FesC nanocrystals-embedded NCNTSs. In addition, the carbonization confined within
the carbon matrix derived from organic ligands can effectively alleviate the aggregation of

FesC nanocrystals. Combined the merits of uniform dispersed FesC nanocrystals as well as
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the porous N-doped carbon matrix, the as-synthesized FesC@NCNTs assembly present
superior catalytic activity for ORR with 4-electron process in alkaline media. In detail, the
half-wave potential of FesC@NCNTSs assembly exhibit 20 mV positive shift compared to
Pt/C, as well as remarkable long-term stability and methanol tolerance.

MOFs/composite-derived electrocatalysts for ORR

Coating the desired MOFs crystals onto functionalized/pre-treated substrate surfaces can
provide an alternative avenue for further development of MOFs-derived electrocatalysts.
Embedding MOFs nanocrystals onto various novel substrates (e.g. carbon cloth, cellulose
aerogel, carbon nanotube, graphene) to construct remarkable active materials with large
surface area and good conductivity have been extensively studied and further developed for
electrocatalysis. For example, Xia and co-workers [86] developed a graphene aerogel
assisted approach to convert bulk Co-based MOFs crystals into monodispersed metal oxide
(Co304) hollow nanoparticles. In a typical synthesis process, N-doped graphene hydrogel
was first prepared, then the Co-MOFs polyhedrons were in situ grown on N-doped graphene
sheets by immersing the hydrogel in MOFs precursors, finally the MOFs loaded hydrogel
was dried and thermally activated to obtain the Co030s hollow NPs-embedded N-doped
graphene aerogels (Co304/NG-A) (Figure 2.16a). It is interesting to find that the as-obtained
C0304 NPs with uniform size of 35 nm were successfully dispersed in N-doped graphene
aerogels. Also, the CosO4 NPs with hollow structures display highly defective surface with
rich edges and corner sites, which potentially makes the Co304/NG-A a novel catalyst. Serve
as a new electrocatalyst, the Co304/NG-A indicated a high onset potential of 1.019 V (vs.
RHE) for ORR, which is much more positive than that of comparative materials. The
halfwave potential is almost identical to that of Pt/C. The Coz04/NG-A catalyst demonstrated
the high kinetic current density of 32.5 mA-cm2 at 0.750 V, which is 3.3 times larger than
that of the Pt/C catalyst, revealing the higher intrinsic catalytic activity of the Coz04/NG-A.
In addition to the high catalytic activity, Co304/NG-A also exhibited remarkable stability for
ORR catalysis. Recorded as a more than 82% current retention over 30,000 s of continuous
operation at 0.76 V and no negative shift of halfwave potential after 3000 ADT potential

cycles.
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Figure 2.16. (a) Schematic of the formation process of CoOx/NG-A; STEM image of
CoOx/NG-A and EDS profile of CosO4 NP; ORR activity and durability of CoOx/NG-A
in 0.1 M KOH. [86] American Chemical Society. Copyright 2017. (b) SEM, TEM
images and elemental mapping of MSZIF-900; electrochemical performance of the
MSZIF-900 catalyst for ORR, HER, OER. [87] Wiley-VCH Verlag GmbH & Co.

KGaA. Copyright 2015.

Inspired by the rapid development of MOFs-derived materials in electrocatalysis, an efficient

multifunctional catalyst with respectable electrochemical performances suitable for broad
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application is undoubtedly needed. Most recently, Jia et al. [87] presented a method for the
scalable fabrication of 3D hierarchical architectures by pyrolysis of a ZIF-67 thin film coated
3D macroporous polymeric substrate. HRTEM images indicated the as-prepared melamine
sponge-ZIF-900 (MSZIF-900 derived under 900°C) characterized with finely distributed Co
NPs located in the apex of ordered NCNTSs (Figure 2.16b). X-ray photoelectron spectroscopy
(XPS) indicate the well-graphitized carbon layers intimately interact with entrapped Co
species, leading to the occurs of electron transfer between NCNTs and Co NPs. In terms of
the electrocatalytic performance, MSZIF-900 displays a more positive onset potential (0.91V
vs. RHE) and half-wave potential (0.84V vs. RHE) as well as a larger diffusion-limited
current density (5.0 mA.cm?) than the other MOFs-based materials. Together with the
remarkable performance in alkaline media, MSZIF-900 demonstrated decent ORR activity in
acidic media. The satisfactory performance of the MSZIF-900 catalyst arises from its unique
hierarchical structure. The NCNTSs provide good conductivity and Co species are active to
capture reactants ensuring the rapid mass transport for ORR. Besides the encouraging
activity for ORR, MSZIF-900 exhibited an excellent HER activity, as noted by the rapid
increase of the cathodic current density at low overpotential, reaching a geometric current
density of 10 mA.cm™ at an overpotential of only about 233 mV (Figure 2.16b). In addition
to the ORR and HER electrocatalytic activities, the MSZIF-900 catalyst also displayed an
impressive performance for OER. In 1.0 M KOH, the MSZIF-900 electrocatalyst exhibited
an overpotential of 337 mV to reach a current density of 10 mA-cm2 for OER, reflecting a
higher activity than other contrast materials. The density functional theory calculations for
the OER mechanism further highlight the synergetic coupling between the cobalt metal and
nitrogen-doped carbon in generating a favorable surface electronic environment and

consequently promoting the electrochemical performance.

2.4.3 MOFs-derived electrocatalysts for HER

Electrochemical splitting of water into hydrogen and oxygen has been considered as a highly
desirable approach to produce hydrogen to store light or electric energy in the form of
chemical bonds. The water-splitting reaction can be divided into two half-reactions: the
hydrogen evolution reaction (HER; 2H* + 2e- — H>) and the oxygen evolution reaction
(OER, H20 — 1/20, + 2H" + 2¢"), both of which are crucial for the overall efficiency of
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water splitting. Despite of the intense efforts devoted to this field, state-of-the-art HER
electrocatalysts still rely on Pt-based materials. Therefore, the search for low-cost non-noble-
metal electrocatalysts with high catalytic activity remains a big challenge. To address this
issue, it has been found that some MOFs-derived metal/metal compound-carbon exhibit large

potential in boosting HER.

Transition metal phosphides have got tremendous attention as attractive catalysts for HER
due to appropriate hydrogen adsorption free energy (AG H *), high activity and durability.
Among the existing myriad of transition metal phosphides, cobalt phosphide (CoP) has been
identified as a promising candidate for HER as compared to iron, copper, nickel, and
tungsten phosphides. A typical example of using MOFs as a new class of precursors for
preparing CoP-based electrocatalysts was reported by Zou et al. [88] In their study, a novel
bottom-up strategy for synthesis of CoP NPs encapsulated boron- and nitrogen-co-doped
carbon nanotubes (CoP@B/N-CNTs) as HER electrocatalyst was reported. As shown in
Figure 2.17a, two key steps were applied for the preparation of CoOP@B/N-CNTSs, which are
based on the pyrolysis and phosphating. ZIF-67-derived Co NPs encapsulated in B/N-CNTs
was fabricated first via the pyrolysis process. Then phosphorous acid was used as a second
precursor to phosphating of Co@B/N-CNTs and as a result the CoP@B/N-CNTs composite
was obtained accompany with Co converted into CoP NPs. The SEM and TEM images
depicted that the CoP NPs of 25 nm in size were uniformly distributed inside of B/N-CNTSs.
As an electrocatalyst for HER, the CoP@B/N-CNTs exhibits large current density of 100
mA.cm™ and low overpotential of 87, 215 and 122 mV in acidic, basic and PBS solution,
respectively. Moreover, this novel CoP@B/N-CNTs catalyst shows outstanding stability for
more than 8 h at different electrolyte with various PH. The excellent electrocatalytic
performance of CoP@B/N-CNTs is attributed to the synergistic structure between the CoP
NPs and heteroatom-doped carbon support. The dopants of B/N on the graphitic nanotubes
already enlarges the catalytic surface area, when encapsulation of CoP NPs into B/N-CNTs
cavity, the novel composite structure will not only produce the high density of active sites to
enhance the HER performance, but also prevent the agglomeration of CoP with neighboring
NPs which promise the high stability. Afterward, a similar MOFs-routed strategy was also
proposed for the preparation of CoP NPs encapsulated in N-doped nanocarbon with ZIF-9 as

metal precursor (Figure 2.17b). [89] The as-prepared nanohybrid not only exhibited superior
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HER catalytic performance in acid solution but also could behave as an electrocatalyst for
HER in alkaline solution with great efficiency and long-term durability. Interestingly,
experiments and theoretical calculations reveal that the carbon atoms adjacent to N dopants
on the shells of CoP@NC are active sites for hydrogen evolution. Moreover, CoP and N
dopants synergistically optimize the binding free energy of H* on the active sites, which

results in an outstanding electrocatalytic HER activity.
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Figure 2.17. (a) Schematic illustration for the fabrication of CoOP@BCN nanotubes;
TEM image of COP@BCN nanotubes; HER activity and stability of CoOP@BCN
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nanotubes in 0.5 M H2SO4 solution. [88] Wiley-VCH Verlag GmbH & Co. KGaA.
Copyright 2017. (b) Schematic illustration of the synthesis of COP@NC; HER activity
and stability of COP@NC in 0.5 M H2SO4 solution. [89] American Chemical Society.
Copyright 2017.

In addition to Co-based electrocatalysts, MOFs-derived other transition metals and
compound NPs encapsulated in a carbon matrix were also investigated for HER recently. For
example, Wu et al. [90] developed a MOFs-assisted strategy for synthesis of nanostructured
MoCx nano-octahedrons as a highly active electrocatalyst for HER. Starting from a
composite precursor consisting of Cu-based MOFs host and Mo-based polyoxometalates
guest, mesoporous MoCx nano-octahedrons are successfully prepared through a pyrolysis
and Cu-etching process. Benefiting from the porous and ultrafine nanocrystal structure, the
as-proposed MoCx nano-octahedrons exhibit remarkable electrocatalytic activity
performance. Figure 2.18a shows the electrocatalytic activity and durability performance of
the MoCx nano-octahedrons in both acid and basic conditions. In acid media, the MoCx
electrocatalyst shows a small onset potential of 25 mV beyond which the cathodic current
increases rapidly. To achieve current densities of 1.0 and 10 mA.cm?, the MoCx
electrocatalyst requires very low overpotentials of 87 and 142 mV (vs. RHE), respectively. In
basic condition, the MoCx electrocatalyst outperforms the Pt/C catalyst with rapidly rising
cathodic current. Small overpotentials of 92 and 151 mV (vs. RHE) are required for the
MoCx nano-octahedrons to drive 1.0 and 10 mA.cm™, respectively. Additionally, in order to
further enhance the conductivity and electrocatalytic activity of MOFs-derived particles,
Tang and co-workers [91] incorporated graphene oxide (GO) as an excellent conductive
substrate to fabricate a GO supported POMOFs/GO composite. Due to the polyoxometalate
(POM) is rich of phosphorous (P) which present opportunity to doping P atoms in the
resultant product from POMOFs/GO. As expected, they got the target hybrid material
consisting of Mo-oxide, P-doped porous carbon (PC), and reduced graphene oxide (rGO)
substrates (MoO.@PC-rGO) by carefully controlling the pyrolysis of POMOFs/GO
precursor (as shown in Figure 2.18b). The MoO.@PC-rGO nanocomposite displays a
remarkable HER activity with small onset potential of about 0 mV, a low Tafel slope of 41
mV.dec™, a high exchange current density of 4.83 x10* A.cm™, and long-term stability in

acidic media. The superior activity is owing to the synergistic effects among highly
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dispersive MoO: particles, P-doped porous carbon, and conductive rGO substrate. Also, the
combination of MoO; and P-doped carbon both prevents the aggregation of MoO,, and also
increases the accessible number of active sites, which is the mainly reason for enabling the
outstanding activity and stability performance.
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Figure 2.18. (a) Schematic for the synthesis for porous MoCx nano-octahedrons;
Polarization HER curves before and after continuous potential sweeps in 0.5 M H2SO4
and 1.0M KOH. [90] Nature Communications. Copyright 2015 (b) Schematic
illustration for the preparation of the MoO2@PC-rGO nanocomposite; HER
polarization curves of MoO2@PC-RGO and comparative electrocatalysts. [91] Wiley-
VCH Verlag GmbH & Co. KGaA. Copyright 2015.

2.4.4  MOFs-derived electrocatalysts for OER

OER is the counterpart of the HER, in which water is oxidized to produce dioxygen. State-
of-the-art catalysts for OER are generally based on precious metal oxides such as RuOz, IrO,
which have limited commercial viability due to their low abundance and high cost. Rational
tailoring of MOFs precursor has been identified as an efficient method to prepare non-
precious metal catalysts for OER. MOFs-derived Co-based OER catalysts have been
investigated extensively due to their working capability under varied pH, low cost, higher
activity and stability. For example, Wang and co-workers [92] found the direct pyrolysis of

ZIF-67 particles under Ar and then H> atmosphere could afford N-doped carbon nanotube
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frameworks (NCNTFs). As observed from Figure 2.19a, the resultant NCNTFs retained the
similar size and polyhedral morphology of the initial ZIF-67 particles and possessed
hierarchical shells of interconnected crystalline NCNTs. It was demonstrated that the H»
atmosphere played a critical role in the formation of hollow-structured NCNTs frameworks.
Metallic Co NPs are quickly formed in the presence of H, atmosphere, followed by the
catalytic growth of NCNTs and eventual formation of NCNTFs. With the advanced features
of porous and conductive structure, and N-active doping sites, the NCNTFs exhibited higher
electrocatalytic activity and stability for OER and ORR than the commercial Pt/C catalyst in
alkaline solution. The NCNTFs catalyst obtained at 700 °C exhibit the best OER activity, as
it gives a current density of 10 mA.cm at a potential of 1.60 V vs. RHE, which compares
favorably to Pt/C catalyst (10 mA-cm™; 1.78 V vs. RHE). Moreover, the durability test
demonstrated that the NCNTFs is very stable for the OER, whereas Pt/C exhibits a

continuous current loss during the accelerate durability test.
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Figure 2.19. (a) SEM and TEM images for structural characterization of NCNTFs;
Electrochemical activity and stability of NCNTFs and Pt/C catalysts for OER. [92]
Nature Energy. Copyright 2016. (b) Schematic illustration for fabrication of hybrid
Co304-carbon porous nanowire arrays; SEM image and electrochemical OER activity,
stability of Co3O4-carbon. [93] American Chemical Society. Copyright 2014.

Generally, most of the reported OER catalysts were prepared in the forms of thin film or
particle agglomerates, which could be coated onto glassy carbon, or other conductive
substrates for performance testing. However, these time-consuming coating procedures often

resulted in uncontrolled microstructure of the obtained electrodes, featuring limited active
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surface area that are disapproving for electron conductivity and mass transport required for
driving OER. Recently, Ma and co-workers [93] presented a novel strategy to fabricate an
advanced 3D electrode with CosO4 doped-carbon nanowire arrays loaded on Cu foil. As
illustrated in Figure 2.19b, the Co-MOFs with a morphology of nanowire was directly grown
on Cu foil through a hydrothermal process at 80 °C. Subsequently, the Co-MOFs was
converted into Co304/C composite via carbonization under an N2 atmosphere, which retained
the original nanowire morphology of the parent MOFs with simultaneously generated pores
inside. Due to the high surface area of the resulting Co304/C porous nanowire and the strong
interactions between Co0304/C and Cu foil, the obtained Cu foil-supported Coz04/C-nanowire
can be used directly as the working electrode for OER without employing extra substrate or
binders. In the OER electrochemical test, this novel electrode showed an outstanding activity
with a low onset potential of 1.47 V vs. RHE which is comparable to that of 1.45 V for the
Cu foil supported-IrO,/C catalyst, and a stable current density of 10 mA.cm?at 1.52 V in 0.1
M KOH solution for at least 30 h. The porous nanowire array electrode configuration and the
in-situ carbon incorporation lead to enlarged active surface area, strong stability and rapid
mass transport. All these features contribute to the excellent OER performance for Coz04/C-

nanowire.

It is generally agreed that changing in free energy for OER pathway should be 1.23 V for
ideal catalysts. However, under real operating conditions, the binding energies of
intermediates (OH*, OOH*) are much larger than the ideal 1.23 V. It was found that AG for
reaction pathway of OER can be decreased significantly under the presence of coordinated
bimetal active centers. [94, 95] By introducing of additional metal species on the Co-MOFs
to form a bi-metallic electrocatalyst, the activity and stability of the MOFs-derived bi-
metallic materials could be highly enhanced due to the nature of the coordinated bi-metallic
center that provides a different type of environment to the species for electrocatalysis. Zhao
and colleagues [96] reported the fabrication of ultrathin NiCo bimetal-MOFs sheets featuring
with coordinatively unsaturated bi-metal sites. The ~3 nm thick bimetallic NiCo-MOFs
nanosheets were prepared through combining the organic ligand (benzenedicarboxylic acid)
with Ni?* and Co?* salts in solvent followed by ultrasonication under ambient conditions.
After loading NiCo-MOFs onto copper foam electrodes, the Cu foam supported NiCo-MOFs
electrocatalyst exhibits an OER overpotential of 189 mV to drive the current density of 10
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mA.cm~2 in alkaline condition (Figure 2.20). By contrast, RuO, requires a much higher
operating overpotential of 280 mV to achieve the same current density under the same
conditions. Moreover, the current density, catalyst morphology, and crystallinity maintain
high stability for 200 hours during electrocatalysis measurements. The characterization show
evidence that high activity of the NiCo bi-metal catalyst is attributed to the enhanced
interaction between water and the Ni%* sites due to electron transfer from the Ni?* sites to the
Co?* sites; the less filled orbitals of Co?* compared to those of Ni?* (Co?* = d’ vs. Ni?* = d®)
can accept electron density from the Ni?* sites. In turn, the oxidized Ni sites can more readily
engage in electron transfer from water, thus offering a lower energy barrier for water
oxidation. The ability of introducing different metal species into MOFs precursor to design
multi-metal-based functional materials, which provides opportunities for incrementally
adjusting the catalyst composition, so that the role of each component from MOFs can be

well understood in the context of OER.
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Figure 2.20. TEM and elemental mapping images of NiCo-MOFs; OER electrochemical
activity of NiCo-MOFs electrocatalysts. [96] Reprinted by permission from Macmillan
Publishers Limited. Nature Energy. Copyright 2016.
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2.5 Summary and perspectives

In this chapter, we have summarized the challenges faced by the Pt-based nanoparticle
electrocatalysts, focusing on their electrocatalytic activity and stability, and discussed recent
promising proposals to design highly durable and active nanostructures effectively. As
discussed above, the fabrication of novel stable catalyst support and novel structure/shape of
Pt NPs are inevitable for enhancing the long-time stability of Pt catalysts. On the other hand,
maximum the Pt atom utilization by develop the single Pt atom catalyst is in highly demand
to decrease the cost while enhance the high catalytic activity. Recent candidates have been
shown to be very promising; however, delicate analysis, mechanism understanding, and
approaches are required for the application of novel catalysts to industrial electrochemical
systems. Finally, we briefly suggest and summarize the future perspectives on the next-

generation electrocatalyst issues regarding novel catalysts design and analysis.

Oxygen reduction reaction electrocatalysts research has been intensively explored with the
strong motivation to obtain valuable solutions for economic and technological challenges
faced by the fuel-cell industry. Nevertheless, while hundreds of Pt-based electrocatalysts
have been reported to outperform commercial Pt/C under the liquid half-cell condition, only
limited cases of the electrocatalysts have been shown to be active or durable in the membrane
electrode assembly (MEA) of fuel-cell devices, which indicates a critical limitation in the
current research field. Another big issue of a large discrepancy in electrocatalytic activity
occurs when electrocatalysts are applied to the MEA scale, especially in the case of
intrinsically active electrocatalysts. This discrepancy might originate from the difference in
the operating environment; unlike in a liquid half-cell test, a large amount of electrocatalyst
is deposited with an ionomer on the polymer electrolyte membrane in MEA. Due to the
polymer electrolyte membrane and thick electrode configuration, electrocatalysts in MEA
usually suffer from limited transport of protons and oxygen, as well as waterflooding within
the cathodic electrode, which are usually neglected under the liquid half-cell condition.
However, there have been only a few efforts to correlate these different operating conditions
with activity discrepancy. Therefore, more systematic studies need to be organized to clarify
the correlation between changes in operating conditions and electrocatalytic properties,
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which will set a milestone for bridging a large gap between liquid half-cell studies and MEA-

based full-cell device application.
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Chapter 3

3  Experiment and Characterizations

In this chapter, the synthetic approaches of nanomaterials such as transition metal oxide,
nitride, and noble metal catalysts are described. Moreover, the physical and electrochemical

characterizations of these nanomaterials are involved here.

3.1 Experiment

3.1.1 Atomic layer deposition of tantalum oxide on carbon support

The atomic layer deposition (ALD) of tantalum oxide (Ta20s) on Vulcan XC-72 carbon
black was carried out in an ALD system (Savannah 100, Cambridge Nanotechnology Inc.,
USA) at 225 °C using tantalum(V) ethoxide (Ta(OC2Hs)s) and H20 as precursors, and N2 as
the carrier gas, as shown in Figure 3.1. One ALD cycle consists of the following six steps:
(1) 0.5 s pulse of Ta(OC2Hs)s to ALD chamber for reaction with substrate materials; (2) a 3.0
s extended exposure to Ta(OC2Hs)s in the reaction chamber; (3) a purging time of 16 s to
pulse out the extra Ta(OCzHs)s precursor; (4) 1.0 s pulse of H2O; (5) a 3.0 s extended
exposure to H20 in the reaction chamber; (6) 25 s purging time to pulse out the extra H2O.[1,
2] Based on ALD mechanism, there is a linear relationship between the Ta,Os particle size
and the ALD cycle number. The growth rate of Ta,Os nanoparticle is 0.5 A per cycle, much
close to that reported in another literature study. [3] This confirms that Ta,Os was

synthesized through an ALD process.
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Figure 3.1. Savannah 100 ALD system (Cambridge Nanotech, USA)

3.1.2 Nitrogen-doping of tantalum oxide prepared by ALD

To further investigate N-doping effect of metal oxide on Pt catalyst activity and
durability, the N-doped ALDTa20s/C was prepared by post-treatment of ALDTaz0s/C
with NHs/Ar (1:10) under 700°C for 1h in a tube furnace. [4] After cooling down to
room temperature, the N-doped Ta.Os NPs were achieved with a highly dispersion on
carbon support.

3.1.3  Atomic layer deposition of Pt on PEMFCs anode

The porous carbon coating layers with carbon black and Nafion binder coated on
PTFE film, which supplied as the substrate for Pt deposition, were provided by
Ballard power system company. Pt was deposited on the carbon layers by ALD
method (Cambridge nanotechnology Inc., USA) using Trimethyl-
(methylcyclopentadienyl)-platinum(1V) (MeCpPtMes) and Oz as precursors as shown
in Figure 3.2. High-purity N2 was used as both purging gas and carrier gas. [5, 6] The
carbon/PTFE coats with size around 10cm x 10cm was placed in ALD chamber. The
deposition temperature is 250°C, while the bubbler of MeCpPtMes was kept at 65°C
to provide a steady-state flux of MeCpPtMes vapor. Gas lines were hold at 100 °C to
avoid precursor condensation. For each ALD cycle, 1.0 s of the MeCpPtMes pulse and

5.0 s of the Oz pulse were separated by a 20 s N> purge. By applying the ALD cycles
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of 50, 30 and 20, the Pt NPs catalyst with controlled loading of 0.035, 0.02, 0.01

mg-cm2 were prepared on carbon support, respectively.

Carbon black film with Nafion binder

ALD Pt NPs on carbon film

Figure 3.2. Schematic illustration of ALD Pt on carbon black film electrode.

3.1.4  Synthesis of MOFs-derived nanocarbon

Synthesis of ZIF-8 crystals was conducted following the procedure outlined by J.
Cravillon. [7] In a typical experiment, two solutions were initially prepared by
dissolving a known quantity of 2-methylimidazole (6.78 g, 82.0 mmol) in 250 ml of
methanol and Zn(NO3) -6H.O (6.15 g, 20.5 mmol) in 250 ml of methanol. The
solution of Zn(NO3) -6H.0O was then added to 2-methylimidazole in a dropwise
manner. The resulting mixture was stirred for 1h and aged for 24h at room
temperature. Subsequently, white powder (ZIF-8 crystals) were collected by
centrifugation and washed several times with methanol to remove the excess reactants.

After dried in a vacuum at 60°C, the as-prepared ZIF-8 powder was carbonized at
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1000°C for 8 h in Ar to produce N-doped nanocarbon (ZIF-C). Then, the as-prepared
ZIF-C was treated with NHs/Ar (10:100) for different time at 1000°C to control pore
size and further N-doping, such as 3 min, 5 min, 7 min. The corresponding products
were denoted as NHz-C-3, NHs3-C-5, NH3-C-7. To synthesis N, S co-doped
nanocarbon, 20 mg of NH3s-C-7 was mixed with 300 mg of thiourea (w/w=1:15) in 5
ml of ethanol/water (v/v=4:1) to generate a suspension under sonication. The mixture
was continuously stirred for 3h to facilitate a thiourea/NH3-C-7 solid composite.
Thiourea/NHs-C-7 mixture was heated at 900°C for 1 h under Ar atmosphere to
generate the N, S-co-doped nanocarbon denoted as N, S-NH3-C-7 (Figure 3.3).

i N, S-NH,-C
ZIF-8 NH;-C E

Carbonization N, S co-doping

[——x"1

NH,

&40
y— -

Figure 3.3. Schematic illustration of the fabrication of the MOFs-derived N, S-co-doped

nanocarbon.

3.2 Characterizations

The morphology structure, chemical environment, functional groups information and
crystalline property of the as-prepared materials are characterized using a variety of
techniques including scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), high resolution transmission electron microscopy (HRTEM),
electron energy loss spectroscopy (EELS), High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), X-photoelectron spectroscopy

(XPS), X-ray diffraction (XRD), Ramn spectroscopy, surface area analysis, X-ray
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absorption spectroscopy (XAS). This section briefly reviews these physical and

electrochemical techniques applied for materials characterization in this thesis.

3.2.1  Physical characterizations

The morphology of the materials is observed using Hitachi S-4800 field emission
scanning electron microscopy (FE-SEM) operated at 5 kV as shown in Figure 3.4. The
EDS/EDX equipped with FE-SEM is carried out to determine the element
composition and distribution.

Figure 3.4. Field emission scanning electron microscope (Hitachi S-4800).

The morphology and microstructures of ALD metal or metal oxide nanoparticles are
characterized by using high-resolution transmission electron microscopy (HRTEM,
JEOL 2010FE) equipped with EDS and electron energy loss spectrometer (EELS).
The HADDF-STEM images are conducted on an aberration-corrected FEI Titan
Cubed 80-300 keV microscope (as shown in Figure 3.5) equipped with a
monochromator, hexapole-based aberration corrector in both the probe and imaging
lenses, which are used to study the atomic level structure of single atoms catalyst.



71

Figure 3.5. FEI Titan Cubed 80-300 kV high resolution transmission electron

microscope.

To understand the chemical information of elements through detecting the number of
unoccupied electrons from the surface of samples at certain binding energy, XPS

measurement is conducted on a Kratos AXIS Ultra Spectrometer, the equipment is
shown in Figure 3.6.

Figure 3.6. A Krato AXIS Ultra Spectrometer XPS.

XRD patterns are recorded using a Bruker D8-Advance diffractometer equipped with a Cu

K. radiation source, as shown in Figure 3.7 a. Raman spectra are performed on a HORIBA
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Scientific LabRAM research Raman spectrometer using a laser excitation wavelength of
532.0 nm (Figure 3.7 b).

Figure 3.7. (a) Bruker D8 Advance Diffractometer XRD. (b) HORIBA Scientific
LabRAM research Raman spectroscopy.

The nitrogen absorption-desorption isotherms are measured using the equipment of
Micromeritics Tristar 11, as shown in Figure 3.8. The total specific surface area is calculated
from the Brunauer-Emmett-Teller (BET) equation. The mesopore size distribution is
determined by the Barrett—Joyner—Halenda (BJH) method from the adsorption isotherms.
The micropore area and volume are obtained from a t-plot method.

Figure 3.8. Micromeritics TriStar 11 3020 Surface Area and Pore Size Analyzer
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X-ray adsorption near edge structure (XANES) measurement at the Pt Lz-edge (11564 eV)
and Lo-edge (13273 eV) are performed on the 061D superconducting wiggler sourced hard
X-ray microanalysis (HXMA) beamline at the Canadian Light Source. The spectra are
collected in fluorescence yield mode using a 32 Ge solid-state detector, and the spectra of
high purity metal Pt foil are collected in transmission mode for comparison and mono energy

calibration.

3.2.2 Electrochemical characterizations

The electrochemical characterizations of the catalysts are conducted in a standard three-
electrode electrochemical cell using a glassy carbon (GC) rotating disk electrode (RDE)
(Figure 3.10 a) setup on an Autolab potentiostat/galvanostat (Model, PGSTAT-30,
Ecochemie, Brinkman Instruments) with rotation control (Pine Instruments) (Figure 3.10 b).
A Pt wire is used as the counter electrode and a reversible hydrogen electrode (RHE) as a
reference electrode. The thin film working electrode is prepared as follows: the catalyst ink
is prepared by mixing 5 mg of catalyst powder in 5 mL ethanol and 50 pL of 5 wt % Nanfion
solution, followed by ultrasonication to make the catalyst dispersion. Subsequently, the
catalyst suspension is pipetted onto the GC substrate followed with dry in air to form a

uniform thin film electrode.

The electrochemical measurements are carried out in 0.1 M HCIO4 electrolyte using a Pt wire
as the counter electrode and a reversible hydrogen electrode (RHE) as a reference electrode.
Each electrode is activated by cycling from 0.05 to 1.1 V at 50 mV-s? in Np-saturated 0.1 M
HCIO4 until no changes were observed in the cyclic voltammetry curves (CV curves). CV
curves were recorded by scanning from 0.05 V to 1.1 V at 50 mV-s? in N2. Oz was then
bubbled for 30 min to achieve an O-saturated electrolyte. Oxygen reduction reaction (ORR)
linear sweep voltammetry (LSV, 10 50 mV-s*) was conducted in O,-saturated 0.1M HCIOx4
on the RDE system with a rotation speed of 1600 rpm. The CV curves obtained under N>
were subtracted from the CV curves obtained under O to remove the non-Faradaic current.
The electrochemically active surface area (ECSA) was calculated by integrating the area of
the CV curves in the hydrogen underpotential deposition (HUPD) region and using the
charge value of 210 mC-cm™ corresponding to a monolayer adsorption of hydrogen atoms on

a polycrystalline Pt catalyst. To investigate the impact of potential cycling on catalyst
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degradation, the aging protocols of accelerated durability tests (ADTs) are performed.
PEMFC load-cycling protocol, where the electrode potential was modulated with a triangle
wave from 0.6 to 1.0 V vs. RHE at a scan rate of 50 mV-s in a No-saturated 0.1 M HCIOx
electrolyte. A total of 10 000 cycles were performed in the “degradation cell” and

intermediate characterizations were recorded to monitor the ECSA and mass activity losses.

Figure 3.9. (a) three-electrode electrochemical cell. (b) Autolab potentiostat equipped

with rotating controller.

3.2.3 Membrane electrode assembly fabrication and single fuel cell
test
The MEA with an active area of 45 cm? is fabricated by a catalyst-coated membrane (CCM)
method in Ballard Power System Inc. Prior to fabricating the CCM and MEA, a
homogeneous catalyst ink is prepared by mixing the catalyst powder, Nafion (10 wt%) and
ultrapure water. The as-prepared ink is coated on a Nafion® 211 membrane (25 mm
thickness, DuPont Co.) and dried in air at room temperature. Then the anode catalyst layer is
decal transferred onto the other side of the Nafion® 211 membrane by hot-pressing. Finally,
the CCM is sandwiched between two gas diffusion layers using the Kapton frame with an
active area of 45 cm?. For MEA performance evaluation, the operating conditions are 75°C,
136 kPa, and 100% relative humidity (RH). Prior to testing, MEA conditioning is performed
at the current density of 1.3 A-cm? for 16 h, at 75°C,136 kPa, and 100% RH. MEA
durability testing is performed at 80°C, 136 kPa, loaded with a square wave and stepped
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potential cycling of 0.6 V and 1.0 V holding 30 s at each potential. Then potential cycles are

conducted on MEA and intermediate air polarization curves are recorded to monitor the cell

voltage and performance loss.
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Chapter 4

4 Atomic layer deposited tantalum oxide to anchor Pt/C for a
highly stable catalyst in PEMFCs

*This chapter has been published. Z. Song, B. Wang, N. Cheng, L. Yang, D. Banham, R. Li,
S. Ye, X. Sun, J. Mater. Chem. A, 2017, 5, 9760.

Tantalum oxide (TaOx) nanoparticles (NPs) are deposited on a commercial Pt/C catalyst by
an area-selective atomic layer deposition (ALD) approach to enhance the stability of the
catalyst in proton exchange membrane fuel cells (PEMFCs). Due to the application of a
blocking agent for protecting the Pt surface, TaOx particles are selectively nucleated and
grown around Pt NPs. The TaOx loading on the Pt/C surface could be controlled precisely by
varying the number of ALD cycles. When deposited on the Pt/C surface with 35 ALD cycles,
the TaOx-anchored Pt NPs formed an excellent triple-junction structure of TaOx—Pt—carbon.
The electrochemical durability tests indicated that the TaOx-anchored Pt/C catalyst showed
comparable catalytic activity and superior long-term stability to Pt/C. Moreover, the long-
term stability test in membrane electrode assembly (MEA) indicated a very low power
density loss (12%) after a 120h accelerated durability test. The significantly enhanced
catalyst stability during PEMFCs operation is due to the anchoring effect of TaOx via strong
metal oxide—support interactions. This strategy shows great potential for developing highly
stable catalysts for PEMFCs.

4.1 Introduction

Fuel cells, especially proton exchange membrane fuel cells (PEMFCs), are considered as a
new energy technology with potential applications in power demanding areas such as
electronic vehicles, automobiles and distributed stationary power sources.[1-3] As a crucial
component of PEMFCs, Pt-based catalysts are used to catalyze chemical reactions in
PEMFCs (hydrogen oxidation at the anode and oxygen reduction at the cathode) for
promoting electrochemical energy conversion.[4-9] However, the high cost and poor
durability of Pt catalysts severely hamper the practical commercialization of such

electrochemical devices.[10,11] This is because the catalysts must survive thousands of load
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cycles over the lifetime of PEMFC operation under harsh conditions, such as high
temperature and potential, low pH, and oxygen atmosphere.[12,13] In such an environment,
Pt catalysts undergo significant degradation and performance loss due to Pt nanoparticles
(NPs) dissolution, migration/coalescence, Ostwald ripening and detachment from the carbon
support. Therefore, improving the durability of Pt catalysts has been one of the most

important issues.

In order to overcome the durability problems, numerous research efforts have been made to
enhance the stability of Pt catalysts by endowing Pt NPs with new morphologies (e.g.
nanowires, nanotubes, and nanodendrites),[14-19] integrating Pt with other transition metals
(Pt/M core-shell, alloy and nanoframe structures),[7,20-22] or developing durable catalyst
supports with high corrosion-resistance and strong catalyst—support interactions (Pt-NGR,
Pt—-NCNTs, Pt—ZrC, Pt—-Ce02).[9,23-26] Recently, anchoring Pt NPs on carbon supports by
means of polymers,[27-29] ultrathin carbon layers,[30] or inorganic materials [31-33] to
fabricate immobilized Pt catalysts has shown to be a promising method for stabilizing Pt
NPs. There have also been several reports about loading metal oxides on Pt catalysts to
improve their activity and durability.[31,34,35] Group IV and V compounds based on the
elements Zr, Nb and Ta, mainly nitrides and oxides, have been used as ORR catalysts, owing
to their high chemical stability in an acidic environment.[36,37] TaOx received considerable
attention as alloying additives that enhance the activity and durability for various
catalysts.[38] For instance, Bonakdarpour et al. found that Ta addition markedly enhances
the durability and reduces the dissolution of Pt in the sputtered Pt/Ta alloy ORR catalyst by
forming a thin Ta>Os passivation layer.[39] Kazunari Domen et al.[40-43] reported that the
ultrafine designed TaOx NPs, by electrodeposition as an electrocatalyst for ORR, showed
excellent catalytic activity. Recently, Takeo Ohsaka et al. [44] demonstrated a unique
structure of TaOx-capped Pt NPs on a Pt/TaOx/GC electrocatalyst. It was found that the
amorphous TaOx of the Pt/TaOx/GC electrocatalyst caused enhancement of ORR activity
and durability, which was due to the spillover effect and the strong interaction between Pt
and TaOx. However, the methods used in these reports have several limitations, such as the
loading amount of TaOx, local control and the synthesis yields of catalysts for practical
PEMFC applications. Another challenge is to design and optimize the metal oxide—Pt

structure without reducing the catalyst electrochemical surface area. In order to address the
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stability issues of Pt catalysts in PEMFCs, atomic layer deposition (ALD) is gaining
increasing attention as a technique for preparing noble metals or metal oxides, because of its
advantages in developing ultrathin films and uniformly distributed particles in a sub-
nanometer controllable growth process. [45-48] ALD processes are self-limiting surface
reactions. Thus, the surface functional groups can be manipulated prior to ALD to carry out
an area-selective ALD process. [49,50] For an area-selective ALD method, the desirable
material can be deposited where needed without blocking the surface of the catalysts. For
instance, N. Cheng et al. [51] demonstrated an area-selective ALD approach to stabilize Pt
NPs using ALD zirconia nanocages. The Pt NPs catalyst encapsulated in zirconia nanocages

exhibited much more stability than Pt—carbon nanotubes without zirconia nanocages.

In this study, we propose a facile area-selective ALD approach to stabilize the Pt/C catalyst
through fabricating TaOx-anchored Pt NPs with the triple-junction structure of Pt-TaOx—C.
By introducing a protective agent (oleylamine) to the Pt surface, TaOx NPs were selectively
nucleated and grown around Pt NPs and formed TaOx anchored-Pt NPs on the carbon
surface. The electrochemical durability tests indicated that the 35ALD—-TaOx—Pt/C catalyst
exhibited superior durability compared to Pt/C. The enhanced stability of the 35ALD-TaOx—
Pt/C catalyst is attributed to the anchoring effect of TaOx via the strong triple-junction of
TaOx—Pt-C, which plays a significant role in stabilizing the Pt catalyst by preventing Pt NPs
from migration/coalescence and detachment from the carbon support.

4.2 Experimental

4.2.1 Area-selective ALD of TaOxon the Pt/C catalyst

100 mg of the commercial Pt/C catalyst (Tanaka Kikinzoku Kogyo TEC10E50E, with 50
wt% Pt on high surface area carbon black) was suspended in 50 ml ethanol solution and
sonicated for 30 min. The dispersed Pt/C solution and 2 ml oleylamine were mixed and then
stirred for 5 h. After filtration, washing, and drying under vacuum, oleylamine modified Pt/C
(denoted as OA-Pt/C) was obtained. The area-selective deposition of TaOx on OA-Pt/C was
carried out in an ALD reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) at 225
°C using tantalum(V) ethoxide (Ta(OC:zHs)s) and H20 as precursors, and N2 as the carrier
gas. [52] The prepared sample will be designated as TaOx—OA-Pt/C, hereafter. One ALD
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cycle consists of the following six steps: (1) 0.5 s pulse of Ta(OC2Hs)s; (2) a 3.0 s extended
exposure to Ta(OCzHs)s in the reaction chamber; (3) a purging time of 16 s; (4) 1.0 s pulse of
H20; (5) a 3.0 s extended exposure to H20 in the reaction chamber; (6) 25 s purging time. As
reported in our previous work, [52] there is a linear relationship between the LiTaOx film
thickness and TaOx subcycle number. The growth per cycle of TaOx deposition is 0.5 A per
cycle, much close to that (0.4 A per cycle) reported in another literature study. [53] This
confirms that TaOx was synthesized by an ALD process. The TaOx loading on Pt/C was
accurately controlled by the number of ALD cycles. After ALD processes, the oleylamine in
TaOx—OA-Pt/C samples was removed by heating at 700 °C in an Ar/H2 atmosphere for 1 h,
and the final catalyst is denoted as ALD-TaOx-Pt/C. In this work, samples of 15ALD-
TaOx—Pt/C, 35ALD-TaOx—Pt/C, and 50ALD-TaOx—Pt/C loaded with 15, 35, and 50 ALD
cycles of TaOx were prepared, and the TaOx loading was 7.8 wt%, 10.2 wt% and 13.5 wt%,
tested by energy dispersive X-ray spectroscopy (EDS), respectively. To investigate the TaOx
particle size, the 35ALD-TaOx-CB sample with 35 ALD cycles of TaOx on carbon black
was also prepared.

4.2.2  Physical characterization

The morphology and microstructures of samples were characterized by using high-resolution
TEM (HRTEM, JEOL 2010FEG) and scanning transmission electron microscopy (STEM)
with energy dispersive X-ray spectroscopy (EDS). X-ray diffraction (XRD) patterns were
collected on a Bruker D8 Advance diffractometer using Cu Ka radiation at 40 kV and 40
mA. The chemical compositions of TaOx were investigated by X-ray photoelectron

spectroscopy (XPS, Kratos Axis Ultra-spectrometer).

4.2.3 Electrochemical characterization

The electrochemical characterizations were conducted in a three-compartment
electrochemical cell using a rotating-disk electrode (RDE) setup with an Autolab
electrochemistry station and rotation control (Pine Instruments). Catalyst inks were prepared
by mixing 3 mg of the catalyst, 3 mL of an 80:20 (wt/wt) mixture of ethanol to ultra-pure
H>O, and 30 pL of Nafion (5 wt%). The mixture was then sonicated to ensure good

dispersion and wetting of the catalyst. 20 pL of the catalyst ink was deposited onto a polished
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glassy carbon electrode (Pine, AFE5TO50AUHT, 5.0 mm dia.) and allowed to dry at room
temperature. All electrochemical measurements were carried out in 0.1 M HCIO4 electrolyte
using a Pt wire as the counter electrode and a reversible hydrogen electrode (RHE) as a
reference electrode. All potentials reported henceforth are vs. RHE. Each electrode was
activated by cycling from 0.05 to 1.1 V at 50 mV-s™ in Ng-saturated 0.1 M HCIO4 until no
changes were observed in the cyclic voltammetry curves (CV curves). CV curves were
recorded by scanning from 0.05 V to 1.1 V at 50 mV-s™ in N,. O, was then bubbled for 30
min to achieve an O-saturated electrolyte. Oxygen reduction reaction (ORR) linear sweep
voltammetry (LSV, 10 mV-s?) was conducted in O-saturated 0.1M HCIO4 on the RDE
system with a rotation speed of 1600 rpm. The CV curves obtained under N2 were subtracted
from the CV curves obtained under O to remove the non-Faradaic current. The
electrochemically active surface area (ECSA) was calculated by integrating the area of the
CV curves in the hydrogen underpotential deposition (HUPD) region and using the charge
value of 210 mC-cm corresponding to a monolayer adsorption of hydrogen atoms on a
polycrystalline Pt catalyst. [54] To investigate the impact of potential cycling on catalyst
degradation, two aging protocols of accelerated durability tests (ADTs) were performed. (i)
PEMFC load-cycling protocol, where the electrode potential was modulated with a triangle
wave from 0.6 to 1.0 V vs. RHE at a scan rate of 50 mV-s™ in a Np-saturated 0.1 M HCIO4
electrolyte. A total of 10 000 cycles were performed in the “degradation cell” and
intermediate characterizations were recorded to monitor the ECSA and mass activity losses.
(if) A start-up/shutdown ADT protocol, where the electrode potential was cycled with a
triangle wave from 1.0 V to 1.6 V vs. RHE with a scan rate of 100 mV-s™ in a Nz-saturated
0.1 M HCIOs electrolyte. A total of 6000 cycles were performed and intermediate
characterizations were recorded to monitor the ECSA and mass activity losses. [55]

4.2.4 Membrane electrode assembly (MEA) fabrication and single
fuel cell testing

The fuel cell performance of the 35ALD-TaOx—Pt/C catalyst as a cathode was tested in a

single cell system. The MEA with an active area of 45 cm? was fabricated by a catalyst-

coated membrane (CCM) method. Prior to fabricating the CCM and MEA, a homogeneous

catalyst ink was prepared by mixing the 35ALD-TaOx—Pt/C catalyst, Nafion (10 wt%) and

ultrapure water. The as-prepared ink was coated on a Nafion® 211 membrane (25 mm
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thickness, DuPont Co.) and dried in air at room temperature. Then the anode catalyst layer
was decal transferred onto the other side of the Nafion® 211 membrane by hot-pressing.
Finally, the CCM was sandwiched between two carbon paper of gas diffusion layers (GDLS)
using the Kapton frame with an active area of 45 cm?. Pt loadings at the anode/cathode side
are 0.1/0.15 mg-cm?, respectively. For MEA performance evaluation, the operating
conditions were 75°C, 136 kPa, and 100% relative humidity (RH). Prior to testing, MEA
conditioning was performed at the current density of 1.3 A-cm™ for 16 h, at 75°C,136 kPa,
and 100% RH. MEA durability testing was performed at 80°C, 136 kPa, loaded with a square
wave and stepped potential cycling of 0.6 V and 1.0 V holding 30 s at each potential. A total
of 4700 cycles (around 120 h) were performed on MEA and intermediate air polarization

curves were recorded to monitor the cell voltage and peak power density losses.

4.3 Results and discussion

Structural characterization

Figure 4.1 demonstrates a facile approach to construct anchored Pt NPs by area-selective
deposition of TaOx on the commercial Pt/C catalyst. Due to the application of a blocking
agent (oleylamine) for protecting the Pt surface, TaOx particles were selectively grown
beside the Pt NPs and formed TaOx-anchored Pt NPs supported on the surface of carbon.
The construction of TaOx anchors with triple junctions of TaOx—Pt-C was intended to
enhance the catalyst durability while not reducing the activity. To investigate the potential
trade-off between durability enhancement and activity loss, ALD cycles of 15, 35, and 50
were evaluated to generate protective TaOx anchors with a progressively increasing amount
on the Pt/C matrix.
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Figure 4.1. Schematic illustrations of TaOx-anchored Pt NPs via area-selective atomic

layer deposition (ALD).

The morphology and structure of the as-prepared ALD-TaOx-Pt/C catalysts were
characterized by using HRTEM. HRTEM images in Figure 4.2(a)—(c) indicate that the TaOx
nanoparticles were successfully deposited on the surface of Pt/C. Increasing the number of
ALD cycles leads to high TaOx coverage on the Pt/C matrix. After 15 ALD cycles (Figure
4.2(a) and S14.17), only 7.8 wt% TaOx could be deposited on the surface of Pt/C (based on
EDS), and the resulting particles were too small to be viewed by HRTEM, while with 35
ALD cycles of TaOx deposition, the increased TaOx loading (10.2 wt%) led to a larger
coverage area of TaOx on the Pt/C surface compared to 15ALD-TaOx—Pt/C. Fig. S4.2 shows
that TaOx particles with an average particle size of 2.7+0.5 nm could be uniformly
distributed on the carbon support. The STEM image and line scan spectra in Fig. 4.1(e) and
(F) also indicate that the TaOx nanoparticles are finely dispersed on Pt/C and appear to be
deposited adjacent to the Pt. With continuously increasing the ALD cycles to 50, the TaOx
coating tended to form an over-coated thin layer on the Pt/ C catalyst (Fig. 4.2(c)). This
densely packed TaOx layer would result in a large decrease of the active surface and thus
negatively impact the activity. Therefore, it can be found that the ALD technology can be

used to adjust the coverage and particle size of TaOx to optimize the hybrid structure.
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Figure 4.2. (a—d) HRTEM images of different catalysts: (a) 15ALD-TaOx-Pt/ C, (b)
35ALD-TaOx-Pt/C, (c) 50ALD-TaOx-Pt/C and (d) Pt/C (e and f) STEM image and
STEM line scan spectra of the 35ALD-TaOx-Pt/C catalyst.

To examine the chemical species in the catalyst, XPS measurements were employed to study
the composition of TaOx deposited by ALD, and the results for 35ALD-TaOx-Pt/C are
displayed in Fig. 4.3. The XPS survey in Fig. 4.3(a) indicates the presence of Pt, Ta, O and C
elements in the 35ALD-TaOx—Pt/C catalyst. Fig. 4.3(b) illustrates the chemical environment
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of the Ta element by analyzing the Ta 4f spectrum. A couple of peaks located at binding
energies of 28.5+£0.1 and 26.7£0.1 eV is observed. These peaks are attributed to the responses
of Ta 415/2 and Ta 4f7/2, respectively, belonging to the most stable Ta>Os species. The other
pair of Ta 4f5/2 and Ta 4f7/2 located at lower binding energies of 25.6+0.1 and 23.7+0.1 eV,
respectively, is assigned as the TaO species. This result indicates that the Ta element in TaOx
exists in two types of chemical environments, i.e., Ta2Os and TaO, which consists of 96.3%
and 3.7%, respectively. The dominant Ta2Os species obviously resulted from the ALD of
Ta(OEt)s and H20 precursors. In the case of TaO, it could be expected that the oxygen can
dissociate on the surface of Ta2Os during high temperature annealing and thus result in the

formation of a small amount of reduced TaOx species.
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Figure 4.3. (a) XPS spectra of survey scan and (b) Ta 4f XPS spectra obtained for
35ALD-TaOx-Pt/C.
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Electrocatalytic activity and durability

To determine the anchoring effect of TaOx on the Pt/C catalyst, the electrochemical
durability of the ALD-TaOx—Pt/C catalysts was tested. The durability tests were performed
by continuous triangle potential cycling between 0.6 V and 1.0 V (vs. RHE) in N»-purged
0.10 M HCIO4 for 10 000 cycles to mimic the load-cycling experience during PEMFC
operation. Fig. 4.4 illustrates the representative CV curves and ORR polarization curves
recorded before and after ADT-10 000 for ALD-TaOx—Pt/C and Pt/C catalysts. With
continuous potential cycling, the CV curves of the Pt/C catalyst exhibited a pronounced
reduction of total charge in the hydrogen underpotential deposition (HUPD) region,
indicative of a reduction in Pt active surface area. The peak currents drop significantly with
potential cycling, indicating severe catalyst degradation and activity loss of Pt/C. The losses
of ECSA for different catalysts with the cycling numbers are plotted in Fig. 4.4(c) (the initial
ECSA of Pt/C is considered as the baseline to calculate the normalized ECSA%) and the
corresponding ECSA values at typical cycling numbers are summarized in Table S14.1. As
can be seen, the Pt/C catalyst experienced a significant ECSA decrease following the ADT
(from 68.8 to 48.4 m?.g! pt shown in Table SI4.1%), losing 30% of its initial ECSA after
ADT-10 000. The 15ALD-TaOx-Pt/C catalyst demonstrates a slower degradation trend,
losing 24.6% of its initial ECSA after ADT-10 000. While a small benefit in durability was
observed for the 15ALD-TaOx—Pt/C catalyst, the low coverage of the TaOx anchors resulted
in only limited improvement over the baseline. Conversely, the 35ALD-TaOx—Pt/C catalyst
shows an increased ECSA in the first 1000 cycles (from 60.6 up to 64.7 m?-g* ), followed
by a slight decrease to 62.7 m2-g* p; after ADT-10 000 (with only 9.0% ECSA loss compared
to the initial ECSA of Pt/C). These results reveal the superior durability of 35ALD-TaOx—
Pt/C compared to Pt/C and 15ALD-TaOx—Pt/C catalysts. The increased ECSA in the initial
ADT process suggests that a small percentage of the Pt surface may be covered by the TaOx
for the 35ALD-TaOx—Pt/C catalyst, and the covered Pt surface can be activated by the
potential cycling. It is hypothesized that the TaOx particles located on the Pt surface exhibit a
weak Pt-TaOx interaction compared to the Pt—-TaOx—C triple junctions, thus allowing them
to redistribute during voltage cycling and expose additional Pt surface area. However, further
increasing the TaOx loading to 50 ALD cycles results in an 80% decrease in beginning of life
(BOL) ECSA vs. Pt/C. This is consistent with the HRTEM results and confirms an almost
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overcoated Pt surface area by the TaOx layer. Notably, during the ADT, the ECSA of the
50ALD-TaOx—Pt/C catalyst gradually increased from 12.9 to 48.3 m?-g* g, which further
indicates that the TaOx covered Pt surface can be activated by the potential cycling.
However, even after 10 000 ADT cycles, the increased ECSA of 50ALD-TaOx—Pt/C is still
much lower than that of 35ALD-TaOx—Pt/C. Overall, the 35ALD-TaOx—Pt/C catalyst with
the triple junction of TaOx—Pt-C showed the most promise in terms of durability. Further

catalytic activity toward ORR of this catalyst vs. Pt/C is provided below.
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Figure 4.4. Intermediate characterization CV curves of (a) 35ALD-TaOx-Pt/C and (b)
Pt/C catalysts during the load-cycling (0.6 V-1.0 V) durability tests in a N2-saturated
0.1 MHCIOs4 solution at a scan rate of 50 mV-s%, (c) ECSA variation with cycling
number for different catalysts cycled from 0.6 to 1.0 V. ORR curves for (d) 35ALD-
TaOx-Pt/C and (e) Pt/C before and after ADT-10000. (f) Mass activity of different
catalysts at 0.9 V before and after ADT-10000.

The LSV curves obtained under O»-saturated HCIO4 for different catalysts before and after
ADT-10 000 are shown in Fig. 4.4(d) and (e). The results indicate that 35ALD-TaOx-Pt-C
and Pt/C catalysts displayed an almost similar onset-potential of 1.075 V and 1.080 V,
respectively, at BOL before ADT. The change in half-wave potential (E1/2) after ADT-10 000
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was used to evaluate the electrochemical durability. As shown in Fig. 4.4(d), the Ei; of
35ALD TaOx—Pt/C shifted from 0.920 V to 0.918 V with only a negligible degradation of 2
mV after ADT-10 000. However, for the Pt/C catalyst, a more severe degradation of 10 mV
(from 0.920 V to 0.915 V) was observed after ADT-10 000. Based purely on the ECSA
change, we would expect an Ey» loss of 7 mV calculated on the basis of Butler—\Volmer
kinetics. [56-58] The measured 10 mV loss is quite close to this, thus suggesting that the
ECSA loss is primarily responsible for the activity loss. Furthermore, the ORR mass
activities at 0.9 V before and after ADT-10 000 of the tested catalysts were calculated and are
shown in Fig. 4.4(f) and Table S4.1. Initially, the 35ALD-TaOx—Pt/C catalyst exhibited
comparable mass activity (0.246 A-mg™ p) to that of Pt/C (0.262 A-mg™ p). After ADT-10
000, the mass activity of 35ALD-TaOx—Pt/C at 0.9 V is 0.227 A-mg pt (only 7.5% loss),
which is much higher than that of the Pt/C catalyst (0.197 A-mg™ &). The high durability of
the 35ALD-TaOx-Pt/C catalyst further confirms the anchoring effect of TaOx.
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Figure 4.5. Intermediate characterization CV curves of (a) 35ALD-TaOx-Pt/C and (b)
Pt/C catalyst during the start-up/shut-down (1.0 V-1.6 V) durability tests in a N2-
saturated 0.1 M HCIOa solution at a scan rate of 100 mV-s™. (c) Variation of ECSA with
cycling number for different catalysts cycled from 1.0 to 1.6 V. ORR curved for (d)
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35ALD-TaOx-Pt/C and (e) Pt/C catalyst before and after cycling between 1.0 to 1.6V.
(f) mass activity of catalysts at 0.9 V (vs. RHE) before and after ADT-6000.

The process of Pt crystal migration and coalescence directly impacts ECSA at a low potential
(<1.0 V vs. RHE). [59-61] However, at high potentials (>1.1 V vs. RHE), the carbon support
is prone to oxidation or corrosion. [62,63] Carbon corrosion can lead to physical detachment
of Pt NPs, resulting in complete catalytic activity loss for the detached Pt NPs. [60] This is
especially problematic during partial fuel starvation [64] or PEMFC start-up/ shutdown
events when the cell voltage can reach up to 1.5 V or higher. [65,66] Thus, additional
potential cycling experiments were carried out in a potential range of 1.0-1.6 V vs. RHE for
6000 cycles at a scan rate of 100 mV-s™, to mimic the experience of the cathode catalyst
during PEMFC start-up/shutdown. Fig. 4.5(a) and (b) show the changes of CV curves for
different catalysts during ADT-6000. The normalized ECSA variations with cycling numbers
are shown in Fig. 4.5(c) and the corresponding ECSA values at typical cycling numbers are
summarized in Table S4.2. For the Pt/C catalyst, the ECSA recorded after ADT-6000 is just
50% maintained (decreased from 66.4 to 34.0 m?-g* p), the Eu- experienced a 17.0 mV
degradation and the mass activity at 0.9 V exhibited 45.0% loss (dropped from 0.262 to
0.145 A-mg?! p) after ADT-6000 (Fig. 4.5(d)—(f)). However, the catalytic activity of
35ALD-TaOx-Pt/C increased with potential cycling and revealed the highest ECSA after
1000 potential cycles. It retains 74.5% of the initial ECSA after ADT-6000 and is 24.5%
higher than that of Pt/C. Additionally, the 35ALD-TaOx—Pt/C catalyst displayed a 24.0%
higher mass activity at 0.9 V (0.180 A-mg™ p;) than Pt/C (0.145 A-mg p;) after ADT-6000.
This confirmed that 35ALD-TaOx—Pt/C showed a much better stability than Pt/C even under
the harsh cycling conditions. During potential cycling between 1.0 V and 1.6 V (vs. the
RHE), the Pt/C and 35ALD-TaOx—Pt/C catalysts showed a notable increase in the capacitive
double layer region (0.4 V-0.6 V). This is due to the carbon oxidation reaction which leads
to the formation of pseudo-capacitive groups and/or micropores on the carbon surface. The
carbon oxidation decreases the amount of carbon available to support Pt, resulting in
detachment of the Pt NPs and decrease in the active surface area. [10] From 0 to 1000 cycles,
the ECSA of Pt/C exhibited a drastic decrease (from 66.4 to 54.5 m?-g* py) with the increased
double layer capacity, which indicated that detachment of Pt NPs occurs during the carbon

corrosion process. However, the ECSA of 35ALD-TaOx— Pt/C exhibited no degradation
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after 1000 potential cycles. This is because the TaOx anchors played a significant role in

stabilizing Pt NPs and effectively prevented the detachment of the Pt NPs under the severe

carbon oxidation and corrosion conditions.

PEMFC single cell performance
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Figure 4.6. Hz>—air fuel cell polarization curves for MEA using 35ALD-TaOx-Pt/C as
the cathode after different aging cycles with the Pt loading on the anode and cathode of

0.1 and 0.15 mg-cm?, respectively.

Based on the electrochemical results, potential cycling between 0.6 V and 1.0 V vs. RHE was
performed on MEA to further study the single cell durability performance. The current—
voltage and corresponding current—power density curves for the MEA after different ADT
cycles are shown in Fig. 4.6. Under conditions of high temperature and humidity (75°C,
100% RH), the MEA exhibited highly stable performance in the long-term durability test. As
shown in Fig. 4.6, the cell voltage increased with the potential cycling and revealed the
highest cell voltage of 653 mV at a high current density (1.3 A-cm?) after 700 potential
cycles, with only 40 mV voltage loss after 4700 ADT cycles (~120 h), which indicated a
highly stable catalyst performance. Furthermore, the beginning peak power density was 1.08
W-cm?, and it increased to 1.13 W-cm2and 1.11 W-cm™ after 700 and 1400 ADT cycles,
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respectively. Even after 4700 ADT cycles, the peak power density is maintained at 0.95
W-cm? with only 12% loss. This shows much better durability than the commercial Pt/C
catalyst reported in the literature (with ~27% power loss after 100 h or less aggressive
accelerated durability test). [67—70] The cathode catalyst was collected from the MEA after
accelerate cycling, and the morphology of the 35ALD-TaOx-Pt/C catalyst before and after
ADT was examined by TEM and XRD patterns. Fig. S4.4 shows that the Pt NPs were
uniformly distributed on the carbon support after 4700 ADT cycles and the average particle
size was 3.9+0.5 nm. The uniform distribution and small change in Pt particle size suggest

that the TaOx was successful in stabilizing the Pt catalyst.
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Figure 4.7. Schematic of the stability mechanism of the 35ALD-TaOx- Pt/C catalyst
with triple junctions of TaOx-Pt-C. (a) TaOx alleviating Pt NPs migration and
coalescence; (b) TaOx inhibiting the detachment and coalescence of Pt NPs.

The mechanism of the dramatically enhanced stability could be related to the triple-junction
structure of the TaOx-anchored Pt NPs on the carbon support. First, Pt NPs in the
commercial Pt/C catalyst are easy to migration and coalescence, due to the relatively weak
interactions between Pt NPs and the carbon support, which is a major factor for catalyst
degradation during PEMFC operation. For 35ALD-TaOx—Pt/C with TaOx-anchored Pt NPs,
the migration and coalescence process might be alleviated due to the construction of triple
junctions of TaOx—Pt-C. These strong interactions enhance the catalyst stability and
minimize the ECSA loss, as illustrated in Fig. 4.7(a). Furthermore, as previously reported,
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carbon corrosion often occurs in the presence of the Pt catalyst and at high potential (>1.5 V),
especially under the conditions of PEMFC fuel starvation and start-up/shutdown. Thus, for
the Pt/C catalyst, Pt NPs detach from the support when the carbon is oxidized, resulting in
loss of catalytic activity. By contrast for 35ALD-TaOx—Pt/C catalyst, Pt NPs remain
anchored on the carbon surface even when the carbon support is partly corroded. The strong
triple-junction structure will efficiently prevent the detachment of Pt NPs and enhance the Pt

catalyst stability. The detailed processes are illustrated in Fig.4.7(b).

4.4 Conclusions

In summary, metal oxide (TaOx) modified commercial Pt/C catalysts with TaOx-anchored Pt
NPs were prepared by an area-selective atomic layer deposition method. After heat removal
of the protective agent, the TaOx-anchored Pt NPs with a unique triple-junction structure
were formed. The TaOx particles could tightly immobilize Pt NPs on the carbon support and
played a significant role in stabilizing the Pt catalyst through the metal oxide anchoring
effect. The electrochemical data revealed that the TaOx-anchored Pt catalyst with 35 ALD
cycles of TaOx deposition displayed comparable catalytic activity to the commercial Pt/C
catalyst. Significantly, the 35ALD-TaOx—Pt/C catalyst exhibited superior long-term stability
of both electrochemical surface area and ORR mass activity in comparison to Pt/C.
Furthermore, MEA durability tests show that the anchored 35ALD-TaOx—Pt/C catalyst
exhibits good long-term stability with only 12% power density loss after 120 h aging. The
excellent stability of 35ALD-TaOx—Pt/C should be ascribed to the strong anchoring effect of
TaOx towards Pt NPs which hinders the migration, coalescence and detachment of Pt NPs
from the support. Therefore, the construction of TaOx anchored Pt NPs can offer a

persuasive approach towards increasing the lifetime of the catalysts applied in PEMFCs.
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Supporting information

Figure S4.1. (a) STEM image and (b) STEM line scan spectra of 15ALD-TaOx-Pt/C
catalyst.
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Figure S4.2. (a) HRTEM and (b) STEM images of 35ALD-TaOx on CB without Pt NPs.
(c) The particle size distribution histogram of TaOx in 35 ALD-TaOx-CB sample.
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Figure S4.3. (a) STEM image and (b) STEM line scan spectra of 50ALD-TaOx-Pt/C

catalyst.
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Table S4.1. The ECSA values and Mass activity of different catalyst during the ADT
cycling between 0.6 V-1.0 V.

Catalyst ECSA (m?-glg) Mass activity (A-mg? ) @0.9 V

BOL ADT-1000 ADT-10,000 BOL ADT-10000
15ALD-TaOx-Pt/C 60.0 58.8 52.8 0.237 0.200
35ALD-TaOx-Pt/C 60.6 64.7 62.7 0.246 0.227
50ALD-TaOx-Pt/C 12.9 39.8 48.3 0.148 0.173
Pt/C 68.8 60.8 48.4 0.262 0.197

Table S4.2. The ECSA values and Mass activity of different catalyst during the ADT
cycling between 1.0 V-1.6 V.

Mass activity (A-mg™? p)

Catalyst ECSA (m?-g? ) @09V
BOL ADT-1000 ADT-6000 BOL ADT-6000
15ALD-TaOx-Pt/C 61.0 68.3 43.6 0.237 0.146
35ALD-TaOx-Pt/C 59.8 74.5 49.5 0.246 0.180
50ALD-TaOx-Pt/C 15.7 30.8 134 0.148 0.070
Pt/C 66.4 54.5 34.1 0.262 0.145
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Chapter 5

S5  Origin of achieving the enhanced activity and stability of Pt
electrocatalysts with strong metal-support interactions via
atomic layer deposition

*This chapter has been accepted. Z. Song, M. Banis, L. Zhang, B. Wang, Y. Zhao, J. Liang,
M. Zheng, R. Li, X. Sun, Nano Energy, 2018.

The enhancement of catalyst activity and stability by controlling the metal-support
interaction is extremely important for the long-term operation of polymer electrolyte
membrane fuel cells (PEMFCs). In this work, an extremely stable electrocatalyst of platinum
nanoparticles (Pt NPs) is dispersed on a carbon support modified with an interphase of
nitrogen-doped tantalum oxide (N-Ta20s). The N-Ta20s interphase bridges the Pt NPs and
carbon surface is synthesized by atomic layer deposition technique (ALD). It effectively
prevents Pt nanocrystals from detachment, migration, and aggregation during the PEMFCs’
operation. Electrochemical results indicate that the Pt/N-ALDTa.Os/C electrocatalyst
exhibits an excellent durability and sufficient catalytic activity for the oxygen reduction
reaction, compared to the Pt/C catalyst. X-ray absorption spectroscopy illustrates the strong
interactions between the Pt NPs and the N-Ta>Os-modified carbon support. It is revealed that
the bridge layer of N-TaOs significantly affects the electronic structure of the Pt
nanocrystals and contributes to the enhancement of the catalytic activity and durability for
the Pt/N-ALDTa20s/C catalyst. This strategy, by using ALD of N-doped metal oxide to tune
the metal-support interface, results in strong interactions and will benefit the future design of
a new electrocatalyst with an even better activity and long-term durability for PEMFCs

application.

5.1 Introduction

Due to the highly efficiency in converting the chemical energy from hydrogen into
electrical energy, polymer electrolyte membrane fuel cell (PEMFC) is considered as a
promising technology in the renewable energy system. Currently, PEMFCs are being

commercialized for a broad range of applications, involving portable power, backup
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power and electric vehicles due to their high efficiency, room temperature operation,
and zero emissions. [1-3] For the widespread commercial implementation of
PEMFCs, developing a promising catalyst for enhanced oxygen reduction reaction
(ORR) performance is of great significance. At present, carbon supported platinum
nanoparticles (Pt NPs) is still considered as one of the most efficient catalysts for
ORR. [4-7] Dispersing Pt NPs on carbon increases the electrocatalytic activity and
utilization of Pt, thus effectively decreasing the overall cost of PEMFCs. Till now,
carbon is the most widely used support material in PEMFCs, because of its large
surface area, high electrical conductivity and well-developed pore structure. [8-11]
However, the stability of Pt/C for ORR cannot satisfy the requirement for long-term
operation of PEMFCs. Because the weak interaction between carbon support and
metal particles leads to the Pt NPs migration, aggregation, and eventually a rapid
degradation of electrocatalyst performance.[12-14] Significant number of studies
have attempted to solve this issue, including enhancing the interaction between Pt NPs
and supports by carbon surface modification with metal compound or polymer
etc;[15-23] developing corrosion-resistant supports, such as TiO2 and ZrC.[24-26] The
resulting electrocatalysts exhibit improved stability and activity for ORR by forming
strong metal-support interactions (SMSIs). Utilization of SMSIs is a promising
approach to improve both activity and stability of electrocatalysts. The SMSIs
between Pt NPs and metal oxide supports have been widely investigated and showed
positive effect on maintaining the stability of catalyst NPs. [27, 28] However, the most
stable metal oxides with maximum valency have poor electroconductivity, which
means the metal oxides as catalysts supports would enhance the catalysts durability
while sacrificing their high ORR activity. To enable the catalyst support with
properties of both SMSIs and good electroconductivity, one of the solutions is to
develop metal oxide decorated carbon composite by combing the merits of metal
oxide and carbon. Therefore, carbon decorated with highly dispersed metal oxide NPs
could be used as a nanocomposite support for Pt catalyst. [27, 29] By introducing
metal oxide NPs to the position between Pt catalyst and carbon support, the stable and
strong three-phase boundary of Pt, metal oxide and carbon could be achieved, which

plays significant role in stabilizing Pt NPs on support. The group 1V and V elements
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such as Zr, Ti, Ta and Nb are known to be chemically stable under PEMFCs operation
conditions. Several compounds based on these elements have been reported as ORR
electrocatalysts or catalyst supports. [30-34] Despite many attempts, oxides based on
Ta, Nb, and Zr have shown limited catalytic activity and durability for PEMFCs
application due to the low conductivity. In addition, the nitrogen-doped support
provides an opportunity to stabilize Pt NPs while indirectly improve the
electrocatalytic activity due to the stronger electronic interactions between Pt and
nitrogen-rich support. [34] Nevertheless, using nitrogen-doped metal oxide as additive
to enable the noble metal catalyst with enhanced activity and long-term stability

toward ORR have not been reported.

The conventional synthesis methods for the group IV-V metal compounds have
considerable disadvantage because the as-prepared particles are easily aggregated and
frequently form big particles, thus it is difficult to precisely control the metal-support
interface. [35-37] In contrast, the atomic layer deposition (ALD) technique have
gained considerable attention for the synthesis of transition metal oxide NPs on
various substrate. Due to the sequential reactions and self-limiting nature, ALD
possesses the advantage in controlling the target materials with precise particle size
and density on the substrate. By forming chemical bonds between the initial layer of
ALD precursor and support atoms during the first cycle of deposition, the strong
interaction between the deposited material and support could be enabled, which is
benefit for achieving the highly stable NPs. Moreover, various transition metal oxide
or compound with controllable particle size and density have been developed on
different substrate by ALD in our group. [38-41] These results enable the preparation
of well-dispersed, nanoscale metal compounds for carbon surface modification,

achieving controllable metal-support interface.

Herein, we explore the role of nitrogen-doped tantalum oxide (N-Ta2Os) bridge layer
for the observed improvement in catalyst durability. Initially, the TaxOs NPs were
developed by ALD technique to decorate the carbon black surface. As co-support,
Ta>Os NPs have much higher corrosion resistance in the electrochemical environment
of PEMFCs compared to carbon. Subsequently, NHsz treatment of ALDTa,Os/C
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support was conducted to doping N species. It was found that Pt/N-ALDTa>Os/C
showed enhanced catalytic activity and significantly improved electrochemical
durability toward ORR. X-ray absorption spectroscopy provided direct evidence of
change in the electronic structure of Pt NPs on N-ALDTa>Os/C support compared to
other supports, illustrating the SMSIs formed between Pt NPs and the modified N-
ALDTa20s/C support. This is the first report for the application of N-doped tantalum
oxide NPs as co-catalyst support to modify carbon surface. By tuning the metal
support interface, the highly active and stable Pt catalyst was achieved in this study.

5.2 Experiment

5.2.1  Surface modification of carbon black with tantalum oxide via
ALD

Vulcan-72 carbon black was used as the catalyst support to prepare the Pt/C catalyst.
Prior to Pt deposition, surface modification of carbon black with Ta,Os NPs was
carried out by ALD technique. The Ta2Os deposition was conducted in an ALD
reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) at 225 °C using
tantalum (V) ethoxide (Ta(OC:2Hs)s) and H2O as precursors, and N2 as carrier gas. One
ALD cycle consisted of the following six steps: (1) 0.5 s pulse of Ta(OC2H5s)s; (2) 3.0
s extended exposure to Ta(OCzHs)s in the reaction chamber; (3) N2 purging of 16 s;
(4) 1.0 s pulse of H20; (5) 3.0 s extended exposure to H20 in the reaction chamber; (6)
N2 purging of 25 s. 35 ALD cycles was carried out to achieve a uniform distribution of
Ta>Os NPs on carbon surface. The prepared sample was designated as ALDTa2Os/C.
More detailed relationship between ALD cycles and Ta.Os loading have been
previously reported by elsewhere. [8, 39] To further investigate N-doping effect of
metal oxide on Pt catalyst activity and durability, the N-doped ALDTa>Os/C (N-
ALDTa20s5/C) was derived from post-treatment of ALDTa.Os/C with NHz/Ar
(10:100) under 700°C for 1h. The modified N-ALDTa;0s/C and ALDTa>Os/C
composites were supplied as supports for Pt NPs deposition and finally the supported
Pt/N-ALDTa20s/C and Pt/ALDTa.0s/C catalysts were prepared, respectively.
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5.2.2 Pt deposition on modified carbon support

For Pt deposition, the microwave assisted ethylene glycol (EG) reduction method was
applied to deposit Pt NPs on different supports. Typically, the 20 mg of N-
ALDTa20s/C in 50 ml EG solution containing 0.6 mM H2PtCls.6H>O was sonicated
for 30 min, and then saturated NaOH/EG solution was used to adjust the PH of the
solution to ~10. The solution mixture was microwaved in an oven until the boiling
point of EG. During microwaving process, Pt metallic NPs nucleation and growth
proceeded by reducing H2PtCls precursor. The Pt NPs where then loaded on the
available substrate surface of N-ALDTa2Os/C support. After cooling down, filtering
and washing, the obtained Pt/N-ALDTa20s/C catalyst was dried in a vacuum oven.
For comparison, the Pt NPs were also deposited on ALDTa>Os/C and pure Vulcan-72
carbon supports using the same procedure to get the Pt/ALDTa20s and Pt/C catalysts.

5.2.3  Physical characterization

Structure characterizations of ALDTa20s/C, N-ALDTa>Os/C and Pt/N-ALDTa20s/C
catalyst were performed by high resolution transmission electron microscope
(HRTEM, JEOL 2010FEG, at 200 KV). The elemental distribution was determined by
energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) mapping. The chemical state of ALDTa,Os/C and N-ALDTaOs/C were
investigated by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra-
spectrometer). The N content estimated by XPS was around 0.5 at% for the sample of
N-ALDTa>0s/C, and Ta content was around 3.3 at% or 12.7 wt% determined by EDS.
The Pt content for each of the electrocatalysts were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). From ICP analysis, the Pt loading
in Pt/N-ALDTa.0s/C, Pt/ALDTa20s/C, and Pt/C catalysts were determined of 21.0
wt%, 22.6 wt%, 23.7 wt%, respectively.

5.2.4  X-ray absorption spectroscopy

X-ray absorption near edge structure (XANES) measurement at the Pt Lz-edge (11564
eV) and L»-edge (13273 eV) were performed on the 061D superconducting wiggler
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sourced hard X-ray microanalysis (HXMA) beamline at the Canadian Light Source.
The spectra were collected in fluorescence yield mode using a 32 Ge solid-state
detector, and the spectra of high purity metal Pt foil were collected in transmission
mode for comparison and mono energy calibration. The acquired XANES data were
processed according to the standard procedures using the Athena module. The
XANES oscillation functions were obtained by subtracting the pre-edge, post-edge
background from the overall absorption spectra and then normalized with respect to
the edge-jump step to unity. For a better understanding of the impact of unoccupied
densities of 5d states of Pt NPs on different supports, quantitative whiteline (WL)
intensity analysis was conducted based on the method reported by Mansour et al., [42]
Sham et al, [43, 44] and Sun et al. [17, 45, 46]

5.25 Electrochemical characterization

The electrochemical characterizations were performed in a three-electrode system using a
rotating-disk electrode (RDE) setup with an Autolab electrochemistry station and rotation
control (Pine Instruments). The ink was prepared by mixing 3.0 mg of catalyst in 3.0 ml of
aqueous solution containing 0.6 mL of isopropyl alcohol and 30 pL of Nafion (5.0
wt%). Then 30 min sonication was conducted to ensure good dispersion and wetting
of the catalyst. 20 pL of the catalyst ink was pipetted onto a polished glassy carbon
electrode (Pine, 5.0 mm dia., 0.196 cm?) and allowed to dry at room temperature. All
electrochemical measurements were carried out in 0.1 M HCIO4 electrolyte using a Pt wire as
a counter electrode and reversible hydrogen electrode (RHE) as a reference electrode. All
potentials reported henceforth are vs. RHE. Each electrode was activated by scanning from
0.05 to 1.1 V at 50 mV-s? in Nz-saturated 0.1 M HCIO4 until no changes were observed in
the cyclic voltammetry (CV) curves. Oz was then bubbled into HCIO4 for 30 min to achieve
an Op-saturated electrolyte. Then ORR linear sweep voltammetry (LSV, 10 mV-s?) was
conducted in O»-saturated 0.1M HCIO4 on the RDE system with a rotation speed of 1600
rpm. The LSV curves obtained under N2 were subtracted from the LSV curves obtained
under Oz to remove the non-Faradaic current. The electrochemically active surface area
(ECSA) was calculated by integrating the area of the CV curves in the hydrogen

underpotential deposition (HUPD) region and using the charge value of 210 pC-cm
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corresponding to a monolayer adsorption of hydrogen atoms on a polycrystalline Pt catalyst.
[47] To evaluate the catalysts durability, an accelerate durability test of potential cycling
from 0.6 to 1.0 V vs. RHE protocol was conducted on the as-prepared electrocatalysts. A
total of 10,000 cycles in O.-saturated 0.1 M HCIO4 at 50 mV-s™ were performed to analysis
the catalysts durability and intermediate characterizations were recorded to monitor the

catalysts ECSA degradation and mass activity loss.

5.3 Results and discussion

5.3.1  Nanocomposite electrocatalysts preparation and
characterization

The nanocomposite electrocatalyst with Pt NPs supported on N-ALDTa,Os/C were
synthesized by a three-step procedure as illustrated in Scheme 1. Initially, ALD of Ta>Os NPs
was performed on the surface of carbon black to produce the Ta,Os-modified carbon. Based
on our previous work, [8] 35 ALD cycles could ensure the appropriate loading and uniform
distribution of Ta20s NPs on carbon surface. Thus, 35 ALD cycles were adopted here for the
Ta>Os NPs deposition. Then, the gas mixture of ammonia/argon (NHs/Ar=10/90) was used
for the post-treatment of the ALDTa.Os/C under 700°C for 1h to achieve the N-doped
ALDTa,0s/C nanocomposite support. By doping the N atoms from NHsz to Ta;Os NPs, the
composite of ALDTa0s/C support could be transformed into N-Ta2Os/C. Finally, the Pt NPs
were deposited on the surface of the modified N-Ta;Os/C support with a controlled Pt
loading of ~20wt% to obtain the nanocomposite electrocatalyst of Pt/N-ALDTaOs/C.
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Figure 5.1. Schematic illustration for fabrication of nanocomposite electrocatalyst of

Pt/N-ALDTa20s/C with strong metal-support interactions.

The particle sizes and distribution of ALDTa2,0s NPs on carbon sphere achieved via ALD
was characterized by HRTEM and aberration corrected scanning transmission electron
microscopy (STEM). It can be observed in Figure 5.1 (a, b) that the TaxOs NPs under
discontinuous morphology were deposited on the carbon surface with a uniform distribution.
By further analysis HRTEM information, it was found that majority of Ta2Os NPs prepared
by ALD exist as amorphous structure, which is due to the small particles size (2.7+0.3 nm)
and the relatively low deposition temperature (225 °C) for Ta20s synthesis. To understand
the structure and morphology variations for ALDTaOs/C after N-doping, a comparison of
HRTEM/STEM images for N-ALDTa.Os/C was conducted. Figure 5.1 ¢ and d indicate that
the N-Ta>Os from modified support of N-ALDTa20s/C has similar particle size with that of
Ta20s, which exhibits uniform dispersion across the Vulcan carbon surface. Although
undergone a high temperature NH3 treatment, the N-Ta>,Os NPs still have a good dispersion
and are closely anchored on the carbon surface, which suggests the tight integration of N-
Ta,Os NPs and carbon surface. Also, it is noteworthy that the N atoms have been

successfully doped into the nanocomposite support, which is evidenced by the EELS
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elemental maps (Figure 5.1 e). N-doping effect would further improve the electron
conductivity of Ta,Os/C support, which would benefit for enhancing the metal catalysts
activity and durability. Considering the modified N-ALDTa2Os/C as catalyst support, Pt NPs
were deposited on this nanocomposite support, and finally the supported Pt/N-ALDTa>0s/C
electrocatalyst was achieved. The HRTEM image in Figure 5.1 f shows that crystalline Pt
NPs highly dispersed on the modified N-ALDTa.Os/C support surface, no NPs aggregation
was detected. The pre-deposited N-Ta>Os appears as amorphous island and surrounding the
Pt NPs on carbon surface, effectively preventing the Pt NPs migration and aggregation with
the neighboring NPs. This characterization evidenced the stabilization against mobility that
the N-Ta2Os bridge particle imparts on the Pt NPs. The HRTEM/EDS mapping (Figure S5.1)
show Pt and Ta with a uniform distribution on carbon surface. STEM-EDS line scan image in
Figure 5.1 h provides convincing evidence for the good incorporation of Pt with N-Ta2Os
NPs and carbon support. EDS spectra indicates the Ta and Pt loading is 12.7 wt% and 20.1
wt%, respectively, which is consistent to the Pt content of 21.0 wt% detected by ICP-OES.
By tuning the interface between Pt NPs and carbon support via the bridge layer of conductive
N-ALDTa,0s NPs, the Pt/N-ALDTa.0s/C electrocatalyst is expected to have significantly

enhanced electrocatalytic performance compared to pure Pt/C.
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Figure 5.2. HRTEM and STEM images of ALDTa20s/C (a-b), N-ALDTa20s/C (c-d),
and Pt/N-ALDTa20s/C (f-g); EELS map of the C (green), N (yellow), O (red) elements
for the N-ALDTa20s/C (e); STEM-EDS line scan and spectra of Pt/N-ALDTa20s/C (h).

A smaller particle size with a higher specific surface area in the current work is believed to
provide a higher thermodynamically metastable surface area to facilitate the nitridation
reaction, thereby vyielding the N-doped Ta.Os in addition to Ta.Os. Nitrogen doping of
ALDTa;0s/C via the 700 °C NHz treatment was checked by X-ray photoelectron
spectroscopy (XPS) to analysis the chemical composition of the modified N-ALDTa>Os/C.
The XPS survey of N-ALDTa20s/C in Figure 5.2a indicates the presence of Ta, O, N and C
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elements with the atomic content of 3.3 %, 9.2 %, 0.5 % and 87.0 %, respectively. The Ta 4f
doublets in Figure 5.2b, with the binding energy of 27.09 eV for Ta f72 peak and 28.97 eV
for the Ta fs;2 peak, which are consistent with the Ta>* signal from Ta,Os. The XPS spectra in
Figure 5.2c showed N 1s peak at 397.7 eV accompanied with larger Ta 4ps» peak at 405.1
eV, which confirmed nitrogen atoms have been successfully doped into the TaOs lattice. As
reported by Kang et.al, [48] the nitrogen-doping content in Ta2Os can be modulated by the
temperature of NHz treatment. Under 700 °C, certain amounts of O atoms from Ta.Os/C are
substituted by N atoms with larger radii than that of O atoms. Figure 5.2d indicated that
major O 1s peak located at 531.6 eV is from the metal oxide of Ta.Os, and a small peak at
533.2 eV is attributed to the response of O-N, belonging to the N-doped-O species from N-
ALDTa20s/C. In this study, the O/Ta molar ratio is 2.78 and the N/Ta molar ratio was 0.15,
which suggest that nitrogen atoms have been doped in a modest concentration via the 700°C
NH3 treatment for 1 h.
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Figure 5.3. X-ray photoelectron spectra for N-ALDTa20s/C. a) survey spectrum, b) Ta
4fs2 and Ta 4f72, (c) Ta 4psz and N 1s, and (d) O 1s
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5.3.2  Electrocatalytic activity and durability

To determine the impact of N-ALDTa,0s and ALDTa>0s on the Pt activity and durability,
the ORR activity and potential cycling durability for catalysts of Pt/N-ALDTa>Os/C,
Pt/ALDTa>0s/C and Pt/C were evaluated. The durability tests were performed by potential
sweeping between 0.6 V and 1.0 V (vs. RHE) in Oz-purged 0.1 M HCIO4 for 10,000 cycles
to mimic catalysts durability under the PEMFCs operation. During the accelerate durability
test (ADT), Pt catalysts would undergo the NPs migration and aggregation, dissolution and
re-deposition, thus loss of active surface area, leading to activity degradation. Figure S5.2
illustrate the representative CV curves (Fig. S2 a-c) and normalized electrochemical active
surface area (ESCA) (Fig. S2 d) recorded before and after ADT-10,000 for these catalysts.
With continuous potential cycling, the CV curves for Pt/C catalyst exhibited a pronounced
decrease of total charge in the hydrogen underpotential deposition (HUPD) region, indicating
the degradation in Pt active surface area. By analysis the ECSA of Pt/C catalyst before and
after ADT-10,000, it indicated that the Pt/C catalyst experienced a significant surface
degradation, with 47% initial ECSA loss after cycling. In contrast, the Pt/ALDTa,Os/C
catalyst with the decoration of ALDTa,Os NPs exhibited an enhanced stable CV peak current
and showed 25.2% loss of ECSA after ADT-10,000. The more stable ECSA for
Pt/ALDTa,Os/C than that of Pt/C implies the adhesive and/or anchoring effect of T20s
bridge particles which benefit for immobilizing Pt NPs and inhibiting Pt NPs migration,
aggregation, thus alleviating the rapid degradation of catalyst surface area. More importantly,
with further doping N species into the ALDTa,0s, the modified N-ALDTa.Os NPs display
the optimum efficiency in stabilizing Pt NPs. Figure S5.2 (a) shows the CV curves for Pt/N-
ALDTa20s/C catalyst before and after ADT-10,000. By analysis of catalyst active surface
area variation, it was found that Pt NPs show excellent stability in Pt/N-ALDTa>Os/C
system, reflected as the much slower degradation trend with the proceeded potential cycling.
After 10,000 ADT cycles, 85.1% initial ECSA was maintained and only 14.9% ECSA loss
was revealed for Pt/N-ALDTa20s/C catalyst. These results suggest the superior durability of
Pt/N-ALDTaz0s/C compared than that of Pt/ALDTa0s/C and Pt/C catalysts.

The ORR Kinetics of these Pt electrocatalysts were evaluated by comparing their polarization

curves that were acquired in O2-saturated 0.1 M HCIO4 (Figure 5.3 a-c) and then calculated
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their activities based on Koutecky-Levich plots.[49] The catalysts of Pt/N-ALDTa20s/C,
Pt/ALDTa.0s/C, Pt/C show the onset potential of 1.078 V, 1.076 V, and 1.079 V (vs. RHE),
respectively, which implies the similar initial activity of these catalysts at the beginning of
life (BOL). After performed ADT cycling, the Pt/C lost its ORR activity much faster than
that of P/ ALDTa20s/C and Pt/N-ALDTa,Os/C catalysts, i.e., a pronounced 20 mV (shifted
from 0.901 V to 0.881 V) of half-wave potential (E1») degradation for Pt/C versus 10 mV
(shifted from 0.982 to 0.882 V) E12 degradation for Pt/ALDTa,Os/C. In contrast, the E1/, of
Pt/N-ALDTa>0s/C electrocatalyst remained almost the same as their respective
voltammograms nearly overlapped and only 4 mV of Ei» (shifted from 0.988 to 0.984 V)
loss before and after the stability test. The Kkinetic currents at 0.9 V for all the studied
electrocatalysts obtained from the Koutecky-Levich equation were used to get Pt mass
activities (Figure 5.3 d). With the same Pt NPs size and loading, the electrocatalyst of Pt/N-
ALDTa20s/C shows the best mass activity and durability. The fresh Pt/ALDTa0s/C
electrocatalyst showed an initial mass activity of 0.222 A-mg?p, and after ADT of 10,000
cycles the mass activity decreased to 0.168 A-mg™p, which is 24.3% loss in activity.
Notably, the fresh Pt/N-ALDTa,Os/C showed a higher initial activity of 0.280 A-mg™ptand
after ADT 10,000 cycles, the mass activity value decreased to 0.252 A-mg™p: with only a
10.0% loss in Pt activity, which is around 2 times higher than that for Pt/C decreased from
0.213 to 0.129 A-mgpe: and 39.4% activity loss. The potential cycling durability tests show
that Pt/N-ALDTa20s/C electrocatalyst is significantly more stable than the Pt/C catalyst. The
observed decrease in the active surface area and the ORR catalytic activity for Pt/C and
Pt/ALDTa.0s/C samples are predominantly caused by the coalescence of the Pt NPs. It was
shown by Sheng et al. that small Pt NPs (~2 nm) easily coalesce to form large ones, which is
consistent with particle migration and coalescence being a major catalyst degradation
pathway. [50] The superior durability achieved for Pt/N-ALDTa2Os/C catalyst is assumed to
arise from the strong interactions between Pt NPs and N-doped-Ta,Os modified support. To
confirm this assumption, the X-ray absorption spectroscopy was carried out to study the local
electronic structures of Pt and evaluate the metal-support interactions in these

electrocatalysts.
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Figure 5.4. The polarization curves of (a) Pt/N-ALDTa20s/C, (b) Pt/ALDTa20s/C, and
(c) Pt/C before and after 10,000 cycles of accelerate durability (ADT) test in Oo-
saturated 0.1M HCIO4, 1600 rpm, scan rate of 10 mV-s. (d) mass activity of different
catalysts at 0.9 V (vs. RHE) before and after ADT-10000 (BOL stands for beginning of
life).

5.3.3  X-ray absorption spectroscopy studies

To elucidate the chemical state and electronic structure of Pt and Pt-support interactions, the
X-ray absorption spectra of Pt at Ls- and L»-edge were studied. It is seen that the X-ray
absorption near edge structure (XANES) of supported Pt NPs at both Pt Lz and L> edge
exhibit a considerable whiteline (WL) compared to the Pt foil (Figure 5.4). The WL at Pt L»
and Ls edges arise from the dominant 2pi2 and 2pse transition to 5dsz and Sds/z3p,
respectively, indicating the presence of unoccupied densities of states (DOS) of Pt 5ds/2 and
5ds> character in the catalysts. The catalytic activity and durability of Pt for ORR has a close
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relationship with the DOS of the employed Pt NPs. The normalized XANES and derivative
spectra for both the Pt Ls- and L»-edges of the Pt/N-ALDTa20s/C, Pt/ALDTa>0s/C, and Pt/C
catalysts are shown in Figure 5.4 with comparison to a standard Pt foil. It can be observed in
Figure 5.4a that the threshold energy (Eo) and the maximum energy (Epeax) Of the Pt Ls-edge
for these supported Pt catalysts are close to the reference of metallic Pt foil, confirming the
metallic nature of the Pt NPs. However, the XANES profile and derivative spectra of Pt in
Pt/N-ALDTa20s/C catalyst demonstrate a dramatic difference from those of Pt/ALDTa,0s/C
and Pt/C. It was noted that the slightly higher WL intensity (Figure 5.4a) and the positively
shifted peak energy in derivative spectra (Figure 5.4b) for Pt/N-ALDTa>Os/C compared to
other catalysts, implies that the depletion of d-band in Pt/N-ALDTaOs/C is greater than that
of Pt/ALDTa20s/C and Pt/C catalysts. The appearance of higher unoccupied density of d
states of Pt is likely due to the electron transfer from Pt to N-Ta2Os NPs, which confirms the
strong interactions between Pt NPs and N-Ta2Os/C support. Moreover, the corresponding Pt
L.-edge WL exhibits considerable variation among the catalysts. The results indicate that Lo-
edge WL intensity increasing in the order of: Pt foil < Pt/C < Pt/ALDTa>0s/C < Pt/N-
ALDTa20s/C, which follows the same order with the long-term durability for different
catalysts. Therefore, the increase of the WL intensity in Pt/N-ALDTa>Os/C compared to
Pt/ALDTa,0s/C and Pt/C can reflect a stronger interaction between Pt and N-Ta,Os/C
support. The quantitative analysis to determine the occupancy of 5d states through detailed
examination of WL profile in each sample will be further discussed below.
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Figure 5.5. X-ray absorption studies. (a) The normalized and (b) derivative XANES
spectra at the Pt L3-edge of the Pt/N-ALDTa20s/C, Pt/ALDTa20s/C, Pt/C and Pt foil.
The inset shows the enlarged spectra at the Pt L3-edge white line (WL). (c) The
normalized and (d) derivative XANES spectra at the Pt L2-edge of Pt/N-ALDTa20s/C,
Pt/ALDTa20s/C, Pt/C and Pt foil. The inset shows the enlarged spectra at the Pt L2-
edge white line (WL).

Table 5-1. Pt L3-edge and Pt L2-edge threshold and whiteline parameters of different

catalysts.
Sample Pt L; edge WL Pt L, edge WL
Eo (eV)a E(peak)(eV)b F(CV)C AAgd Eo(eV)a E(peak)(E\/)b F(CV)C AAzd hs/z h3/2 Total
Pt Foil 11564 11566.6 4.0 6.173 13273 13276.4 25 2516 0572 0.117 0.689

Pt/C 11564 11567.1 5.4 6.776 13273 13276.6 1.9 3.753 0.620 0.175 0.795
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Pt/ALDTa,0s/C 11563.9 11566.9 4.5 7.018 13273 13276.8 13 3.956 0.642 0.184 0.826

Pt/N-ALDTa,0s/C 11564.5 11567.8 5.9 7.388 13273 13277.6 51 4203 0676 0.19 0.871

2Position of the point of inflection of the rising edge; ® Peak position; ¢ Line width at Half maximum of the WL; ¢ Area under the difference
curve for unity edge jump, the unity edge jump for the Pt L; and L, edge corresponds to a value of 2.5x10° cm™ and 1.16x 10° cm™,
respectively.

For a better understanding of the effect of the unoccupied densities of 5d states of Pt NPs on
different supports, the quantitative analysis of Pt Lz and L> edge WL intensity has been
conducted based on the method reported by Sham et al. [43] and Sun et al. [17, 45] For the
set of experimental data recorded in this work, the Pt Lz and L> edge threshold, WL
parameters and the corresponding 5d hole counts of hs> and hs, are summarized in Table 1.
These results quantitatively confirm the observations made on the Pt Ls and L, edge XANES;
i.e., the Pt/N-ALDTa.0s/C has the highest total unoccupied DOS of the 5d hole counts of
0.871 than that of 0.826 for Pt/ALDTa.Os/C and 0.795 for Pt/C. The character of Pt 5d
unoccupied densities of states correlates well with its performance. The higher unoccupied
DOS of Pt 5d hole number stands for the stronger interactions between Pt NPs and support,
which leads to an advanced electrocatalytic activity and durability performance. It could be
concluded that the modification of the N-Ta2Os/C support play significant role in affecting
the electronic states of Pt NPs, thus forming the strong metal-support interaction and leading

to the enhancement of long-term stability of Pt NPs.

5.4 Conclusion

In summary, we have successfully used the ALD method to prepare a novel Pt/N-
ALDTa;0s/C electrocatalyst in which the carbon support is decorated by N-doped-Ta2Os
particles and yields Pt NPs that are well-anchored and stick tightly on the modified carbon
surface. Experimental results demonstrate that Pt/N-ALDTa2Os/C catalyst shows improved
activity for the ORR compared to the Pt/C catalyst. More interestingly, the Pt/N-
ALDTa20s/C catalyst exhibits superior long-term durability, reflected by a mass activity two
times higher than that of Pt/C, after 10,000 cycles of accelerate durability tests. The
improved activity and stability are attributed to the introduction of a N-Ta>Os bridge layer
between Pt NPs and carbon support, forming strong metal-support interactions and thus

effectively prevent Pt nanocrystals from migration and aggregation. The X-ray absorption
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spectra suggests that the Pt/N-ALDTa>0s/C catalyst shows noticeable electron delocalization
of Pt d orbitals and with electron transfer from Pt to N-Ta.Os/C support, which give the most
direct evidence for the strong interactions between Pt NPs and N-Ta>Os/C support. The result
of this work provides insights for future design of electrocatalysts with high stability through

increased interactions between catalytic metal particles and support.
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Figure S5.1. TEM image and corresponding element maps of C, Pt, Ta for sample of
Pt/N-ALDTa20s/C.
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Chapter 6

6  Ultra-low loading and high-performing Pt catalyst for
PEMFC anode achieved by atomic layer deposition

*This chapter is to be submitted for peer-reviewed publication.

Decreasing Pt loading in the anode layer below ~0.025 mg-cm is found to reduce the
hydrogen oxidation reaction (HOR) rate during polymer electrolyte membrane fuel cells
(PEMFCs) normal operation, when using conventional Pt/C catalysts and electrode coating
methods. To achieve extremely low Pt loading in the anode catalyst layer while maintaining
high PEMFC performance and durability, a series of membrane electrode assemblies (MEAS)
with low Pt loading in the anode layer are successfully prepared using an atomic layer
deposition (ALD) technique. By controlling the ALD cycle number, the Pt nanoparticles
(NPs) with different size and loading amount are directly deposited on the bonded carbon
layer to form the anode catalyst layer. The ALDPt NPs with uniform particle size are highly
dispersed on all the available carbon surface, which promote the ALDPt with high
electrochemical active surface area and enable enhanced performance of ALDPt-MEAs.
Particularly, the S0ALDPt-MEA with the anode Pt prepared by 50ALD cycles shows
excellent Hz-air PEMFC activity and durability. Importantly, the 20ALDPt-MEA with ultra-
low Pt loading of 0.01 mg-cm displays much higher anode Pt surface area of 155 m?-g et
which is around 3.0 times higher than that of 50.3 m?.g™s: for commercial Pt catalyst. The
20ALDPt anode also shows better durability performance with only 10.2% power density
loss than that of commercial Pt/C anode (14.5 % loss) after anode potential cycling
accelerated stress test. The ultra-low Pt loading, uniform Pt distribution, high MEA
performance and durability achieved indicate that the ALD technique has a great potential for

developing next-generation electrocatalysts
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6.1 Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are one of the most efficient devices for
converting the stored chemical energy from hydrogen into the useable electrical energy,
making it a key technology as society transitions toward clean forms of energy.[1-5]
Unfortunately, the electrode catalyst layers in PEMFCs require high loading amount of
platinum-based (Pt) noble metal catalysts to drive the desired electrochemical reactions
(hydrogen oxidation reaction (HOR) at the anode, and oxygen reduction reaction (ORR) at
the cathode). Therefore, it is of great importance to reduce Pt-based noble metal catalysts
loading to make PEMFCs cost-competitive with conventional technologies. [6, 7] The U.S.
Department of Energy (DOE) targeting a total Pt loading of 0.125 mg-cm by 2020 [8] for
the cost requirement, allowing only 0.025 mg-cm for the anode, which is the lowest loading
achievable by the conventional method without losing performance towards HOR
kinetics.[9-12] The fast HOR kinetics on supported platinum catalyst (Pt/C) requires a very
small amount of anode catalyst, and it has been found that the anode is not likely to fail when
operating in neat hydrogen with Pt/C catalysts.[13-16] However, when extremely reduce the
Pt loading to less than 0.025 mg-cm, the risk of the conventional coated anode could result
in reduced HOR performance in MEA due to the very thin layer thickness. If using low Pt
content (<50% Pt/C) catalyst to increase the layer thickness, the proton and the electric
conductivities could be the issues. Besides, the cycling durability of the low Pt loading
anodes in air/air startup/shutdown (SUSD) could become another critical failure modes. [17-
20] For example, during PEMFC air/air startup/shutdown (SUSD) process, the anode
potential may vary from ~ 0 V up to ~ 1.0 V (vs. RHE) when the anode channel gas
alternates from hydrogen rich fuel gas to atmospheric air. This potential variation will
generate the oxidation of Pt NPs to ions and oxides. Consequently, the oxidized Pt species
can migrate and re-deposit in the anode layer and/or membrane components during the
SUSD operation. [21, 22] This phenomenon will loss the Pt utilization and consume the
effective Pt amount in anode layer, which decrease the PEMFC performance and durability
significantly. Although significant advances have been achieved on lowering Pt loading in
anode layer, very few of them are concerned for both the high performance, stability and

durability during the SUSD cycling. [23-26] Therefore, pursuing a new technology to prepare
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the electrode catalyst layer with not only low Pt loadings, but also excellent performance and

durability is necessary to realize the commercialization of low-cost PEMFCs.

Direct deposition of Pt NPs on the surface of carbon-coated electrode layer is recognized as
an efficient way for preparing the high efficient fuel cell catalysts, because it can promote the
exposure of Pt active surface and enhances the Pt utilization in the membrane electrode
assembly (MEA). [23, 24, 26-29] Among the synthesis method for Pt catalyst, atomic layer
deposition (ALD) has emerged as an attractive technique for deposition of Pt NPs due to the
advantages of good uniformity, high dispersion and precise size control. [30-32]
Theoretically, the self-limiting reaction nature of ALD enables the achievement of monolayer
dispersion of metal atoms on the substrate, which makes ALD an attractive technique for
preparing Pt NPs in PEMFCs electrode with high dispersion and controllable loading. To
date, a few studies have reported on the preparation of highly dispersed Pt catalyst or
transition metal oxide NPs by ALD for PEMFCs application. Sun et al. prepared Pt NPs on
different carbon support by the ALD method, and the synthesized ALDPt-CNTs or ALDPt-
Graphene are used as electrocatalysts for ORR, methanol oxidation, and water splitting,
which show significantly enhanced electrocatalytic activity. [32-34] However, direct
deposition of the Pt NPs on the bonded carbon electrode layer by ALD has not been reported
yet. Additionally, low Pt loading impact on the PEMFCs performance and durability

prepared by ALD still indicates lack of investigations.

In this work, ALD technology is used for the first time to deposit ultra-low Pt loadings on the
bonded carbon layer, by which the Pt NPs are directly deposited onto the surface of carbon
black to form the anode catalyst layer. The novelty of post deposition of Pt on PEMFC
anode layer is that it can effectively improve the Pt utilization and enhance the PEMFC
performance while reducing the Pt loading. Through control the number of ALD cycles (50,
30 and 20), a series of anode layers with different Pt loadings and particle size are obtained.
The MEA assembled with anode Pt catalyst prepared by ALD showed much better Hz-air
PEMFCs performance and durability than the MEA prepared with the commercial catalyst
(50%Pt/C) through a conventional method. The ultra-low Pt loading, uniform Pt distribution,
excellent Ho-air PEMFCs performance and durability, indicate that the ALD technique has

great potential for developing next-generation electrocatalysts in PEMFCs application.
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6.2 Experiment

ALD of Pt NPs on carbon support layers

The porous carbon coating layers with carbon black and Nafion binder coated on PTFE film,
which served as the substrate for Pt deposition, are provided by Ballard power system
company. Pt NPs are deposited on the anode carbon layers by ALD method (Cambridge
nanotechnology Inc., USA) using MeCpPtMes and O as precursors and a similar procedure
with our previously reported work. High-purity N2 is used as both purging gas and carrier
gas. The carbon coating sheets with size around 10 cm x 10 cm is placed in ALD chamber.
The deposition temperature is 250°C, while the bubbler of MeCpPtMes is kept at 65°C to
provide a steady-state flux of MeCpPtMes vapor. Gas lines are hold at 100 °C to avoid
precursor condensation. For each ALD cycle, 1.0 s of the MeCpPtMe3 pulse and 5.0 s of the
O2 pulse were separated by a 20 s N2 purge. [32] By applying the ALD cycles of 50, 30 and
20, the ALDPt/C anode catalyst with controlled Pt loading of 0.035, 0.02, 0.01 mg-cm were

prepared, respectively.
MEA preparation and single fuel cell performance testing

Prior to fabricating the MEA, a catalyst-coated membrane (Nafion membrane) was prepared
by a decal transfer method. First, a half-CCM of cathode-coated Nafion membrane with Pt
loading of 0.4 mg-cm™ was prepared using the commercial 50wt%Pt/C catalyst (Tanaka
Kikinzoku Kogyo TEC10E50E). Then the anode catalyst layer with Pt NPs deposited by
ALD was decal transferred onto the other side of the Nafion membrane by hot-pressing.
Finally, the CCM was sandwiched between two gas diffusion layers (GDL) and assembled
by the Kapton frame with an active area of 45 cm?. To understand the Pt loading impact on
anodic HOR activity and investigate the lower limiting of anode Pt loading for PEMFC
application, the MEAs composed with anode of ALDPt with loading of 0.035, 0.02, 0.01
mg-cm? and cathode with 0.4 mg-cm? commercial Pt/C were prepared, respectively.
Additionally, the MEA made by commercial Pt/C with Pt loading of 0.4 mg-cm for cathode

and 0.035 mg.cm™ for anode was fabricated for comparison.

The MEA single cell performance was tested at Ballard Power System. PEMFC single cell

performance testing was conducted under conditions of 75 °C, 5 psig, 100% relative
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humidity (RH), with anode feeding of hydrogen and cathode of air at the flow rate of 2 and 4
slpm, respectively. Before testing, MEA conditioning was performed at the current density of
1.3 A-cm™ for 16 h. The PEMFC H.-air polarization curved were recorded using standard
fuel cell test stations in a current control mode. Moreover, to understand the active surface
area of anode catalyst, the CV and CO striping was carried out on the MEA anode side. The
current-voltage curves of MEA anode catalyst for hydrogen oxidation was determined. To
evaluate the durability and lifetime of anode catalyst, a startup/shutdown cycling protocol
using a square wave potential control with 30 s intervals by holding at 0.1 V and 1.0 V (vs.
RHE) was performed on anode catalyst. During the accelerated durability test (ADT), the
anode feeding with N> serves as the working electrode, while cathode under the H>
atmosphere works as the counter electrode. In this cycling protocol, cathode side conditioned
at H> with negligible or even no cathode catalyst degradation occurs. While, the working
electrode of anode went through the alternate low and high potential cycling, which would
display varied catalyst degradation for the different anode catalysts. A total 2000 ADT cycles
were performed on MEA and intermediate performance was recorded to monitor the air
polarization curves, power density and anode electrochemical catalyst active surface area
(ECSA) loss.

Physical characterization

The morphology and microstructure of Pt NPs were characterized by high-resolution
transmission electronic microscopy (HRTEM, JEOL 2010FEG) and a Hitachi S-4800 field
emission scanning electronic microscopy (FESEM). The Pt loading on anode layers prepared
by ALD was determined by inductively coupled plasma-optical emission spectroscopy (ICP-
OES). The cross-sections of MEA thin film after ADT cycling were prepared by a microtome
(Leitz microtome type 1310) technique for a detailed structural analysis. To understand the
MEA cross-section structures after ADT cycling, HRTEM coupled with electron energy loss
spectroscopy (EELS) characterization were carried out on an aberration-corrected (probe and
image-forming lenses) FEI Titan Cubed 80-300 kV microscope equipped with a Gatan
Image Filter Quantum-965 spectrometer operated at 200 kV. EELS maps were recorded with

a 0.25 eV/channel dispersion of the spectrometer.
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6.3 Result and discussion

Structural characterization

Cathode + - Anode

‘: Carbon °: Carbon with Nafion @: ALD Pt on Carbon layer

Figure 6.1. Schematic illustration of deposit Pt NPs on anode carbon layers by ALD for
PEMFCs.

Figure 6.1 presents the deposition of Pt NPs on the carbon layers using ALD technique. By
controlling the ALD cycle number, different Pt loadings can be designed on the carbon
layers, forming the anode catalyst layers for PEMFC application. After ALD of Pt NPs, the
anode catalyst layer was decal transferred to the Nafion membrane by a method of hot-
pressing and obtained the CCM. Subsequently, by assembling CCM with GDL layers to
fabricate the MEA single cell. From the TEM images of Figure 6.2 and SEM images of
Figure S6.1, it can be found that, the Pt particle size and loading amount can be controlled by
varying the ALD cycles. For 50 ALD cycles, the Pt loading of 0.035 mg-cm™ can be
achieved on the carbon layers, with the average Pt NPs size of 3.3+0.05 nm (Figure 6.2b). By
contrast for the commercial Pt/C catalyst with the same Pt 0.035 mg-cm loading, the Pt NPs
in commercial Pt/C catalyst was tended to aggregate along the edges and defective sites with
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low energy spots (Figure 6.2a). Therefore, it could be found that the ALD Pt exhibit
significant advantage in uniform dispersion on all the available carbon surface, which is
expected to benefit for achieving the high ECSA of Pt catalyst. By lowering the ALD cycles
to 30, a decreased Pt loading of 0.02 mg-cm™ and smaller Pt particle size of 2.3+0.05 nm was
deposited on carbon layers (Figure 6.2c). To further enable the ultra-low Pt loading to 0.01
mg-cm, 20 ALD cycles were applied to construct the Pt NPs on carbon layers. The HREM
image in Figure 6.2d indicates that tiny Pt NPs with the average size of 1.4+0.025 nm are
deposited on the carbon support with a homogeneous distribution on all the available surface.
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Figure 6.2. HRTEM images and corresponding size distribution histogram of anode
catalyst layer with Pt NPs made by (a) commercial Pt/C, (b) 50ALD, (c)30ALD,
(d)20ALD.

Fuel cell performance of ALDPt catalysts
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To understand the anode Pt loading impact on the single cell performance. A series MEAS
single cells with anode/cathode Pt loadings of: 0.035/0.4, 0.02/0.4 and 0.01/0.4 mg-cm™, in
which anode Pt catalyst made by ALD and cathode of commercial Pt/C were prepared. In
Figure 6.3a, the beginning-of-life (BOL) performance of H:-air polarization curves for
MEAs with different anode Pt loading are displayed. It is noticed that all the MEAs show the
open circuit voltage (OCV) with a high value of ~0.954 V (vs. RHE). This indicates that no
short circuit or gas leaking is occurring during PEMFC operation. In the low current density
region (0-0.2 A-cm™), all the MEAs exhibit the similar high cell voltage. However, with
increasing the current density to the ohmic and mass polarization region (0.2-2.0 A-cm), an
obvious cell voltage difference appears between the ALD Pt-MEAs and commercial Pt-
MEA. The 50ALDPt-MEA with anode Pt loading of 0.035 mg-cm? demonstrates an
impressive performance and achieves considerable high cell voltage of 540 mV at the current
density of 1.5 mA-cm. At this current, it is indicated that there is a trend of performance and
cell voltage decrease with reducing the anode ALDPt loading. However, the big surprise is
that ALDPt catalyst still can achieve much higher performance than that of the commercial
Pt/C even though at a much lower Pt loading. When lower the anode ALDPt loading to 0.02
and 0.01 mg-cm, the 30ALDPt-MEA and 20ALDPt-MEA show the cell voltage of 522 and
506 mV at 1.5 mA-cm, respectively, which are still higher performance than that of 502 mV
obtained by commercial Pt-MEA with high Pt loading of 0.035 mg-cm?. The U.S.
Department of Energy (DOE) targeting a total Pt-group metal loading of 0.125 mg-cm™ by
2020. Allowing only 0.025 mg-cm? for the anode, which likely the lowest loading
achievable without losing HOR performance. Using the conventional technology, it is not
able to achieve the anode with Pt loading lower than 0.025 mg-cm. However, in our
research, by using the ALD technique the ultra-low Pt loading (0.01 mg-cm) with uniform

Pt distribution and high PEMFC performance could be achieved in the anode catalyst
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layer.
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Figure 6.3. (a) the Hz-air polarization curves of ALDPt-MEAs and commercial Pt-MEA

with varied anode Pt loading. (b) the CV and CO stripping I-V curves of ALDPt-MEAs

and commercial Pt-MEA to investigate the anode catalyst active surface, scanning from

0.1-1.0 V at the rate of 20 mV-s. (c) HOR cyclic voltammograms acquired with anode
as working electrode feeding of 1%H2/N2 gas mixer and cathode as the counter

electrode feeding of Hz, scanning from OCV to 0.6 V at the scan rate of 10 mV-s™,

The mass-transport profile of the ALDPt-MEAs is improved at the high current density
region (>1.5mA-cm2), suggesting the high electrochemical active surface area of ALDPt at
anode, which shorten the proton pathway and promote diffusion and transportation of the
reactants. To understand the real active Pt surface area in anode layer, the in-situ CO
stripping voltammetry is conducted on the MEAs anode layer (Figure 6.3b). The CO
adsorption to anode catalyst is carried out for 2min, followed by another 2min flowing away
the extra CO using N2. Subsequently, the voltammetry CO stripping measurement was
conducted with anode as the working electrode feeding of N. and cathode as counter
electrode feeding of H.. As illustrated in Figure 6.3b, the 50ALDPt-MEA with ~3.3 nm Pt
NPs dispersed on carbon support, which indicates the ECSA of 67.4 m2-gtp, higher than that
of 50.3 m2.g™ls revealed by the commercial Pt-MEA under the same Pt loading of 0.035
mg-cm2. Interestingly, by reducing the ALD cycles to 30 and 20, much higher ECSA of 81.5
and 155 m?-glp: could be achieved under the ultra-lower Pt loading of 0.02 and 0.01 mg-cm"
2, respectively. The enhanced ECSA of ALDPt catalyst implies the distinct advantage of
ALD, which enables the highly dispersed and uniform Pt NPs on the carbon surface,

promoting the high Pt active surface and enhancing the Pt utilization efficiency. The
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significantly enhanced catalyst active surface of ALDPt contributes to the excellent ALDPt-

MEA performance even the ultralow Pt loading applied at anode layers.

To test anode Pt catalytic activity toward HOR, the H. oxidation polarization curves are
determined on the ALDPt-MEAs and commercial Pt-MEA with anode as the working
electrode feed of 1%H2/N2 gas mixer and cathode as the counter electrode feed of H», then
scanning the 1-V curves from OCV to 0.6V (vs. RHE) at the scan rate of 10mV-s*. Figure
6.3c shows the HOR polarization curves on anode layers of ALDPt-MEAs and commercial
Pt-MEA. There are three elementary reaction steps for HOR on Pt surface, based on the
Tafel-Heyrovsky-Volmer mechanism. For all the MEAs anode surfaces, the HOR currents
show a fast increase at small overpotentials, with the limiting current density of ~ 0.15 A.cm”
2 being reached at overpotential of ~ 0.14 V. Moreover, it was found that the 50ALDPt-MEA
shows higher limiting current density than that of commercial Pt-MEA, indicating the higher
surface area of 50ALDPt than that of commercial Pt. Remarkably, the extremely low loading
of 20ALDPt-MEA (0.01 mg-cm?) vyielded no noticeable limiting current density loss
compared with the high loading commercial Pt catalyst. Therefore, it could be concluded that
20ALDPt-MEA with extremely low Pt loading but contains more specific heterogenous
hydrogen oxidation sites than commercial Pt catalyst, which signifying its significantly
enhanced catalytic abilities toward the HOR.

PEMFCs anode catalyst stability during startup/shutdown cycling

Since the MEA anode catalyst degradation occurs by cell reversal current upon reducing the
anode Pt loading, thus anode catalyst stability during the SUSD cycling should be
investigated under the ultra-low Pt loading. For SUSD cycling, holding the anode potential at
0.1V for 30s and then switching to 1.0 V for another 30s, totally 60s for each cycle and 2000
SUSD cycles were carried out on the anode to determine the catalyst stability. As shown in
Figure 6.4 a-d, at low current density range (0-0.2 A-cm™), there presents a negligible cell
voltage loss for both the ALDPt-MEAs and commercial Pt-MEA, which implies the constant
ORR kinetics and no cathode catalyst degradation during SUSD cycling. When increased to
the high current density of 0.2-2.0 A-cm™ region, the cell voltage shows a linear relationship
with the current density. In this region, the cell voltage loss is mainly arising from the ohmic

loss, which is from the resistance to the flow of protons in electrolyte. When the SUSD
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cycling is executed on the anode layer, the cell voltage loss in 0.2-2.0 A-cm™ region is
mainly resulted from the anode catalyst degradation. Due to the anode active surface loss, the
HOR kinetics decrease with proceeding the SUSD cycling and showing as the high
overpotential at anode for HOR, which results the lower cell voltage and high voltage loss
after SUSD cycling. Therefore, by analysis and comparison the cell voltage loss of MEAs
after the SUSD cycling, the anode catalyst degradation and stability could be revealed. By
measuring the Ho-air polarization curves of PEMFC before and after 2000 SUSD cycling, it
was found that both the ALDPt-MEAs and commercial Pt-MEA display the anode catalyst
degradation and performance loss (Figure 6.4 a-d). Differently, the 50ALDPt-MEA and
30ALDPt-MEA show much high BOL peak power density of 0.87 W-cm™ and 0.82 W-cm,
which decreased to 0.81 W-cm and 0.75 W-cm™ with only 6.9% and 8.5 % power density
loss after 2000 SUSD cycling, respectively, indicating the excellent PEMFC performance
and durability for the ALD Pt catalyst. For 20ALDPt-MEA with 0.01 mg-cm extremely low
Pt loading at anode, the BOL peak power density is 0.78 W-cm higher than that of 0.76
W-cm for commercial Pt-MEA with higher Pt loading. The power density of 20ALDPt-
MEA decreased to 0.70 W-cm? with 10.2% loss better than that of commercial Pt-MEA
which degrades from 0.76 W-cm™ to 0.65 W-cm™ with 14.5% performance loss. The SUSD
cycling test indicates the ALD Pt shows much higher stability than that of commercial Pt
catalyst even under the extremely lower Pt loading. The Pt NPs prepared by ALD with strong
covalent bonding between ALDPt NPs and carbon support, which supposed makes great
contributions to the superior stability of ALD Pt during the SUSD cycling procedure. Figure
6.4 e shows the degradation of cell voltage as a function of current density after 2000 SUSD
cycles. At the small current density, both ALDPt-MEA and commercial-MEA indicate lower
cell voltage loss. It is worth noting that the 50ALDPt-MEA and 30ALDPt-MEA show a
constant platform of ~20 mV voltage loss with the current density increasing after 2000
cycling. However, with further lower the ALDPt loading to 20ALDPt of 0.01mg-cm, the
voltage loss will increase with the current density and showed a maximum loss of ~50 mV at
2.0 A-cm2 which is comparable to that of the commercial Pt-MEA with higher 0.035 mg-cm-
2 Pt loading. The relatively poor stability of lower ALDPt catalyst is ascribed to the tiny Pt

particles, which are very active and with high surface energy, thus the migration and
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aggregation of small Pt particles occur and leading to the surface area loss under the

conditions of SUSD cycling.
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Figure 6.4. Hz-air PEMFC polarization and power density curves for MEAs with
cathode of 0.4 mg-cm? commercial Pt/C and anode of (a) 0.035 mg-cm2 50ALDPt, (b)
0.02 mg-cm 30ALDPt, (c) 0.01 mg-cm2 20ALDPt, (d) 0.035 mg-cm2 commercial Pt/C
catalyst. (e) The relationship between voltage loss and current density for MEAs after

2000 SUSD cycling. (f) the ECSA of ALDPt-MEAs and commercial Pt-MEA before and
after SUSD cycling (BOL.: beginning-of-life, EOL.: end-of-life after 2000 cycles).

By analysis the anode catalyst ECSA of ALDPt-MEAs and commercial Pt-MEA before and
after 2000 SUSD cycling as indicated in Figure 6.4f, it was found that, the 50ALDPt-MEA
shows BOL ECSA of 67.4 m?-g™ st much higher than that of 50.3 m?-g s for commercial Pt-
MEA. After 2000 SUSD cycling, 38.6 m?-g™’p; of anode ECSA with 43% loss was revealed
on 50ALDPt-MEA, which is 4.2 times higher than that of 9.3 m2.g™%: (82% loss) for
commercial Pt-MEA, implying the much-enhanced durability and activity of Pt catalyst
achieved by ALD techniques. Furthermore, the ultra-low ALDPt of 0.02 and 0.01 mg-cm™ Pt
loading exhibit the much-enhanced beginning ECSA of 81.5 m?.g™s and 155.0 m?-gp,
respectively. With continuous SUSD cycling, the ECSA decreased to 41.0 m?-gp: (49%
loss) and 19.1 m2.glp (87% loss) for 30ALDPt-MEA and 20ALDPt-MEA, respectively,
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which are still higher than the ECSA of 9.3 m?-g e for commercial Pt-MEA. The ECSA loss
of anode catalyst indicate the anode Pt surface degradation during the SUSD operation,
which is also confirmed through the anode HOR current measurement before and after ADT
(shown in Figure S6.2). Evidently, the high ECSA and power density suggest that ALDPt-
MEAs can enhance Pt utilization using a small amount of Pt in PEMFC anode layer. The
improved performance can be attributed to the well-dispersed Pt particles on the outer
surface of the MEA anode layer; in contrast, most of the Pt particles in the commercial Pt-
MEA are dispersed on the interior surface of the electrode, resulting in low Pt utilization. The
SUSD cycling test confirms that the ALD-MEAs even under the extremely low Pt loading
provide excellent durability in comparison with the commercial Pt-MEA. Based on these
results, it could be concluded that the ALD technique provides electrode catalysts that not
only with ultra-low Pt loading, but also exhibit high catalytic activity, high performance and
excellent durability for PEMFC applications.

Cross-section analysis of cycled-MEAS
: a
D o = e o PP

SOALDPt-MEA-BOL

No Pt in membrane

2 um

Pt diffusion to membrane 2 um

Figure 6.5. FESEM images of MEA cross-sections for (a) 50ALDPt-MEA-BOL before
SUSD cycling and (b-c) 50ALDPt-MEA-EOL after SUSD cycling, (d) commercial Pt-
MEA-BOL before SUSD cycling and (e-f) commercial Pt-MEA-EOL after SUSD
cycling.
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Figure 6.5 shows cross-sectional SEM images of the anode/membrane interface for the
ALDPt-MEAs and commercial Pt-MEA before and after 2000 SUSD cycling. As shown in
the SEM images, three distinct layers can be identified: the cathode catalyst layer, the
electrolyte membrane layer, and the anode catalyst layer. The thicknesses of the cathode
catalyst layer and electrolyte membrane layer show little variation before and after SUSD
cycling, indicating no excessive carbon corrosion of the cathode catalyst layer and no severe
thinning of the electrolyte layer during anode SUSD cycling. However, there is a significant
difference of anode/membrane boundary for ALDPt-MEAs and commercial Pt-MEA after
cycling. From Figure 6.5a-b, it is obviously to know that the anode thickness and
anode/membrane boundary have no change of 50ADLPt-MEA after cycling. By zoom in the
anode/membrane boundary of 50ALDPt-MEA end-of-life after cycling (50ALDPt-MEA-
EOL, Figure 6.5c), no dissolved and redeposited Pt particles were detected in the
anode/membrane interface region. Moreover, no observation of the Pt particles in a cycled
ALDPt-MEA even under ultra-low Pt loadings (Figure S6.3) of 0.02 mg-cm™ and 0.01
mg-cm2, which suggests the ALDPt exhibit excellent durability due to the highly dispersion
and strong Pt-carbon interactions. However, for the commercial Pt-MEA as shown in Figure
6.5 d-f, it is indicated that an obvious Pt band present in the membrane of commercial Pt-
MEA-EOL after cycling, which provides a direct evidence for the commercial Pt dissolution
and redeposition into the membrane during the SUSD cycling. The Pt particles in the
membrane are formed by the chemical reduction of the diffused Pt ions (such as Pt?*) with
hydrogen gas that has crossed over from the anode through the membrane toward the
cathode, e.g., Pt?* + H, — Pt + 2H*. Such Pt ion species can be generated by the dissolution
of anode Pt NPs, which migrate into the membrane in the ionomer phase and reprecipitate
there in form of Pt particles. Therefore, the Pt dissolution and subsequent migration into the
membrane leads to a substantial loss of Pt surface area and lower Pt utilization for catalyzing
the HOR at PEMFCs anode. In contrast, Pt deposition in the membrane was almost
undetectable in cycled ALDPt-MEAs at anode, which indicated the significantly enhanced
stability of Pt prepared by ALD.
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Figure 6.6. Characterization of cycled MEA cross-sections: (a) cross-sectional HAADF-
STEM image of the 50ALDPt-MEA-EOL, (b) high-resolution HAADF-STEM image of
the Pt catalyst from S0ALDPt-MEA-EOL anode layer, (c) EDX maps of the 50ALDPt-
MEA-EOL cross-section, (d) cross-sectional HAADF-STEM image of commercial Pt-
MEA-EOL, (e) high-resolution HAADF-STEM image of the Pt catalyst from
commercial Pt-MEA-EOL anode layer, (f) EDX maps of the commercial Pt-MEA-EOL

cross-section.

To further understand the Pt particles distribution and size change after SUSD cycling, the
STEM images coupled with EDX maps were carried out on the 50ALDPt-MEA and
commercial Pt-MEA. Figure 6.6a shows the HAADF-STEM image of the cycled 50 ALDPt-
MEA-EOL cross-section, the anode and membrane are clearly visible from the image. The
HAADF-STEM image is known as a Z-contrast image, where the contrast of the image is
proportional to the Z number of the elements present in the material. The heavier Pt particles
are brighter in the image, while the lighter elements, carbon and fluorine, are shown in darker
contrast. Clear differences are observed between the 50ALDPt-MEA-EOL sample and
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commercial Pt-MEA-EOL sample from the cross-sectional STEM images shown in Figure
6.6a and d. The cross-section of 50ALDPt-MEA-EOL after cycling shows only minor
changes compared to that before cycling, as shown in Figure S6.4. The anode layer of cycled
50ALDPt-MEA-EOL sample exhibits similar bright contrast compared to the S0ALDPt-
MEA-BOL sample, suggesting there is no significant loss of Pt in the anode layer during
cycling. Meanwhile, no obvious Pt diffusion is observed in the membrane of the cycled
sample, indicating the lab-designed ALDPt-MEA underwent minor Pt diffusion. In contrast,
significant amount of Pt is diffused from the commercial Pt-MEA anode into the membrane,
evident by the bright Pt-based particles observed from the membrane of the commercial Pt-
MEA-EOL, as shown in Figure 6.6d. The dramatic Pt diffusion is also clearly revealed from
the low-magnification image in Figure S6.5, with a diffusion depth of ~5 pm into the
membrane. Figure 6.5b and 6.5e show the high-resolution STEM images of the Pt particles in
the anode layer of the two MEA samples, revealing the existence of Pt catalyst in the anode
after cycling for both the 50ALDPt-MEA-EOL and commercial Pt-MEA-EOL, although the
retained amount could be quite different. For the commercial Pt-MEA-EOL, a large amount
of Pt has dissolved into the membrane and only small part of Pt NPs are remained in the
anode layer (Figure 6.6 d and f). Additionally, the Pt particle size has a wide distribution
from 1.5-7.0 nm (Figure 6.6 €) in commercial Pt-MEA-EOL anode layer, which is due to the
Pt degradation mechanism of migration/aggregation and dissolution/redeposition occur for
the commercial Pt catalyst. The elemental distribution across the anode/membrane interface
is further studied by EDX mapping. Figure 6.6c shows the elemental maps of cycled
50ALDPt-MEA-EOL. As can be seen, C is detected throughout the anode and membrane, Pt
is mostly concentrated in the anode, a significant amount of F is detected in the membrane,
while almost no Pt is observed in the membrane, which is consistent with the STEM results
discussed above. The elemental maps obtained from the cycled commercial Pt-MEA-EOL
sample shows clear difference, the Pt is not only concentrated in the anode layer, but also
detected in the membrane, as displayed in the Pt map, which further confirms the Pt diffusion
into the membrane that observed from the STEM images shown in Figure 6.6d and Figure
S6.4.

Regarding the excellent performance and excellent stability of the ALDPt-MEAs with
extremely low Pt loading, it is believed that the enhanced performance of ALDPt is caused



140

by following factors: (1) The high dispersion of ALD Pt NPs. It is confirmed that the high
dispersion of active components will result in high active surface and high mass activity of Pt
catalyst. (2) The high accessibility of the ALD Pt catalyst. In the ALDPt-MEAs, almost all Pt
NPs are accessible for the hydrogen fuel because of the deposition pattern of the Pt atoms on
the ionomer-carbon-membrane (three-phase boundary), which is not covered by the binder or
blocked by the support surface. (3) The high chemical and physical stability of ALD Pt NPs.
The strong chemical interaction between the Pt NPs and carbon support achieved by ALD
promotes the durability performance of the ALD Pt catalyst than that of commercial Pt.

6.4 Conclusion

The deposition of Pt NPs on PEMFC anode carbon layers by ALD has been studied. ALD
enables the Pt NPs uniform dispersion on the carbon surface. Importantly, the Pt particle size
and loading can be precisely controlled by the number of ALD cycles. An ALDPt-MEA with
extremely low anode Pt loading of 0.01 mg-cm™ is achieved by 20 ALD cycles, which shows
better Hz-air PEMFC performance to that of commercial Pt-MEA with higher Pt loading of
0.035 mg-cm. Moreover, the anode potential cycling accelerated stress test indicate that the
ALDPt anode shows much improved durability compared to that of commercial Pt/C anode.
The cycling potential range is between 0.1V and 1.0V in order to mimic the anode potential
alternation in fuel cell air/air start-up/shutdown processes. After 2000 anode potential cycles,
the 50ALDPt-MEA exhibit excellent durability with only 8.0% power density loss. Even
under the ultra-low Pt loading of 0.01 mg-cm, the 20ALDPt anode shows the extremely
high beginning ECSA of 155 m2.g™ls: and power density of 0.78 W-cm2, with only 10.2%
power loss after cycling, which is the lowest anode Pt loading and best durability among the
reported PEMFC using Pt catalyst. This research work reveals that the application of ALD
for Pt deposition directly on the electrode carbon layers can effectively reduce the Pt loading
while enhancing the Pt dispersion, utilization, and high durability, even with ultralow anode
Pt loading. Our work suggests that ALD process has a great potential for fabrication of next-
generation Pt catalyst with high activity and durability.
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Figure S6.1 FESEM images of anode catalyst layer with Pt NPs made by (a) 50ALD,
(b)30ALD, (c)20ALD and (d)commercial Pt/C.
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Figure S6.2. The HOR polarization curves for ALDPt-MEAs and commercial Pt-MEA
before and after 2000 SUSD cycling. (a) 50ALDPt-MEA, (b) 30ALDPt-MEA, (c)
20ALDPt-MEA, (d) commercial Pt-MEA.
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Figure S6.3. The cross-section SEM images of 30ALDPt-MEA (a) and 20ALDPt-MEA
(b) after 2000 SUSD cycling.

Figure S6.4. Characterization of 50ALDPt-MEA-BOL cross-section sample: (a) Cross-

sectional HAADF-STEM image of 50ALDPt-MEA-BOL, (b) high-resolution HAADF-

STEM image of the Pt catalyst in the 50ALDPt anode, (c) EDX maps of the 50ALDPt-
MEA-BOL cross-section.
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Figure S6.5. HAADF-STEM image of commercial Pt-MEA cross-section sample.
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Chapter 7

7  Platinum single-atom and subnano-cluster on MOFs-
carbon as superior oxygen reduction reaction catalysts

*This chapter is to be submitted for peer-reviewed publication.

Single-atom catalysts (SACs), in which metal atoms are dispersed on the support without
forming nanoparticles (NPs), have been used for various electrochemical reactions. SACs
have the utmost atom utilization efficiency of metal atoms. Here we report on a practical
synthesis method to produce the supported Pt single atoms and subnano-clusters catalysts
using the atomic layer deposition technique (ALD). To investigate the impact of atom
utilization on the electrocatalysis for oxygen reduction reaction (ORR), Pt single atoms,
subnano-clusters as well as NPs with different size and density on MOFs-derived carbon
support were designed. The characteristics of scanning transmission microscopy (STEM) and
X-ray absorption fine structure were used to determine the Pt single atoms/subnano-clusters
size distribution and electronic structure. Electrochemical analysis on these ALDPt catalysts
indicated that the Pt single atoms/subnano-cluster synthesized with 1 and 2 min Pt precursor
exposure during ALD synthesis exhibit better ORR catalytic activity and excellent long-term
stability than that of the Pt NPs catalyst.

7.1 Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are promising alternative power sources
for transportation and portable applications due to their high efficiency, room temperature
operation, and zero emissions.[1-5] Noble metals, especially platinum (Pt), are usually
regarded as the most effective catalysts to facilitate both hydrogen oxidation (HOR) and
oxygen reduction (ORR) in PEMFCs.[6-11] However, Pt utilization in these bulk
electrocatalysts is extremely low, as the active sites are only located on the surface of the
catalyst particles.[12] Thus, downsizing metal NPs to clusters in sub-nanometer scale or even
single atoms provides an effective way to maximize the atom utilization while reduce the
cost of the electrocatalysts.[13, 14] Furthermore, at microscopic level, some characteristics of

single atom catalyst (SACs) are significantly different from those of NPs, including (i)
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unsaturated coordination configuration of catalytic centers, which produces active sites that
are accessible to reactant; (ii)strong metal-support interactions, which guarantee charge
transfer between metal and associated interface, and promote the good durability of metal
atom species; (iii) foreign atom effect, which would produce asymmetrical spin and charge
density, thereby rendering SACs to possess extraordinary catalytic selectivity, activity, and
stability. To date, many efforts have been focused on developing the supported SACs, which
can greatly boost the specific activity of the electrocatalyst.[15-20] Our previous study
showed that the nitrogen-doped graphene supported Pt SACs exhibit higher catalytic activity
for hydrogen evolution reaction compared with the Pt NPs.[21] Additionally, the Pt SACs
also exhibited a significantly improved catalytic activity towards methanol oxidation, up to
10 times greater than the commercial Pt catalyst.[22] However, with decreasing Pt particle
size, the atom surface free energy increases and the atoms tend to aggregate into clusters or
particles. Therefore, selection of an appropriate supports that interact strongly with the

isolated Pt atoms is necessary, for creating the stable and finely dispersed atomic active sites.

As a new type of crystalline porous materials, metal-organic frameworks (MOFs) and their
derived materials have been widely employed for energy conversion reactions due to their
unique characteristics including the organic-inorganic hybrid nature, high surface area, well-
defined porosity, tunable chemical composition. It has been shown that the atomically
dispersed metal sites in pristine MOFs and MOF-derived materials played very important
roles on electrocatalysis of the energy conversion reactions. For electrocatalytic energy
conversion applications, the atomically active sites should not only possess the high activity,
the comparable electrochemical stability and durability is also important. To achieve the high
stable atomically dispersed active sites, atomic layer deposition (ALD) is a promising
technique for precisely controlling the metal-support interface. ALD proceeds by forming
chemical bonds between the initial layer of atoms of a reactive precursor and the surface of

the support, ensuring a strong interaction between the deposited metal atoms and support.

In this work, a MOFs-derived nanocarbon (ZIF-C) material was prepared and provided as the
support for Pt SAC. Based on the advantages of high surface area, high porosity and rich of
nitrogen doped species, [23-28] ZIF-C was anticipated to be a promising support for SACs.
In this strategy, the supported Pt SACs were prepared by ALD via chemical incorporation Pt
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atoms into the nitrogen or oxygen species from ZIF-C, which is considered to enable the
sinter-resistant isolated Pt atoms with high dispersion on the ZIF-C support. The catalyst of
ALDPt-ZIF-C with Pt single atoms shows high activity and 4e- pathway for ORR, which
demonstrates 4.8 times higher mass activity than that of the Pt NPs catalysts on ZIF-C
support. Moreover, the resulting catalyst of Pt-ZIF-C with Pt single atoms/subnano-clusters
shows excellent long-term stability with negligible activity loss even after 10,000 cycles of
durability test. This is for the first time using ALD technique to achieve the Pt single atoms
catalyst on MOFs-carbon support as advanced electrocatalyst toward ORR. It is expected that
the Pt single atoms and subnano-clusters could be one of the promising highly active next
generation catalysts. Moreover, the MOFs-derived nanocarbon could offer a new type of

catalyst support for stabilizing Pt SACs.

7.2 EXxperiment

7.2.1  Synthesis of MOFs-derived nanocarbon

A typical MOFs of zinc-based zeolitic imidazolate framework-8 (ZIF-8) was choose as a
template and precursor to develop the MOFs-derived nanocarbon (ZIF-C). Then this ZIF-C
was used as a substrate for Pt deposition via an ALD approach. Synthesis of ZIF-8 crystals
was conducted following the procedure outlined by J. Cravillon. [29] In a typical experiment,
two solutions are initially prepared by dissolving a known quantity of 2-methylimidazole
(6.78 g, 82.0 mmol) in 250 ml of methanol and Zn(NOs3)2-6 H2O (6.15 g, 20.5 mmol) in 250
ml of methanol. The solution of Zn(NOz).-6 H20O was then dropwise added into 2-
methylimidazole solution, combining with the white precipitate appears. The resulting
mixture was stirred for 1h and aged for another 24h at room temperature. Subsequently, the
ZIF-8 crystals were collected by centrifugation and washed several times with methanol to
remove the excess reactants. The as-prepared ZIF-8 powder was carbonized at 1000°C for 8
h in Ar atmosphere to achieve the nitrogen-doped nanocarbon of ZIF-C. the morphology and
microstructure of ZIF-8 and ZIF-C before and after high temperature carbonizations were
determined by SEM and XRD techniques, and the corresponding characterization results are

shown in Figure S7.1 and Figure S7.2.
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7.2.2  ALD process and loading analysis for Pt deposition on ZIF-C

Pt was deposited on ZIF-C substrate by ALD (Savannah 100, Cambridge nanotechnology
Inc., USA) using trimethyl(methylcyclopentadienyl)-platinum (IV) (MeCpPtMes3) as a
precursor. High purity N2 (99.999%) was used as both a purging and carrier gas. MeCpPtMes
was held in an external reservoir kept at 65°C to provide a steady exposure of Pt precursor.
Gas lines were held at 100°C to avoid precursor condensation. [30, 31] Since ALD valves
can only be opened for 30 seconds (s) at a time, 1-minute (min) exposure of Pt precursor
consisted of two 30 s pulses separated by a 10 s purge. The same routine was applied for 2
min and 5 min exposure of MeCpPtMes to achieve the samples of Pt2min-ZIF-C and Pt5min-
ZIF-C, respectively. Pt loading was analyzed using an inductively coupled plasma optical
emission spectrometer (ICP-OES) with samples dissolved in hot fresh aqua regia overnight
and filtered.

7.2.3  Physical characterization

The morphology and microstructure of as-prepared ZIF-C was obtained from a scanning
electron microscope (SEM, Hitachi S-4800). High resolution transmission electron
(HRTEM) and scanning transmission electron (STEM) images of ALDPt particles were
acquired using an equipment of JEOL2010FEG operated at 200 KV. X-ray diffraction
(XRD) patterns were collected on a Bruker D8 Advance diffractometer using Cu Ka
radiation at 40 kV and 40 mA. The Pt content for Pt-ZIF-C prepared with different ALD
exposure time were determined by ICP-OES. From ICP analysis, the Pt loading in Ptlmin-
ZIF-C, Pt2min-ZIF-C, Pt5min-ZIF-C were determined of 0.7wt%, 1.5wt%, and 15wt%,

respectively.

7.2.4  X-ray Absorption Spectroscopy

X-ray absorption near edge structure (XANES) and extended X-ray adsorption fine structure
(EXAFS) measurement at the Pt L3-edge (11564 eV) and L2-edge (13273 eV) were
performed on the 061D superconducting wiggler at the hard X-ray microanalysis (HXMA)
beamline at the Canadian Light Source. The spectra were collected in fluorescence vyield
mode using a 32 Ge solid-state detector, and the spectra of high purity metal Pt foil were

collected in transmission mode for comparison and mono energy calibration. The acquired
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XANES data were processed according to the standard procedures using the Athena module.
The XANES oscillation functions were obtained by subtracting the pre-edge, post-edge
background from the overall absorption spectra and then normalized with respect to the edge-
jump step to unity. The background Reukg Value of 1.0 was used for all samples. Subsequently,
ks-weighted x(k) functions were Fourier transformed to the R space to analysis the Pt

chemical bonding distance.

7.2.5 Electrochemical characterization

The electrochemical characterizations were performed in a three-electrode system using a
rotating-disk electrode (RDE) setup with an Autolab electrochemistry station and rotation
control (Pine Instruments). The catalyst ink was prepared by mixing 3.0 mg of catalyst in 3.0
ml of aqueous solution containing 0.6 mL of isopropyl alcohol and 30 pL of Nafion (5.0
wt%). Then 30 min sonication was conducted to ensure good dispersion and wetting of the
catalyst. 20 pL of the catalyst ink was pipetted onto a polished glassy carbon electrode (Pine,
5.0 mm dia., 0.196 cm?) and allowed to dry at room temperature. All electrochemical
measurements were carried out in 0.1M HCIOg4 electrolyte using a Pt wire as a counter
electrode and reversible hydrogen electrode (RHE) as a reference electrode. All potentials
reported henceforth are vs. RHE. Each electrode was activated by scanning from 0.05 to 1.1
V at 50 mV-s™ in Nz-saturated 0.1 M HCIO4 until no changes were observed in the cyclic
voltammetry (CV) curves. O2 was then bubbled into HCIO4 for 30 min to achieve Oo-
saturated electrolyte. Then ORR linear sweep voltammetry (LSV, 10 mV-s) was conducted
in Oz-saturated 0.1M HCIO4 on the RDE system with a rotation speed of 1600 rpm. The LSV
curves obtained under N2 were subtracted from the LSV curves obtained under O2 to remove
the non-Faradaic current. The electrochemically active surface area (ECSA) was calculated
by integrating the area of the CV curves in the hydrogen underpotential deposition (HUPD)
region and using the charge value of 210 uC-cm corresponding to a monolayer adsorption
of hydrogen atoms on a polycrystalline Pt catalyst. [32] To evaluate the catalysts durability,
an accelerated durability test (ADT) of potential cycling from 0.6 to 1.0 V vs. RHE protocol
was conducted on the as-prepared electrocatalysts. A total of 10,000 cycles in O»-saturated
0.1 M HCIO4 at 50 mV-s* were performed to evaluate the catalysts durability.
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7.3 Result and discussion
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Figure 7.1. STEM images and Pt size distribution for samples of (a-c) Ptlmin-ZIF-C,
(d-f) Pt2min-ZIF-C, and (g-i) Ptomin-ZIF-C prepared by ALD.

Figure 7.1 illustrates the STEM images of ALDPt-ZIF-C catalysts prepared by varying ALD
MeCpPtMes exposure time to the ZIF-C substrate for 1 min, 2 min and 5 min at 250°C. A
distribution of bright spots, corresponding to Pt single atoms and subnano-clusters can be
found on the surface of Ptimin-ZIF-C catalyst (Figure 7.1a-b). The particle size distribution
histograms for Pt atoms in Ptlmin-ZIF-C is shown in Figure 7.1c. As can be seen from
Figure la-c, the Pt species with an average size of 0.65+0.025 nm could be obtained with 1
min precursor exposure for ALD synthesis, which suggests that Pt particles are present in the

form of single isolated atoms and clusters with a few atoms. Furthermore, with increasing the
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precursor exposure time to 2 min and 5 min, more Pt atoms could be deposited on the ZIF-C
support, resulting in the growth of Pt single atoms to subnano-clusters or even crystalline
NPs. Specifically, for the 2 min exposure of MeCpPtMes precursor, the Pt subnano-clusters
with an average size of 0.85+0.025 nm larger than that of 0.65+0.025 nm for Ptlmin-ZIF-C
could be achieved. The STEM images in Figure 7.1d-e demonstrate that Pt2min-ZIF-C
shows much higher Pt density than that of Ptlmin-ZIF-C, which implies a saturation of Pt
surface sites can be reached by prolonging the precursor pulse time. After the saturated ALD
reaction, the decomposition of MeCpPtMe3 precursor may occur on an active surface that
contains coordinatively unsaturated Pt atoms, thus result the Pt atoms further deposition on
the growing surface and lead to the formation of larger Pt clusters. [33] With further
supplying of Pt precursor to 5min, the Pt subnano-clusters continuously grow up and form
the Pt NPs with the average size of 1.75£0.05 nm in Pt5min-ZIF-C. Meanwhile, the Pt
loading amount is increased to 15wt% on the ZIF-C support much higher than those of
1.5wt% and 0.7wt% achieved for Pt2min-ZIF-C and Ptlmin-ZIF-C, respectively. The small
subnano-cluster size and narrow size distribution observed in the Ptlmin-ZIF-C suggests that
the Pt precursor is initially anchored to an active site of ZIF-C support. Prolonged pulse time
result in larger clusters or particles size, implying the removal of precursor organic ligands
and particle further growth. Considering the Pt density, loading, and proportion of larger
subnano-clusters with increasing pulse time, it could be concluded that after surface sites
saturated atomic adsorption, the growth up of Pt particles occurs through autocatalysis effect
of unsaturated Pt atoms, which generates the removal of precursor organic ligands and
promotes the Pt atoms further deposition on the growing surface.[33-35] Therefore, by
controlling the precursor exposure time during ALD synthesis, the obtained Pt in the forms
of single atoms, subnano-clusters and crystalline NPs can be achieved on the ZIF-C support.
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Figure 7.2. The X-ray diffraction patterns for PtSmin-ZIF-C, Pt2min-ZIF-C, Ptlmin-
ZIF-C and ZIF-C.

The X-ray diffraction patterns of the pure ZIF-C, and ALDPt-ZIF-C catalysts produced with
1 min, 2min and 5min ALD exposure of Pt precursor are shown in Figure 7.2. For the pure
ZIF-C support, two diffraction peaks at around 26° and 43° are assigned to the characteristic
(002) and (100) crystal planes of the graphite carbon, respectively. [36] After 1min ALD of
Pt on ZIF-C, the XRD pattern of Ptlmin-ZIF-C is almost the same with that of ZIF-C. There
IS no observable Pt crystal peak can be tracked in the Ptlmin-ZIF-C sample, which is
probably due to the low loading amount of Pt and very tiny Pt single atoms. With 2min ALD
of Pt on ZIF-C, a very small diffraction peak at 39.8° is appeared, and which can be denoted
as the (111) crystal plane of face-centered-cubic (fcc) metallic Pt. The relative low intensity
of Pt crystalline peak suggests the small amount of Pt crystals in Pt2min-ZIF-C, which is
probably due to the formation of some Pt clusters. This agrees well with the results revealed
by STEM images. Furthermore, with continuously increase ALD pulse time to 5min, obvious
Pt diffraction peaks at 39.8°, 46.2°, 67.6°, 81.4° associated to the (111), (200), (220), (311)
crystal planes of the Pt NPs could be detected, respectively. [37] These diffraction patterns
for the samples of ALDPt-ZIF-C imply that the crystalline Pt NPs can be formed with 5min
exposure of ALD Pt precursor. With further shortening the precursor pulse time, the Pt with
tiny particle size could be highly dispersed on the ZIF-C support surface, which is consistent
with the TEM results.
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Figure 7.3. The XAFS structural characterization. (a) the normalized XANES, (b) the
derivative spectra and (c) the Ks-weighted Fourier transform spectra of Ptlmin-ZIF-C,
Pt2min-ZIF-C, Ptbmin-ZIF-C and Pt foil at the Pt Ls-edge.

To elucidate the local coordination electronic structure and chemical environment of Pt
single atoms, subnano-clusters and particles on ZIF-C support, the XANES and EXAFS
spectra at Pt Ls- edge were studied. Figure 7.3 a present the Lz edge X-ray absorption spectra
for samples of Ptlmin-ZIF-C, Pt2min-ZIF-C, PtSmin-ZIF-C, alongside standard metallic Pt
sample. It should be noted that the white line peak in the XANES for the Pt L3 edge
correspond to an electronic transition from 2p2/3 to unoccupied 5d states. [38] A lower white
line intensity indicates that the Pt has a more reduced electronic structure. The white line
intensity was much higher for Ptimin-ZIF-C and Pt2min-ZIF-C than that of metallic Pt foil,
indicating the oxidized electronic structure of the Pt single atoms and subnano-clusters in
Ptlmin-ZIF-C and Pt2min-ZIF-C. By contrast, the white line intensity was much lower for Pt
NPs in PtSmin-ZIF-C, which indicated that a more reduced state and metallic Pt structure
was presented in Ptomin-ZIF-C. Moreover, the derivative spectra for Pt Lz-edge in Ptlmin-
ZIF-C and Pt2min-ZIF-C demonstrated an obvious positively shifted peak energy compared
with PtSmin-ZIF-C and Pt foil, which further confirms the oxidized state of Pt single atoms
and subnano-clusters in Ptlmin-ZIF-C and Pt2min-ZIF-C instead of metallic Pt in PtSmin-
ZIF-C. However, this oxidized electronic structure of Pt single atoms/subnano-clusters is an
alternate stoichiometry from bulk PtO2, which means the Pt atoms are probably connect to an
element with higher electronegativity than Pt, such as O, N, or C species from ZIF-C support.
The Pt-support interaction generates an electron transfer from Pt atoms to the neighboring
element and result Pt with high depletion of 5d states, showing as a relatively high white line

intensity and positively shifted threshold energy.
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Furthermore, to study the local atomic structure of Pt using X-ray absorption spectra, the
Fourier transformed curve in the real-space (R-space) of the EXAFS region are plotted in
Figure 7.3c. The Pt foil reference sample exhibits a well-resolved peak at ~2.62 A, which is
assigned to the Pt-Pt coordination peak. However, for Ptimin-ZIF-C and Pt2min-ZIF-C, no
available Pt-Pt coordination peak can be detected, which suggest most of the Pt species are
presented as single atoms or tiny clusters in the Ptlmin-ZIF-C and Pt2min-ZIF-C, almost no
Pt nanocrystals. Interestingly, the Ptimin-ZIF-C and Pt2Zmin-ZIF-C have a very strong peak
at 1.62 A, which is associated with Pt bonded to low Z elements (C, N or O though not
distinguishable due to similar backscattering phase and amplitude as well as bond length).
[19, 39] This observation indicates that only small-sized Pt subnano-clusters and single
atoms dominate in the samples of Ptlmin-ZIF-C and Pt2min-ZIF-C, absence of Pt NPs. In
Ptlmin-ZIF-C and Pt2min-ZIF-C, single Pt atoms interacts with ZIF-C support through Pt-O
or Pt-N bonding while small Pt subnano-cluster has more surface atoms for more extensive
Pt-ZIF-C interaction. For the PtSmin-ZIF-C sample, there present two kinds of Pt local
atomic structure of Pt-N/O coordination bonding at 1.62 A and Pt-Pt coordination at 2.62 A,
which suggest both Pt single atoms and nanoparticles are prepared in the PtSmin-ZIF-C
sample. This EXAFS observation confirms the Pt single atoms and small-sized Pt subnano-
clusters in the Ptlmin-ZIF-C and Pt2min-ZIF-C, while Pt atoms and nanoparticles in Pt5min-
ZIF-C, which agrees well with the XANES and HRTEM results.
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Figure 7.4. Electrocatalytic performance. (a) the CV curves, (b) the ORR curves and (c)
the mass activity of the catalysts Ptimin-ZIF-C, Pt2min-ZIF-C, PtSmin-ZIF-C before
and after cycling. The ORR performance of the catalysts (d) Ptlmin-ZIF-C, (e) Pt2min-
ZIF-C, (f) Ptsmin-ZIF-C before and after 10,000 cycles durability test.

The electrochemical performance of the as-prepared ALDPt-ZIF-C with Pt single atoms,
subnano-clusters and NPs are evaluated as catalysts toward ORR, respectively. From the CV
curves of Ptlmin-ZIF-C, Pt2min-ZIF-C and Ptmin-ZIF-C catalysts (Figure 7.4 a), it could
be found that the current density generated from the hydrogen adsorption and desorption on
Pt surface shows a close relationship with ALD exposure time and Pt loading on ZIF-C
support. For 5min exposure of ALD Pt, there presents distinct hydrogen adsorption peaks on
Pt nanocrystals, which suggest the Pt are presented as crystalline NPs in PtSmin-ZIF-C. With
shorten ALD Pt precursor exposure time to 2min and 1min while Pt loading down to 1.5wt%
and 0.75wt%, respectively. The small current and non-crystal hydrogen adsorption peak
imply the Pt single atoms and subnano-clusters dominate in Pt2min-ZIF-C and Ptlmin-ZIF-C
catalysts. Figure 7.4 b shows the oxygen reduction currents measured on the RDE, the high
onset-potential (~1.0 V vs. RHE) and limiting current density (~5.5 mA-cm) suggest that
oxygen is reduced following a 4e- pathway for both Ptlmin-ZIF-C, Pt2min-ZIF-C and
Pt5min-ZIF-C catalysts. The ORR can follow either of a 4e- or 2e- pathway. [16, 19, 40, 41]
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Both oxygen atoms of the oxygen molecule need to be adsorbed on surface active sites to
dissociate the strong O=0 double bond. At least two adjacent active sites are necessary for
the 4e- pathway. The isolated single-atom sites would not be able to break O=0O bonds,
following the 2e- pathway. In our case, the 4e- oxygen reduction pathway occurs on Pt single
atoms and subnano-clusters active sites from Ptlmin-ZIF-C and Pt2min-ZIF-C catalysts.
There are two main reasons contribute to the 4e- oxygen reduction on Ptlmin-ZIF-C and
Pt2min-ZIF-C: (1) Pt single atom-nitrogen doped-support interaction, it is known that the
catalytic activity of Pt single atoms for ORR could be triggered tremendously by the N-
dopant atoms to a high level and 4e- reduction pathway due to a synergetic effect between
doped-N and Pt single atoms. (2) high density of Pt single atoms on ZIF-C support, two
adjacent Pt atoms combing with the ZIF-C support may cleave O=0 bond and promote the
O=0 double bond dissociation/reduction.

By comparing the ORR performance and mass activity of ALDPt-ZIF-C catalysts (Figure 7.4
b), it can be concluded that the Ptlmin-ZIF-C with both Pt single atoms and subnano-clusters
exhibit the best beginning ORR activity than that of Pt2min-ZIF-C and Pt5min-ZIF-C.
Normalized to the Pt loading, the mass activity at 0.9 V (vs. RHE) for each catalyst is
calculated using the Koutecky-Levich equation. Remarkably, the mass activity of 1.05 A-mg
1ot for the Ptlmin-ZIF-C is 4.8 times greater than that of 0.22 A-mg™p: the Pt NPs catalyst for
Pt5min-ZIF-C (Figure 7.4c). This finding suggests that the Pt single atoms and sub-clusters
can significantly enhance the Pt utilization efficiency in comparison to their NPs
counterparts. Because smaller Pt sub-clusters can offer more available catalytic positions per
unit mass of Pt for electrochemical reaction from under-coordinated surface atom than that of
Pt NPs.

Another challenge for the ultra-small metal catalyst is their long-term stability for PEMFC
application. The surface free energy of metal atoms increases significantly with decreasing
particle size, promoting the migration and aggregation between the adjacent atoms. Using an
appropriate support material that strongly interacts with the Pt species prevents this
aggregation, creating stable, finely dispersed Pt clusters with high catalytic activity and
stability. In this case, the long-term operation stability of ALDPt-ZIF-C catalysts was
evaluated by CV cycling the catalyst between 0.6-1.0 V (vs. RHE) at 50mV-s?t in an Oz-
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saturated 0.1M HCIO4. As for the Ptlmin-ZIF-C (Figure 7.4d), 9.6 mV negative shift of E1»
and 21% mass activity loss after 10,000 ADT cycling indicates the deterioration of Pt single
atoms occurred on Ptlmin-ZIF-C. By contrast, the Pt2min-ZIF-C with both single atoms and
subnano-clusters showed a much better long-term durability, as shown in Figure 7.4e, no
detectable Ei» negatively shift after 10,000 continuous ADT cycles and only 6.4 % mass
activity loss. The high stability of Pt2min-ZIF-C could be attributed to the well-known
anchoring effect of N-dopants to the Pt atoms, which has been confirmed by the EXAFS
results. On the other hand, the extra enhanced stability of Pt sub-clusters in Pt2min-ZIF-C
compared than that of Ptimin-ZIF-C is contributed from the stabilization effect arising from
the Pt atoms to the Pt atoms. The high activity and excellent long-term stability indicate that
the ZIF-C supported Pt single-atom/subnano-cluster electrocatalyst obtained by ALD is
indeed one of the most promising alternatives to the Pt NPs for ORR in PEMFCs.

7.4 Conclusion

In summary, a class of novel Pt catalysts supported by MOFs-derived nanocarbon are
proposed by the ALD technique. It is showed that the morphology, size, density and loading
of Pt ranging from single atoms, subnano-clusters, to NPs on MOFs-carbon support can be
precisely controlled by adjusting the exposure of Pt precursor to the substrate. The Ptlmin-
ZIF-C catalyst with Pt single atoms demonstrated exceptionally high activity as ORR catalyst
compared with the Pt NPs catalysts. The remarkable performance of the single Pt atoms
arises from their small size and the unique electronic structure originating from of the
adsorption of the single Pt atoms on the N-doped nanocarbon support, as confirmed by
XANES and EXAFS. It should be noted that, besides its high ORR performance, the Pt2min-
Pt-ZIF-C catalyst with both Pt single atoms and subnanocluster offers the excellent long-term
stability due to the supporting anchoring and Pt atoms self-stabilization effect metal-support
interactions. This work provides a promising approach for designing of highly active and
stable next generation catalysts based on single Pt atoms and subnano-clusters, which has a
great potential to reduce the Pt loading and contributes to reduce the high cost of noble metal

catalysts for PEMFCs application.
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Figure S7.1. The SEM images of (a) ZIF-8 and (b) ZIF-C.
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Figure S7.2. The X-ray diffraction patterns of (a) ZIF-8 and (b) ZIF-C.
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Chapter 8

8 Oirigin of the high oxygen reduction reaction of nitrogen
and sulfur co-doped MOFs-derived nanocarbon
electrocatalysts

*This chapter has been published. Z. Song, W. Liu, N. Cheng, M. Banis, X. Li, Q. Sun, B.
Xiao, Y. Liu, A. Lushington, R. Li, L. Liu, X. Sun. Mater. Horiz., 2017, 4, 900

Developing an economical, highly active and durable material to replace the conventional,
expensive noble metal electrocatalyst is an important milestone in the development of fuel
cell technology. Nanocarbon materials are considered as promising catalysts toward the
oxygen reduction reaction (ORR) in fuel cells, due to their reasonable balance between low-
cost, long-life durability and high catalytic activity in alkaline media. In this work, we
present the fabrication of N,S-co-doped nanocarbon derived from a metal-organic
frameworks (MOFs) precursor for use as an electrocatalyst towards ORR. High resolution
transmission electron microscopy (HRTEM) mapping demonstrates the uniform distribution
of N and S atoms into the nanocarbon skeleton. The nitrogen absorption— desorption
isotherms indicate that the MOFs-derived N,S-co-doped nanocarbon has a high specific
surface area (2439.9 m2.gl) and a porous structure. Importantly, the N,S-co-doped
nanocarbon exhibits higher catalytic activity toward ORR, better long-term stability and
methanol tolerance than commercial Pt/C catalyst. First-principles calculations demonstrate
that the remarkable electrochemical properties of N,S-co-doped nanocarbon are mainly
attributed to the synergistic effect from the N and S dopants. Moreover, for the first time, it is
revealed that the N,S-coupled dopants in nanocarbon can create active sites with higher
catalytic activity for ORR than the isolated N and S-dopants. This finding on the structure—
performance relationship of the co-doped nanocarbon provides guidelines for the design of

high performance electrocatalysts.
8.1 Introduction

With remarkable efficiency, high energy density and negligible emission of harmful gases,

the polymer electrolyte membrane fuel cell (PEMFC) is considered to be a green technology
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that meets the energy requirement for future electrical vehicles and portable electronics.[1]
Unfortunately, a major limitation for the low-temperature PEMFCs is the kinetically-sluggish
oxygen reduction reaction (ORR) at the cathode, which requires a large amount of catalysts
to reach the adequate energy output.[2—4] The state-of-the-art high-performance catalysts for
ORR are the noble metal Pt-based catalysts.[5-10] However, Pt catalysts suffer from several
issues including high cost, poor stability, the crossover effect and CO poisoning.[1] These
bottlenecks hamper the widespread commercialization of PEMFCs. Therefore, it is highly
desirable to replace the conventional, expensive catalysts with non-noble metal
electrocatalysts that have all the characteristics of high activity, low cost and long-term
stability. Recently, the nanocarbon has attracted much attention as an alternative catalyst due
to its reasonably low cost, high activity, as well as its unique physical and chemical
characteristics. Conventional nanocarbons like carbon black and carbon nanotubes generally
exhibit an insufficient catalytic activity toward ORR in fuel cell applications. Several
approaches have been investigated to modify nanocarbons in a way that enhances their
catalytic activity. The chemical modification of nanocarbons is especially found to be an
effective way of improving their intrinsic activity. [11-14] In particular, heteroatom-doping,
such as doping nanocarbons with nitrogen (N), [15-17] boron (B), [18] sulfur (S), [19]
and/or phosphorus (P), [20-22] has been reported as an excellent strategy for adjusting the
surface polarity and the electronic properties of nanocarbons. The electronegative-N-doped
nanocarbon induces the atomic charge density and the spin density redistribution, which
consequently promotes the oxygen adsorption and reduction. [23] Moreover, recent
pioneering work revealed that binary or ternary-co-doped nanocarbons possess a superior
catalytic activity compared to single doped-nanocarbons due to the synergistic effect. The
synergistic effect, arising from atomic charge and spin-density change, is favorable for O2

reduction and electron transfer; this contributes to the enhanced ORR activity. [24-28]

The metal-organic framework (MOFs) is an extensive class of crystalline materials with
ultrahigh porosity and enormous surface area, and it has attracted great interest in the field of
catalysis.[29,30] Apart from its direct use, MOFs has also been found to be useful as a
sacrificial precursor and a template to fabricate various functional nanomaterials.[30-34] By
delicately designing the MOFs precursor and with careful post treatment, the benefits of high

porosity and catalytic activity of a MOFs can be fully transferred into a MOFs-derived
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nanomaterial. For example, a high surface area N-doped nanocarbon derived from the ZIF-8
precursor was shown to have abundant N-doping sites and excellent catalytic activity. [35,36]
Although some newly developed N-doped-nanocarbons have shown performance, the
improvement in the ORR catalytic activity has still been very limited due to the low amounts
of the active sites. Thus, it is imperative to design a nanocarbon electrocatalyst with high
loading of active sites. Before that, to gain an insight into the active sites that lead to the

ORR performance is a significant challenge to be overcome.

Here, we report a novel strategy to fabricate N,S-co-doped nanocarbons as catalysts for ORR
through adjusting the pore structure and active sites of the MOFs-derived nanocarbon. The
N,S-co-doped nanocarbon is synthesized using MOFs as a solid precursor, followed by
carbonization and pore size design, then further co-doping sulfur to generate more active
sites. In our design, the typical Zn-based zeolitic imidazolate framework of ZIF-8 is selected
as a template/precursor due to its high content of N-containing organic ligands, and its easy
removal of the Zn species at a high temperature. The resulting N,S-co-doped nanocarbon
demonstrates a high catalytic activity toward ORR, remarkable long-term stability and strong
methanol tolerance in alkaline media. First-principles calculations prove that N,S-co-doped
nanocarbons possess enhanced ORR activity compared to N-doped carbon. More
importantly, this work for the first time reveals that the N,S-coupled dopants can create

active sites with higher activity than the isolated N and S dopants.
8.2 Experimental

8.2.1  Synthesis of N, S-co-doped nanocarbon

Synthesis of ZIF-8 crystals was conducted by a chemical solvent method. In a typical
experiment, two solutions are initially prepared by dissolving a known quantity of 2-
methylimidazole (6.78 g, 82.0 mmol) in 250 ml of methanol and Zn(NO3)-6H20 (6.15 g,
20.5 mmol) in 250 ml of methanol. The solution of Zn(NO3)-6H.O was then added to 2-
methylimidazole in a dropwise manner. The resulting mixture was stirred for 1h and aged for
24h at room temperature. Subsequently, white powder (ZIF-8 crystals) were collected by
centrifugation and washed several times with methanol to remove the excess reactants. After

dried in a vacuum at 60°C, the as-prepared ZIF-8 powder was carbonized at 1000°C for 8 h
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in Ar to produce N-doped nanocarbon (ZIF-C). Then, the as-prepared ZIF-C was treated with
ammonia for different time at 1000°C to control pore size, such as 3 min, 5 min, 7 min. The
corresponding products were denoted as NHs-C-3, NH3-C-5, NH3-C-7. To synthesis N, S co-
doped nanocarbon, 20 mg of NH3-C-7 was mixed with 300 mg of thiourea (w/w=1:15) in 5
ml of ethanol/water (v/iv=4:1) to generate a suspension under sonication. The mixture was
continuously stirred for 3h to facilitate a thiourea/NH3-C-7 solid composite after drying.
Thiourea/NH3-C-7 was heated at 900°C for 1 h under an Ar atmosphere to generate the N, S-
co-doped nanocarbon denoted as N, S-NH3-C-7. For comparison, the N, S-ZIF-C of N, S-co-

doped ZIF-C but no NH3 treatment was prepared using a same procedure.

8.2.2  Physical characterization

The morphology and microstructure of as-prepared samples were obtained from a scanning
electron microscope (SEM, Hitachi S-4800) and high-resolution transmission electron
microscope (HRTEM, JEOL2010FEG) equipped with an electron energy loss spectrometer
(EELS). X-ray diffraction (XRD) patterns were recorded using a Bruker D8-Advance
diffractometer equipped with a Cu K4 radiation source. The background was subtracted from

the patterns to remove the impact of detector. Raman spectra were performed on a HORIBA
Scientific LabRAM HR Raman spectrometer using a laser excitation wavelength of 532.0 nm.
Chemical compositions of as-synthesized samples were investigated by X-ray photoelectron
spectroscopy (XPS, Kratos Axis Ultra spectrometer). The nitrogen absorption-desorption
isotherms were measured using the equipment of Micromeritics Tristar Il. The total specific
surface area is calculated from the Brunauer-Emmett-Teller (BET) equation. The mesopore
size distribution is determined by the Barrett-Joyner—Halenda (BJH) method from the

adsorption isotherms. The micropore area and volume are obtained from a t-plot method.

8.2.3 Electrochemical measurements

Electrochemical measurements were performed on an Autolab electrochemical workstation
in a conventional three-electrode cell, with Ag/AgCI electrode and Pt wire as the reference
and counter electrodes. A catalyst-modified glassy carbon electrode was used as the working
electrode. Catalyst ink was prepared by ultrasonically dispersing 3.0 mg of each catalyst

powder in 3.0 ml ethanol containing 30 uL of Nafion (5wt%) for 0.5 h. Subsequently, 20 uL
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of prepared catalyst ink was pipetted onto a polished glassy carbon electrode surface (0.196
cm?) and dried at room temperature. The loading amount of catalyst was determined to be 0.1
mg-cm™. For comparison, commercial 20% Pt/C was prepared on the electrode using a
similar procedure as described above with a Pt loading of 10 ug-cm™. Cyclic voltammetry
(CV) experiments were conducted in No-saturated 0.1 M KOH solution with a scan rate of 50
mV-s? within a potential range of -0.9 V to 0.3 V (vs. Ag/AgCl). ORR linear sweep
voltammetry (LSV) measurements were performed on a rotating disc electrode (RDE) in O-
saturated 0.1 M KOH solution with background subtraction, at a scan rate of 10 mV-s™ and

rotating speed of 1600 rpm.
Simulation method and computation modeling

Spin polarized density functional theory (DFT) computations were performed at the
generalized gradient approximation (GGA) level within the projector augmented-wave-
Perdew-Burke-Ernzerhof (PAW-PBE) formalism using the plane wave basis set Vienna a/b
initio simulation package (VASP) code. The models were built in a 6x6 orthorhombic
graphene supercell with lattice parameters of a = 14.81 A, b=14.81 A, which contains a
defect of 6-carbon atoms missing and with periodic boundary conditions in 3-dimensions. A
large vacuum layer of 15 A is maintained along the z-axis to avoid artificial interactions
between graphene layers. A Monkhorst-Pack grid of 3x3x1 was used for geometric
optimization. The simulation was run with a setup using 520 eV cut off energy. All atoms are
allowed completely relax during optimization to gain an optimized cell shape with minimum
energy while convergence criterion was set to 1x10 eV. The structural optimization process

for all atoms were finished until the final force on each atom was less than 0.01 eV/A.



171

8.3 Results and discussion

Carbonization N, S co-doping
e Y
NH,
ZIF-8 NH3-C N, S-NH3-C

ZIF-8: 2-Methylimidazole zinc salt
Thiourea: CH,N,S

Figure 8.1. Schematic illustration of the fabrication of the N,S-co-doped nanocarbon as

the electrocatalyst toward ORR.

The fabrication of the integrated N,S-co-doped nanocarbon based on the MOFs concept is
illustrated in Fig. 8.1. First, the ZIF-8 precursor, with an ordered rhombic dodecahedral
morphology, is synthesized at the average particle size of 80 nm (Fig. SI8.1, ESIf). After
carbonization at 1000 °C, the ZIF-8 crystals are converted into porous N-doped nanocarbon
(ZIF-C). Subsequently, under thermal treatment with ammonia gas (NHzs), a much rougher
surface is formed on the derived NHs-C-x particles compared to ZIF-C. The SEM images
indicate that ZIF-C (Fig. S18.2, ESIt) and NH3-C-7 nanocarbons (Fig. 8.2(a)) fully inherit the
morphology and particle size of the ZIF-8 precursor, without framework collapse during the
carbonization and NHs treatment. A rough surface of NHs-C-7 after NH3 treatment suggests
that NHsz may act as a surface modifier, similar to traditional activating agents such as KOH
[37] and COz, [38] to etch carbon or oxygen atoms from the nanocarbon framework and tune
the porous structure. [39,40] Finally, the as-proposed N,S-co-doped nanocarbon (N,S-NHz-
C-7) is developed by doping S into the NH3-C-7 carbon skeleton. As indicated from the SEM
images, there is a minimal change in the particle size between nanocarbons of NH3-C-7 (Fig.
8.2(a)) and N,S-NHs-C-7 (Fig. 8.2(b)). The local structure and composition of the as-
prepared N,S-NHz3-C-7 is further confirmed by HRTEM. As shown in Fig. 8.2(c), it can be
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clearly noted that the N,S-NH3-C-7 nanocarbon has a polyhedral morphology with a rough
surface, which is consistent with the observations noted by SEM analysis. In addition, the
electron energy loss spectroscopy (EELS) elemental chemical mapping (Fig. 8.2(d)) reveals
the uniform distribution of elemental carbon, nitrogen, and sulfur in N,S-NH3-C-7 matrix.
This confirms that heteroatoms of nitrogen and sulfur are successfully doped into the carbon

skeleton.

Figure 8.2. SEM images of (a) NH3-C-7 and (b) N,S-NH3-C-7; (c) TEM image of N,S-
NH3-C-7; (d) STEM images of N,S-NH3-C-7 and EELS mapping of C, N, S.

The physical properties of the as-prepared nanocarbons are further investigated by XRD and
Raman spectroscopy. The XRD patterns of ZIF-C, NH3-C-7 and N,S-NHz3-C-7 are shown in
Fig. 8.3(a). These patterns display two broad peaks at around 26° and 43°, corresponding to
the characteristic carbon (002) and (100)/(101) diffractions, respectively. Additionally, no
diffraction peaks of Zn/zZnO impurities could be observed, which means most of the Zn
species have been removed during high temperature carbonization. Fig. 8.3(b) presents the

Raman spectra obtained for the nanocarbons. A typical D band (1350 cm?) resulting from in-
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plane imperfections of disordered carbon, and a G band (1580 cm™) resulting from the
stretching mode of highly ordered graphitic carbon, is observed for all the samples. Raman
spectra are sensitive to subtle structural variations in nanocarbons and the band intensity ratio
(Io/lg) can reflect the defect generation or defect disappearance on the carbon matrix. A
lower Ip/lg ratio suggests less defects and therefore a higher structural quality. [41]
Interestingly, the Io/ls ratio for ZIF-C (Ip/lc = 0.9) is lower than that found for NHs-C-7
(Io/lc = 1.13), indicating that the modification of graphitic carbon occurs during the NH3
treatment process. In particular, when the exposure time of NHs is extended from 3min to
7min, there is a gradual increase in the Ip/lg ratio, from 1.03 to 1.13 (Fig. SI8.3, ESI{). This
further confirms that the increased duration of NH3s gas exposure results in the generation of
additional defective sites. Therefore, the N-doped nanocarbon of NHs-C-7 with high defects
is optimized for further S-doping to produce the co-doped nanocarbon of N,S-NH3-C-7. A
higher Ip/lg ratio (1.17) found for N,S-NHs-C-7 implies that an increased number of
heteroatom doping sites (N-doped-C, S-doped-C, NS-coupled-C) can be created on the N,S-
NHz3-C-7 nanocarbon. The large numbers of active doping sites are anticipated to accelerate
the ORR process.

—zIF-C
——NH_-C-7
——N,S-NH-C

a b

002)

(100/101)
N, §-NH_-C-7
’ U. # I\ NH}-C-'.’
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Figure 8.3. (a) XRD patterns and (b) Raman spectra of the nanocarbons of ZIF-C, NHs-
C-7 and N,S-NHs-C-7.

The pore structure of catalyst materials plays a significant role in promoting the ORR activity
as an appropriate pore size is essential for the diffusion of smooth reactants (O2, -OH) and
rapid mass transport. [42] Thus, the impact of NH3 etching on the textural properties of the

MOFs-derived nanocarbon is studied by nitrogen absorption/desorption isotherms. The
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specific surface area and pore size distribution of all synthesized nanocarbons as well as
textural properties are shown in Fig. 8.4 and Table 8.1, respectively. Generally, at low partial
pressures (P/Po<0.1), a significant uptake in the isotherms indicates that the MOFs-derived
nanocarbons exist in the microporous structure (pore size <2 nm). The hysteresis of
desorption between the partial pressures P/Po of 0.5-1.0 suggests the presence of mesopores
(pore size of 2-50 nm) in NH3-C-x nanocarbons. [43] As illustrated in Fig. 8.4(a), the
specific surface area of ZIF-C is only 852.5 m?.g. After NHs treatment, it increases to
1926.8 m?.g1, 2276.8 m?.gt and 2439.9 m2.g?, for NHs-C-3, NH3-C-5 and NHs-C-7,
respectively. The isotherms are further analyzed using the Barrett—Joyner—Halenda (BJH)
and the t-plot method to fit the pore size distribution and micropore volume, respectively. In
Fig. 8.4(b), the samples of ZIF-8 and ZIF-C exhibit a narrow micropore size distribution,
centered at ~1.8 nm, suggesting that the major pores in ZIF-8 and ZIF-C are micropores; they
have a pore volume of 0.80 cm®-g? and 0.52 cm®.g?! (Table 8.1), respectively. It is
interesting to note that there is an increase in pore volume from 1.23 cm®.g* to 1.69 cm®.g’*
observed for NHs-C-3 and NH3-C-7 after NHs treatment. Meanwhile, NHz treatment of the
nanocarbon develops the micropores into mesopores, with an increase in the mesopore
volume of up to 88.6% for NH3-C-7. Given the results presented by SEM, HRTEM and N
absorption/desorption isotherms, NH3 treatment certainly plays a significant role in tuning

the textural properties of MOFs-derived nanocarbons.
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Figure 8.4. (a) N2 adsorption—desorption isotherms and (b) pore size distribution data
obtained by the Barrett—Joyner—Halenda (BJH) method of ZIF-8, ZIF-C and NHz3-C-x.

Table 8-1. Surface area and pore volume characteristics of ZIF-8, ZIF-C and NH3-C-x.

Surface area Total pore Micropore Vmeso/ Viotal
volume volume
Catalyst
2.41
(m?-g™) (m3-gh) (m3-g) (%)
ZIF-8 1568.8 0.80 0.70 12.5
ZIF-C 852.5 0.52 0.31 40.7

NH;-C-3 1926.8 1.23 0.35 72.0
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NHs-C-5 2276.8 1.43 0.12 80.6

NHs-C-7 2439.9 1.69 0.19 88.6

To analyze the chemical bonding states of the doped nanocarbon, XPS measurements are
carried out on N,S-NH3-C-7, NHs-C-7 and ZIF-C. In Fig. S8.4 (ESI}), the XPS survey
spectra of N,S-NHs-C-7 show that both N (~5.4 at%) and S (~0.3 at%) atoms are
successfully incorporated into the nanocarbon framework. The N concentration in N,S-NHz-
C-7 (~5.4 at%) is almost the same with the N content found in NH3-C-7 (~5.1 at%) and ZIF-
C (~5.0 at%). This means that NHs treatment does not dope more N elements on MOFs-
derived nanocarbons. The high resolution N1s spectra of N,S-NHs-C-7, NH3-C-7 and ZIF-C
in Fig. 8.5(a) display the presence of four nitrogen species: pyridinic-N (~398.3 eV),
pyrrolic-N (~399.5 eV), graphitic-N (~401.0 eV) and oxidized-N (~404.1 eV). Notably, NHz
treatment plays a role in adjusting the relative quantities of pyridinic-N and graphitic-N. In
Fig. 8.5(b), the proportions of pyridinic-N increased while those of graphitic-N decreased in
NHz-C-7 and N,S-NH3-C-7 compared to those of ZIF-C which were not treated with NHs.
Based on the XPS analysis, it is found that the NH3 heating process helps in the conversion
of graphitic-N to pyridinic-N. Previous research has established that pyridinic-N with planar
configurations is active toward ORR.[44] In contrast, graphitic-N atoms, which possess a 3D
structure, are inactive toward ORR. Therefore, the N,S-NHs-C-7 and NH3-C-7 nanocarbons
which contain more planar pyridinic-N atoms than ZIF-C, are considered to have higher
ORR activity. High resolution S2p spectra of N,S-NHz3-C-7 are shown in Fig. 8.5(c). Due to
spin—orbit coupling, signals originating from sulfur atoms are represented as a doublet. The
S2p spectra of N,S-NHs-C-7 reveal two major chemical bonding structures: one from C-S-C
chemical bonding located at a low binding energy (165.8-167.1 eV), and another one at a
slightly higher binding energy (166.8-168.0 eV) ascribed as —S—C—N-. Since N is more
electronegative than S, it is going to hog the electrons in a covalent bond with S, which lead
to a more electropositive configuration for S. Therefore, the electronic insufficient S atoms in
the —S—C—N- chemical environment display a signal that is red shifted to a higher binding
energy. These two different S chemical environments of C—-S—C and —-S—C—N- should exhibit
different catalytic activities toward ORR. The —S—C—N- bonding structure, in which N and S

are close to each other and doped on the same C atom, is expected to be the more active
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doping site for ORR. To prove this speculation, further catalytic activity toward ORR of the

nanocarbon electrocatalyst and the first-principles calculations are provided below.
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Figure 8.5. Chemical binding state of the nanocarbons. (a) N1s XPS spectra of N,S-NHs-
C-7, NH3-C-7 and ZIF-C. (b) Bar diagrams representing the atomic concentration of
four kinds of nitrogen species (left); atomic structure of the N,S-doped nanocarbon with
chemical bonding configurations of nitrogen and sulfur dopants (right). (c) S2p XPS
spectra of N,S-NH3-C-7.

The electrochemical performance of the as-prepared nanocarbons toward ORR is analyzed
and compared with their counterparts (NH3-C-x, ZIF-C, and the commercial catalyst Pt/C).
CV measurements of N,S-NH3-C-7 in Nz-saturated and O»-saturated 0.1 M KOH electrolytes
are presented, respectively, in Fig. 8.6(a). Compared to the featureless CV curves obtained in
the N»-saturated electrolyte, a distinct oxygen reduction peak is observed at ~0.18 V (vs.
Ag/AgCI) in Oz-saturated KOH solution, indicating the ORR catalytic activity for the N,S-
NH3-C-7 nanocarbon. Fig. 8.6(b) presents the LSV curves of the nanocarbon catalysts
obtained in an O-saturated 0.1 M KOH electrolyte at a rotating speed of 1600 rpm.
According to the analysis of the electrochemical performance, NHs-C-7 displays a higher
ORR half-wave potential (E12 = -0.194 V) and an increased limiting current density (lim =
3.59 mA-cm) compared to ZIF-C (E12 = -0.286 V, lim = 2.80 mA-cm?). This indicates that
the catalytic activity of the nanocarbons can be enhanced via NH3 treatment. In addition,
extension of the NHz treatment time of ZIF-C increases the catalytic activity of the

nanocarbons. As shown in Fig. S18.5 (ESI{), NH3-C-7 shows a better catalytic activity
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compared to NH3-C-3 and NH3-C-5. The good performance is embodied in the elevated
limiting current density of NH3-C-7 and a 90 mV positively shifted half-wave potential
compared to NH3-C-3. The excellent electrochemical performance of NH3-C-7 compared to
ZIF-C confirms the significance of tuning the mesoporous structure of the nanocarbon in
promoting the ORR performance. After co-doping S atoms into the NHs-C-7 nanocarbon, the
nanocarbon of N,S-NHz-C-7 shows the most positive-shifted half-wave potential of E1» = -
0.13 V. A halfwave potential is much higher than that of ZIF-C and NHs-C-7 and
comparable to that of the Pt/C catalyst (Ei2 = -0.12 V). Moreover, the N,S-NHs-C-7
nanocarbon has an enhanced limiting current density of 3.99 mA-cm?, a current density
which is higher than that for NH3s-C-7 (3.59 mA-cm?) and Pt/C (3.75 mA-cm™). These
results confirm that the enhanced ORR activity can be realized in the N,S-co-doped
nanocarbon system. To prove the combination of NHz treatment and N,S-co-doping is
necessary for the catalyst design, the nanocarbon of N,S-ZIF-C with only N,S-co-doping of
ZIF-C but no NHs treatment is prepared. By analysis of the electrochemical performance of
N,S-ZIF-C toward ORR, it shows that the N,S-ZIF-C nanocarbon exhibits improved activity
compared to ZIF-C. However, the half-wave potential (E1. = -0.192 V) and the limiting
current (3.20 mA-cm?) are much lower than those of the N,S-NHs-C-7 catalyst. It is
supposed that the poor performance is due to the microporous structure of N,S-ZIF-C. The
small size of the micropore is difficult for the reactants diffusion, which will increase the
mass transport resistance and impact the ORR activity. To further investigate the ORR
kinetics of the N,S-NHs-C-7 catalyst, LSV polarization curves are generated using a rotating
disc electrode. The tests are conducted at a variety of rotating speeds ranging from 400 to
2025 rpm, and the kinetic parameters are analyzed using the Koutecky—Levich (K-L)
equation. In Fig. 8.6(c, d), the K-L plots of the N,S-NHs-C-7 nanocarbon at -0.25 V, -0.4 V
and -0.6 V exhibit good linearity and parallelism, indicating the presence of the first-order
reaction kinetics in regard to the oxygen concentration, and a similar electron transfer
number (n) toward ORR at various potentials. The values of n for N,S-NHs-C-7, calculated
from the slope of K-L plots, vary from 3.49 to 3.81 in the potential range of -0.6 V to -0.25

V. This means that the ORR process takes place in a four-electron pathway.
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Figure 8.6. (a) Cyclic voltammograms of N,S-NH3-C-7 with a scan rate of 10 mV-s in
O2-(red) and N2-saturated (black) 0.1 M KOH solution. (b) Linear sweep
voltammograms (LSVs) of ZIF-C (black), NH3-C-7 (blue), N,S-NHs-C-7 (red), and 20%
Pt/C (cyan) in Oz-saturated 0.1 M KOH solution at 1600 rpm. The LSV curves for NHs-
C-X are shown in Figure S18.5. (¢) LSV curves of N,S-NH3-C-7 in O2-saturated 0.1 M
KOH with various rotation speeds. The corresponding K-L plots at various voltages are
shown in (d). Stability (e) and methanol tolerance (f) curves for N,S-NHs-C-7 and Pt/C
catalysts in Oz-saturated 0.1 M KOH.

The long-term durability is crucial for evaluating the performance of a new electrocatalyst.
The durability of the N,S-NH3-C-7 nanocarbon and the commercial Pt/C catalyst is analyzed
at -0.4 V (vs. Ag/AgCl) in Oz-saturated 0.1 M KOH at 1600 rpm over 30 000 s of continuous
operation. It is observed that the N,S-NH3-C-7 catalyst is more stable than the commercial
Pt/C catalyst (Fig. 8.6(e)). The current density of N,S-NHs-C-7 changed from 4.03 mA-cm
to 3.70 mA-cm with only 8.2% loss after the long-time durability testing, while a higher
current density loss of 22.6% is observed for the Pt/C catalyst. Besides the excellent
durability, the N,S-NHs-C-7 catalyst also displays an excellent immunity towards methanol
crossover reactions, which overcomes another disadvantage faced by the Pt/C catalyst. 1.0 M
of methanol is added into a 0.1 M KOH electrolyte solution to investigate methanol tolerance
for the N,S-NH3-C-7 nanocarbon and the Pt/C catalyst (Fig. 8.6(f)). It was found that
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methanol injection causes a sharp current decrease for the Pt/C catalyst, while it has almost
no influence on the N,S-NHs-C-7 nanocarbon, proving an excellent ORR selectivity and a

good performance for methanol tolerance.
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Figure 8.7. Optimized structures for the stable adsorbed Oz on the N-doped nanocarbon
(a), the N,S-isolated nanocarbon (b) and the N,S-coupled nanocarbon (c). Free-energy
diagram of the ORR on the N-doped nanocarbon (d), the N,S-isolated nanocarbon (e)

and the N,S-coupled nanocarbon (f) in alkaline media.

To understand the intrinsic ORR catalytic mechanism of the N,S-doping effect, first-
principles calculations are carried out to determine the electronic structure and the catalytic
reaction for the N-doped nanocarbon (Fig. 8.7(a)) and the N,S-co-doped nanocarbon. In the
co-doped structure, N and S may exist within a framework in a variety of configurations,
including N,S-isolated dopants (Fig. 8.7(b)), and N,S-coupled dopants (in which N and S are
close to each other and doped on the same C atom) (Fig. 8.7(c)). The calculated free energy
profiles, on these three structures are shown in Fig. 8.7(d—f), respectively. The corresponding
intermediate configurations are shown in Fig. SI18.6(a—1) (ESI). In Fig. 8.7(d—f), the free
energy of each reaction (AG) is downhill for the first several steps, except for OH* + ¢” —
OH" + *, which is thermodynamically uphill (endothermic). This result suggests that the
reduction of OH* into OH" is the rate determining step for the ORR process. As the
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overpotential of the ORR is an important measure of the activity of a catalyst, we calculated
the overpotential for each active site and determined the minimum overpotential for ORR on
the doped structures. Thermodynamically, a lower overpotential means better catalytic
activity. The N-doped, isolated N,S-doped, and N,S-coupled carbon structures are identified
to have minimum ORR overpotentials of 0.403 V, 0.270 V, and -0.004 V at the electrode
potential of 0 V, respectively. Obviously, the N,S-co-doped nanocarbon with N,S-coupled
dopants has the lowest overpotential and exhibits the best catalytic activity toward ORR. As
we know, the ORR reaction process has a close relationship with the charge transfer reaction
between the adsorbates and the substrate. Taking O. adsorption as an example, the Bader
charge [45] of the O adsorbed on the corresponding doping structures has been studied. As
shown in Table SI8.1 (ESI{), the Bader charges of Oz adsorption on the N-doped
nanocarbon, the N,S-isolated nanocarbon and the N,S-coupled nanocarbon, are 12.58, 13.19,
and 13.30, respectively. The N,S-coupled nanocarbon, in which N and S atoms are close to
each other, could provide a greater electron density to the adsorbed O, as opposed to the
other two structures, making Oz and its related species more active. This is the synergistic
effect arising from N and S dopants. The synergistic effect of N,S-coupled dopants leads to
more active sites of carbon and therefore enhances the ORR activity of the nanocarbon. Thus
first-principles calculations prove that N,S-coupled dopants create active sites with a higher
activity than the isolated N and S dopants. It is, for the first time, to pinpoint the doping-
active sites, with solid evidences, which is a key factor to determine the performance of the
nanocarbon catalyst. The discovery on the doping structure—performance relationship of the

nanocarbon provides guidelines for the design of novel electrocatalysts with a high activity.

8.4 Conclusions

A novel N,S-co-doped nanocarbon electrocatalyst derived from a MOFs of ZIF-8 has been
developed. It is found that compared to the noble-metal Pt/C catalyst, the N,S-co-doped
nanocarbon exhibits excellent catalytic activity and long-term stability toward ORR in
alkaline media. The high specific surface area and appropriate porosity built in the N,S-co-
doped nanocarbon are beneficial for the mass transportation and facilitate the ORR process.
More importantly, first-principles calculations reveal that the N,S-coupled dopants promote

the carbon sites with a higher activity compared to the isolated N and S dopants. The N,S-
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coupled nanocarbon provides a great electron density to the adsorbed O, thus making O2 and
its species to be reduced. The highly active co-doping sites resulting from the synergistic
effect well explain the origin of the enhanced ORR activity for the N,S-co-doped
nanocarbon. The approach and analysis adopted in this work offer a strategic consideration

for designing the high performance nanocarbon electrocatalyst.
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Figure S1 8.1. SEM image of ZIF-8.
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Figure SI 8.2. SEM image of ZIF-C nanocarbon.
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Figure SI 8.3. Raman spectra of the as-synthesized samples of ZIF-C, NH3-C-x and N,
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Figure Sl 8.4. XPS spectra of samples of ZIF-C, NH3-C-7 and N, S-NHs-C-7.
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Figure Sl 8.5. Linear sweep voltammograms (LSVs) of ZIF-C (black), NHs-C-3 (red),
NH3-C-5 (blue) and NH3-C-7 (cyan) in Oz-saturated 0.1 M KOH solution at 1600 rpm

with a scan rate of 10 mV-s.
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Figure Sl 8.6. Optimized structures for the stable adsorbed O2, O, OH, OOH on N-

doped nanocarbon (a-d), N, S-isolated nanocarbon, (e-h), and N, S-coupled nanocarbon,

(i-1), respectively.



189

Table SI 8.1. Bader charge of the stable adsorbed O2 on the structures of N-doped
nanocarbon, N, S-isolated nanocarbon and N, S-coupled nanocarbon.

structure

Ow N-doped N, S-isolated N, S-coupled

Bader  6.2539(0)  6.4038(0,)  6.3985(0,)
charge  6.3281(0,)  6.7855(0y)  6.9002 (0,)
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Chapter 9

9  Conclusion and future perspectives

This chapter will summarize the work presented in this thesis. The highlights of each
experimental chapter will be examined and discussed. A focus of this chapter is to analyze
the work conducted and presented herein and the ALD technique contributions to the field of
PEMFC electrocatalysts.

9.1 Conclusion

Polymer electrolyte membrane fuel cells (PEMFCs) as an innovative clean energy
conversion device is considered as the technology of the future. PEMFCs use the chemical
energy of hydrogen to cleanly and efficiently produce electricity, with water and heat as the
only byproducts. PEMFCs have several benefits over conventional combustion-based
technologies currently used in many power plants and passenger vehicles, such as the high
efficiency, low emissions and the quiet operations etc. However, PEMFCs are still facing
barriers for the widespread application, especially, high-cost, poor performance and

durability are the key challenges in PEMFCs commercialization.

Atomic layer deposition (ALD) is an attractive approach for deposition of noble metal
catalysts and metal oxides. Its ability to deposit uniformly distributed particles ranging from
single atoms, sub-nanometer clusters, to nanoparticles (NPs), in a uniform manner on the
available substrate surface, give it a competitive advantage over other deposition techniques.
The primary advantages of ALD are derived from the sequential, self-saturating, gas-surface
reactions that take place during the deposition process. Uniform deposition on three
dimensionally-structured materials is made possible by self-terminating characteristics,
which restricts the reaction at the surface to no more than one layer of precursor. With
sufficient precursor pulse time, organometallic precursors can be uniformly exposed into

deep trenches, allowing for complete reaction with the entire surface.

This thesis work is mainly focused on the highly stable and active nanostructured

electrocatalyst design by the techniques of ALD for PEMFCs application. A series of
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experimental programs were carried out in this study to fabricate various nanomaterials by
ALD approach, such as transition metal/metal oxides, Pt catalysts from nanoparticles to
single atoms, to construct anode and cathode electrocatalysts with excellent performance for
PEMFCs. Different physical and electrochemical characterizations were conducted to
determine the relationships between the physical properties of as-prepared materials and the
electrochemical performance. Furthermore, the underlying mechanisms of nanomaterials and
electrochemical performance were explored, such as the interactions between metal-catalysts
and the support; The accessible active sites density, loading as well as the active particles
size effect. In summary, this thesis focused on promising electrocatalysts design in PEMFCs
and mainly on three parts: nano-electrocatalysts preparation by ALD, physical and
electrochemical characterization, and understanding the underlying mechanisms from the
nanostructures to the electrochemical PEMFCs performance. The work paves a path for the
future use of ALD in promising field of fuel cells and it is believed that the studies and

analysis have great potential to reduce the high cost of commercial PEMFCs.

Tantalum oxide (TaOx) NPs are deposited on a commercial Pt/C catalyst by an area-selective
ALD approach to improve the electrocatalyst stability in PEMFCs operation. The TaOx
loading on the Pt/C surface could be controlled precisely by varying the number of ALD
cycles. When deposited on the Pt/C surface with 35 ALD cycles, the TaOx-anchored Pt NPs
formed an excellent triple-junction structure of TaOx—Pt-carbon. The electrochemical
durability tests indicated that the TaOx-anchored Pt/C catalyst showed superior long-term
stability to Pt/C while maintaining the high electrocatalytic activity. The significantly
enhanced catalyst stability is due to the anchoring effect of TaOx via strong metal oxide—
support interactions. This strategy shows great potential of ALD in developing highly stable
catalysts for PEMFCs.

Following the above work, nitrogen-doped tantalum oxide (N-Ta2Os) NPs were fabricated by
ALD which were used as the bridge layer between Pt NPs and carbon support to construct
the strong metal-support interaction. Herein an extremely stable electrocatalyst of Pt NPs
dispersed on the N-Ta,Os-modified carbon support was demonstrated. The N-Ta>Os nano-
bridge layer synthesized by ALD not only provide the good conductivity for promoting the

high activity, but also can effectively prevent Pt NPs from migration and aggregation during
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PEMFCs operation, which enables the enhanced activity and long-term PEMFCs stability. X-
ray absorption spectroscopy revealed the altered electronic structure of Pt NPs and strong
interactions between Pt NPs and N-Ta.Os-carbon support, which contribute to the excellent
activity and durability of Pt/N-ALDTa.Os/C catalyst. This strategy, by using ALD of N-
doped metal oxide to tune the metal-support interface, results in strong interactions and will
benefit the future design of a new electrocatalyst with an even better activity and long-term

durability for PEMFCs application.

To achieve the extremely low Pt loading in the anode catalyst layer while maintain the high
PEMFCs performance and long-life time, a series of high-performance membrane electrode
assemblies (MEAs) with low Pt loading in anode layer are successfully prepared using an
ALD technique. By controlling the ALD cycle number, the Pt NPs with different size and
loading amount were directly deposited on the carbon coating layers to form the anode
catalyst layers. The electron microscopy characterization indicated that ALDPt NPs with
uniform particle size were highly dispersed on all the available carbon surface. The MEA
using ALDPt/C as anode containing with extremely low Pt loading of 0.01 mg-cm™ has even
comparable PEMFCs performance to that of commercial Pt/C catalyst with much higher
loading of 0.035 mg-cm™. Moreover, the startup/shutdown cycling test indicated that the
ALDPt-MEA shows much improved durability than that of commercial Pt-MEA under the
same Pt loading in anode layer, which has 4.2 times higher active surface area than that of
commercial Pt catalyst after cycling.

Furthermore, single atom catalysts have the utmost atom utilization and thus maximize the
usage efficiency of metal atoms. We reported on a practical synthesis method to produce the
supported Pt single atoms and subnano-clusters catalysts using ALD technique. To
investigate the impact of atom utilization on the electrocatalysis for oxygen reduction
reaction (ORR), Pt single atoms, subnano-clusters as well as NPs with different size and
density on MOFs-derived carbon support were designed. The characteristics of scanning
transmission microscopy (STEM) and X-ray absorption fine structure were used to determine
the Pt single atoms/subnano-clusters size distribution and electronic structure.
Electrochemical analysis on these ALDPt catalysts indicated that the Pt single

atoms/subnano-cluster synthesized with 1min and 2min Pt precursor exposure during ALD
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synthesis exhibit the best ORR catalytic activity and excellent long-term stability than that of
the Pt NPs catalyst. The X-ray absorption revealed that the unsaturated coordinated atom
environment and unique Pt single atom-support interaction determined the superior ORR
activity and durability performance.

At last, a noble-metal free electrocatalyst of nitrogen and sulfur-co-doped nanocarbon
derived from metal-organic frameworks (MOFs) was developed as an electrocatalysts for
ORR. It is found that compared to the noble-metal Pt/C catalyst, the N,S-co-doped
nanocarbon exhibits excellent catalytic activity and long-term stability toward ORR in
alkaline media. Importantly, first-principles calculations reveal that the N,S-coupled dopants
promote the carbon sites with a higher activity compared to the isolated N and S dopants.
The N,S-coupled nanocarbon provides a great electron density to the adsorbed O», thus
making Oz and its species to be reduced. The highly active co-doping sites resulting from the
synergistic effect well explain the origin of the enhanced ORR activity for the N,S-co-doped
nanocarbon. The approach and analysis adopted in this work offer a strategic consideration

for designing the high performance nanocarbon electrocatalyst.

9.2 Perspectives

As discussed above, the fabrication of strong catalyst-support interactions is inevitable for
enhancing the long-time stability of Pt catalysts. On the other hand, maximum the Pt atom
utilization by develop the Pt single atom catalyst is in highly demand to decrease the cost
while enhance the high catalytic activity. Recent candidates have been shown to be very
promising; however, delicate analysis, mechanism understanding, and approaches are
required for the application of novel catalysts to industrial electrochemical systems. Finally,

we will provide some suggestions for future work:

(1) Nanoparticle-support interaction and development of durable support

Nanoparticle (NP) electrocatalysts, are generally deposited on support materials with high
surface area to prevent agglomeration. However, the interaction between the NPs and the
supports has not been sufficiently clarified. Because the support is not simply an inert
conductive material and can affect the activity and durability via electron-transfer
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interactions, more detailed analysis on the interface between the NPs and the support should
be addressed. Furthermore, the development of durable support materials to replace the
current carbon-based materials is very important. Because of the harsh and corrosive
environment at high potentials, carbon materials themselves cannot fully protect NPs from
coalescence and detachment during long-term operation. In the future, new concepts or
supports that fulfill criteria such as high surface area, high electrical conductivity, and high

corrosion resistance need to be developed.
(2) Single atom catalysts (SACs) of precious metal for electrochemical reactions

The correlation between the single atom properties and the electrocatalytic performance
needs to be understood. Previous research has shown that the coordination number of Pt
affects the bond strength of the intermediate and the ORR activity. Other conditions can
modulate the catalytic activity, such as the number of coordinated ions, adsorbed vacancy
sites, electron transfer from the support to the catalytic active site, and so on. This topic
should be studied carefully in the future and could provide new insight into SACs. Moreover,
the durability of SACs should be carefully determined. Electrochemical applications often
undergo high voltages, especially in a full cell system. SACs might be easily agglomerated

into NPs upon repeated reactions, and such changes should be suppressed.

(3) Systematic study on the origin of the discrepancy between liquid half-cell and full-cell

tests

ORR electrocatalyst research has been intensively explored with the strong motivation to
obtain valuable solutions for economic and technological challenges faced by the fuel-cell
industry. Nevertheless, while hundreds of Pt-based electrocatalysts have been reported to
outperform commercial Pt/C under the liquid half-cell condition, only limited cases of the
electrocatalysts have been shown to be active or durable in the membrane electrode assembly
(MEA) of fuel-cell devices, which indicates a critical limitation in the current research field.
Another big issue of a large discrepancy in electrocatalytic activity occurs when
electrocatalysts are applied to the MEA scale, especially in the case of intrinsically active
electrocatalysts. This discrepancy might originate from the difference in the operating

environment; unlike in a liquid half-cell test, a large amount of electrocatalyst is deposited
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with an ionomer on the polymer electrolyte membrane in MEA. Due to the polymer
electrolyte membrane and thick electrode configuration, electrocatalysts in MEA usually
suffer from limited transport of protons and oxygen, as well as waterflooding within the
cathodic electrode, which are usually neglected under the liquid half-cell condition.
However, there have been only a few efforts to correlate these different operating conditions
with activity discrepancy. Therefore, more systematic studies need to be organized to clarify
the correlation between changes in operating conditions and electrocatalytic properties,
which will set a milestone for bridging a large gap between liquid half-cell studies and MEA-

based full-cell device application.
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