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Abstract

Nowadays, energy is one of the most important challenges facing mankind due to its supply
and demand issues and global warming. Replacing unsustainable energy sources such as
fossil fuels is among the most critical issues in the 21* century. Among different solutions for
the energy challenges, electrochemistry which studies the conversion between electricity and
energy stored in chemical bonds can be used to solve these issues without any significant
impact to the environment. One of the energy conversion limitations in electrochemical
processes is extra energy requirements to overcome the high activation barriers. To overcome
this problem, electrocatalysts are always utilized to improve electrode efficiency in order to
decrease activation energy and increase energy conversion. Electrocatalysts should be low-
cost, durable, efficient and sustainable. One of the main categories of electrocatalysts in
energy conversion reactions is precious metal- based materials which have high performance.
However, they cannot be applied at large scales due to their high cost, scarcity, limited
supply and weak durability. Thus, other alternative electrocatalysts based on lower cost
material such as non-precious metal or metal free catalysts have been widely developed.
Carbon-based materials are one of the most important materials which have been playing a
significant role in the development of energy conversion and storage devices because of their
abundance, low cost, stability, easy accessibility, good recycling, and relatively
environmentally friendly characteristics with high durability, especially in alkaline medium.
This thesis aims to design and fabricate a series of advanced electrocatalysts for the different
range of electrochemical reactions including oxygen reduction reaction (ORR), oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER) which are principals of

various types of energy conversion devices.

The first part of the thesis focuses on the development of metal-free nitrogen-doped
mesoporous carbon spheres prepared via soft-templating procedure by tuning different
nitrogen precursor contents and carbonization temperature. The synthesized electrocatalyst
showed a favourable catalytic activity in ORR with high kinetic current and positive onset
potential due to its high surface area, high pore volume, narrow mesopore size distribution,

high conductivity and high nitrogen content.

In the second part, carbon-based composites co-doped with nitrogen and trace amount of
metallic cobalt have been developed as electrocatalysts for water splitting system at low

overpotential and high current density. An excellent electrochemical activity of newly



developed electrocatalyst originates from its graphitic nanostructure and highly active Co-Ny
sites. Based on the spectroscopic and electrochemical investigations the newly identified Co-
N sites in the carbon framework are responsible for the high electrocatalytic activity of the

Co, N-doped carbon.

The third research project is to utilize the physical synthesis technique to ensure high control
and tunability of morphology, structure and composition of multi-component materials. In
this context, pulsed laser deposition (PLD) is particularly versatile in the tuning of properties
of deposited materials which is based on ablating a target material by laser pulses and has
been applied to develop new carbon-based thin films. Thus, cobalt oxide nanoparticles
deposited on porous nitrogen -doped carbon films were successfully developed via a two-step
pulsed laser deposition technique. The synthesised material behaves as an efficient OER
electrocatalyst with superior activity in alkaline electrolyte. The excellent catalytic activity of
prepared electrodes could be attributed to the surrounding N-carbon framework, and it was
found that a higher ratio of Co>"/Co’" yields better catalytic activity towards the OER.
Transport of reactants and products involved in electrochemical reactions was also facilitated
by the porous structure of material. Additionally, the carbon framework, comprising carbons
adjacent to cobalt (oxide) nanoparticles, increases catalytic sites and prevents the aggregation

or dissolution of nanoparticles.

The last part of the thesis aims to design an efficient and stable bifunctional electrocatalyst
for both HER and OER in the same electrolyte for overall water electrolysis. Thus a novel
type of robust binary Ni-Co nanoparticles coated on porous N-carbon thin film with low
overpotential has been reported. The efficient OER activity might be contributed to the
available metal oxide nanoparticles with effective electronic structure configuration,
enhanced mass/charge transport capability. At the same time, the porous nitrogen doped
carbon incorporated with cobalt and nickel species might serve as an excellent HER catalyst.
As a result, the newly developed electrocatalysts manifest high current densities and strong
electrochemical stability in overall water splitting, outperforming most of the previously

reported non-precious metal-based counterparts.
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Chapter 1






1. Introduction

1.1. Significance of the Project

Nowadays, energy is one of the most important challenges facing mankind due to its supply
and demand issues and global warming because of the rapid increase in greenhouse
emissions, long-lasting environmental consequences and global climate changes. Thus,
replacing unsustainable energy sources such as fossil fuels (e.g. coal, oil, natural gas, etc.)
which have finite reserves and reducing CO; emissions are among the most critical issues in

the 21 century.'™

Over the past decades, alternative technologies have been developed to harvest and use clean
and sustainable energy sources including solar energy, wind power, biofuels, hydrothermal,
geothermal and nuclear energies. New energy storage and conversion technologies are

practical and price competitive and can be an efficient substitution in the upcoming decades.>
5

Among different solutions for the energy challenges, electrochemistry which studies the
conversion between electricity and energy stored in chemical bonds can be used to solve
these issues. Electrochemical energy conversion is based on chemical reactions at the
interface which is a direct and clean process without any major impact on the environment.’
Also, electrochemical systems can be applied as efficient and stable platforms for energy

storage and conversion.>

Among the alternative and sustainable energy sources and technologies as mentioned earlier,
fuel cells, batteries, water splitting systems and supercapacitors are termed collectively as
electrochemical energy technologies that rely on a common electrochemical principle. They
convert chemical energy directly into electrical energy with little or no pollution and are
environmentally friendly. These new technologies are exclusively important to mobile and

. S 2,7-10
automotive applications.”

The most important energy-related electrochemical conversions are oxygen reduction
reaction (ORR), oxygen evolution reaction (OER), hydrogen oxidation reaction (HOR) and
hydrogen evolution reaction (HER). One of the energy conversion limitations in
electrochemical processes is extra energy requirements to overcome the high activation

barriers.> !!



To overcome this problem, electrocatalysts are always utilised to improve electrode
efficiency in order to decrease activation energy and increase energy conversion.
Electrocatalysts should be low-cost, durable, efficient and sustainable.” ' 1% 13 The state-of-
the-art electrocatalysts for these electrochemical reactions are usually precious metals (Pt for
ORR and HER, IrO, or RuO, for OER) which have high performance. On the other hand,
they cannot be applied at large scales due to their high cost, scarcity, limited supply and weak
durability.® * ' '° Thus, it is momentous but challenging to develop other alternative cost-
effective, highly active, stable, durable and environmental friendly electrocatalysts such as
non-precious metal based or metal-free materials to promote the sustainable energy

technologies.

1.2. Research Objectives

The major aim of this research project is to develop novel low-cost, active and durable
carbon-based electrocatalysts as a substitute for Noble metal materials in the key
electrocatalytic processes (e.g. ORR, OER and HER) in the renewable fuel cells, metal-air

batteries and water electrolysers.
The main objectives of this research project include:

e Studying the nitrogen doping and porous structure effect of mesoporous carbon spheres
as metal-free electrocatalysts on ORR performance and developing facile and low-cost
soft-templating synthesis procedure to fabricate N-doped mesoporous carbon spheres
with high surface area and nitrogen content.

e Investigating the effect of trace level of Co doping into the N-carbon electrocatalyst on
both OER and HER performance as two important half reaction in water splitting
systems.

e Revealing the morphology dependence of OER activity on Co(Ox) nanoparticles
deposited on porous N-carbon thin films and optimizing the electrocatalytic performance
of resultant materials by tuning the chemical composition and nanostructure of the
catalysts.

e Designing new bimetallic nanoparticles on N-carbon thin films as bifunctional catalyst
electrode for HER and OER to promote the overall water splitting. The optimum water

splitting activity can be obtained by adjusting the Ni/Co doping ratio on N-carbon films,



1.3.

displaying low overpotential and highly stable bifunctional electrodes in Alkaline

solution.

Thesis Outline

This thesis is the outcome of my research studies during my Ph.D. program which is

presented in the form of journal publications. The chapters of this thesis are arranged in the

following sequence;

1.4.

Chapter 1: This chapter introduces the significance of research project and thesis and
outlines the objective and key contributions to the field of research.

Chapter 2: This chapter reviews the literature covering the recent advances in atomic
metal doping of carbon-based nanomaterials for energy storage and conversion systems.
Chapter 3: This chapter presents the research findings for the soft-templating synthesis
of N-doped mesoporous carbon nanospheres for enhanced oxygen reduction reaction.
Chapter 4: This chapter investigates the significant enhancement of water splitting
activity of N-carbon electrocatalyst by trace level Co doping.

Chapter 5: This chapter devotes to the pulsed laser deposition of porous N-carbon
supported cobalt (oxide) thin films for highly efficient oxygen evolution.

Chapter 6: This chapter develops highly active binary nickel-cobalt/nanocarbon thin
films as efficient water splitting electrodes.

Chapter 7: This chapter presents conclusions and perspectives for future work on
synthesis and development of non-precious electrocatalysts and their application with the

deep understanding of the reaction mechanisms.
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2. Literature Review

2.1. Introduction

Nowadays, energy is one of the most important challenges facing mankind due to its supply
and demand issues as well as global warming. Many advanced technologies for clean and
sustainable energy conversion, such as water splitting and fuel cells are extensively studied.
In principle, the kinetics of a series of electrochemical processes, including oxygen reduction
reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER),
significantly influences the performances of the devices as mentioned earlier. The practical
large-scale application of these techniques is constrained by the lack of efficient catalysts
composed of inexpensive, earth-abundant elements. In recent years, besides metal-free
electrocatalysts, a wide variety of trace transition metal contained electrocatalysts have been
developed, in which the active sites of these catalysts, like other solid heterogeneous
catalysts, are sparsely distributed at selective sites on the surface of bulk materials. To expose
more active sites, these catalysts are generally downsized into nano-particulate form and
stabilized onto certain substrates (e.g. carbon-based substrates) to form advanced composite
materials. Although atomic metal-doped carbon-based materials for electrocatalytic
conversion are the subject of extensive studies in recent years, there is no comprehensive
review on the theory and experiment toward molecular design, synthesis, characterization and
performance of this type of electrocatalysts. Thus, we propose a timely review on the recent
advances in highly active atomic metal doped carbon-based electrocatalysts for HER, OER
and ORR as the most important energy-related electrocatalytic reactions. This Features
Article could pave the way of making electrochemically active materials for high-
performance batteries, supercapacitors, fuel cells, water splitting systems and other types of

energy storage and conversion devices.

2.2, Recent advances in atomic metal doping of carbon-based
nanomaterials for energy conversion

This section is included in the thesis as it appears as a Review paper published by Bita
Bayatsarmadi, Yao Zheng, Anthony Vasileff, and Shi-Zhang Qiao, Recent advances in

atomic metal doping of carbon-based nanomaterials for energy conversion, to Small.
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I Electrocatalysis

Recent Advances in Atomic Metal Doping of
Carbon-based Nanomaterials for Energy Conversion

Bita Bayatsarmadi, Yao Zheng, Anthony Vasileff, and Shi-Zhang Qiao*
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5. Summary and Future Challenges............... 15 and carbon support and the associated interface, as well as

the charge transfer between the atomic metal species and
carbon framework. This provides an opportunity to tune the
well-defined metal active centers and optimize their activity,
selectivity and stability of this type of (electro)catalyst. Herein,
recent advances in synthesis strategies, characterization

and catalytic performance of single atom metal dopants on
carbon-based nanomaterials are highlighted with attempts to
understand the electronic structure and spatial arrangement
of individual atoms as well as their interaction with the
supports. Applications of these new materials in a wide range
of potential electrocatalytic processes in renewable energy
conversion systems are also discussed with emphasis on
future directions in this active field of research.
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I [eviews

1. Introduction

Nowadays, energy security and sustainability is one of the
most important challenges facing society due to issues with
depleting reserves of conventional fuels, rising demand and
climate change. The need for efficient, economical and envi-
ronmentally benign processes is not only critical for the
global economy but also to help in the mitigation of envi-
ronmental hazards caused by fossil fuels.'! To offer scientific
and technological solutions for energy-related problems and
diminishing sources of fossil fuels, significant efforts have
been devoted to exploiting alternative sustainable and clean
energy sources including solar energy, wind power, biofuels,
hydrothermal, geothermal, and nuclear energies.?!

To date, electrocatalysis which studies the conversion
between electricity and energy stored in chemical bonds
can be used as an alternative technology without any major
impact to the environment. Thus, the development of sustain-
able energy storage and conversion devices such as fuel cells,
metal-air batteries and supercapacitors as well as renewable
energy systems, such as water splitting systems with high
efficiency and low cost, have become an important research
focus.’] These electrochemical energy technologies rely on a
common electrochemical principle which converts chemical
energy directly into electrical energy with little or no pollu-
tion. The most important energy-related electrochemical
conversions are the oxygen reduction reaction (ORR),
oxygen evolution reaction (OER), hydrogen oxidation reac-
tion (HOR) and hydrogen evolution reaction (HER). The
ORR is a cathodic reaction and a key process in a range of
energy applications such as fuel cells and metal-air batteries
in which the strong O=0 bond is difficult to break.[*] The
OER is the electrochemical oxidation of water to generate
molecular oxygen. This reaction is a half-cell reaction of
the water splitting process, which is involved in rechargeable
metal-air batteries, and solar fuel synthesis.’] The HER is the
process of H, production from water which is the cathodic
half-cell reaction in water splitting.[®l Conversely, the HOR
is the reverse reaction to convert H, into electricity, which is
the anodic reaction in H,-O, fuel cells.”! However, the imple-
mentation of these advanced technologies is still a big chal-
lenge due to the sluggish electrode kinetics associated with
these electrochemical reactions. In practice, electrochemical
energy conversion reactions suffer from high overpotential
or low faradic efficiency which lead to energy underutiliza-
tion. To overcome this problem, electrocatalysts are utilized
to improve electrode efficiency in order to decrease activa-
tion energies and increase energy conversion. Thus, catalyst
design plays an important role in enhancing the performance
of energy storage and conversion devices.!

Utilization of an efficient, highly active, durable, low-
cost, and sustainable electrocatalyst is key for the large-scale
application of electrochemical energy conversion systems.
However, the state-of-the-art electrocatalysts, which are
mostly precious metal-based catalysts (e.g. Pt-group metals,
Ir- and Ru-based compounds), fall short in one or more of
these requirements, hindering their widespread use.”) There-
fore, it is important to design efficient and cost-effective
materials with high activity and stability, something that has

www.small-journal.com
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gained much research attention in recent years. For this pur-
pose, extensive efforts have been extended to non-precious
materials for electrochemical reactions including metal-free
and non-noble metal materials. Recent advances in metal-
free catalysts (carbon materials doped by one or multiple
heteroatoms) have shown potential in energy conversion
and storage systems.'”] It is reported that some carbon-
based catalysts have demonstrated comparable ORR activity,
enhanced stability and fuel tolerance compared to that of
state-of-the-art electrocatalysts, which make them com-
petitive alternatives to Pt. Such superior catalytic activity is
attributed to the charge relocation due to the introduction
of electronegative heteroatoms in the carbon framework.[!]
However, it is still challenging to develop systemic molecular
designed metal-free electrocatalysts to achieve high catalytic
activity compared to current commercially available cata-
lysts.[]z] To address this, different metal species and deriva-
tive components have been introduced into the carbon-based
materials in order to further enhance their catalytic activi-
ties. Recently, various types of non-precious metal and their
derivatives have been selected as effective candidates as
active additives. However, their high activity cannot be sus-
tained over a range of pH due to inherent corrosion and
oxidation susceptibility, limiting their application in catalytic
processes.[3]

In an effort to develop highly active and stable supported
metal catalysts, various approaches have been perused with
an emphasis metal particle size reduction to the atomic scale
for well-defined, homogeneously distributed active centers,
which are a critical factor in determining the efficiency and
reactivity of this type of catalyst.'l Size reduction of metal
particles also benefits the metal-support interactions, origi-
nating from the chemical bonding effect between the metal
dopants and carbon support and the associated interface, as
well as the charge transfer between metal species and carbon
framework.[”] The single-atom catalysts contain isolated
metal species, atomically dispersed on the support framework
in order to provide an opportunity to tune the well-defined
metal active centers and optimize the activity, selectivity and
stability of this group of electrocatalysts.'®! There are dif-
ferent types of single atom catalysts which differ according
to the chemical interaction between the single metal atoms
and the variety of supports. These include single metal
atoms doped on metal oxides, metal surfaces, carbon-based
nanomaterials such as graphene, carbon nanotubes, carbon
nanosheets, etc. and porous materials such as metal-organic
frameworks and zeolites. Single atom catalysts exhibit supe-
rior activity in a various range of applications including
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electrocatalysis,[1%017 heterogeneous catalysis!*®l and water-
gas shift catalysis.'] Herein, we highlight recent advances in
synthesis strategies and structural and catalytic performance
characterization techniques of single atom metal supported
electrocatalysts with attempts to understand their electronic
structures and the spatial arrangement of single atoms as well
as their interaction with carbon-based supports. In addition,
some potential applications of single metal atoms doped in
carbon-based materials for electrocatalysis are summarized.

2. Single Atom Metal-doped Catalysts:
Synthesis Strategies, Structure and Properties

Preparation of single metal atom supported catalysts with
robust structure and high activity are still challenging due to
the tendency for aggregation of single metal atoms. Recent
technological advances have evolved effective strategies
overcoming the difficulties associated with the preparation
of single atom supported catalysts. Applications of these new
materials in a wide range of potential electrocatalytic pro-
cesses such as the ORR, OER and HER in renewable energy
conversion systems are also discussed, highlighting the future
directions of this active field of research.

2.1. Synthesis strategies

Synthesis of single atom catalysts is not trivial due to the
mobility of the single atoms on the support surface and their
tendency to aggregate because of their high surface ener-
gies, specifically under reaction conditions.'*2] To obtain
single metal atom supported catalysts, preparation of a highly
atomically dispersed metal species on the appropriate sup-
port is a prerequisite and is the main factor affecting catalyst
properties.?!l Thus, it is necessary to devise proper synthesis
routes for the preparation of highly dispersed and size-con-
trolled single atom catalysts. This has been achieved using
either improved wet chemistry methods or mass-selected
soft-landing techniques (Figure 1a).[??!

For the wet-chemistry approach, single metal atom
species need to be anchored on the support effectively to
prevent the aggregation of the metal species into larger par-
ticles. Thus, utilization of surface uncapped sites or aggre-
gation inhibitors on the supports plays an essential role in
stabilizing the single metal atom species.l'%?3] This method
has been recognized as a successful technique in the prepara-
tion of a site-isolated single atom supported on high surface
area oxide catalysts such as atomically dispersed Pd on gra-
phene (Pd;/Graphene) fabricated using the atomic layer
deposition technique (ALD).?*l The Pd,/Graphene was
fabricated via a three step synthesis procedure including
anchor site creation on pristine graphene through oxidation
in acid, anchor site selection via thermal deoxygenation and
Pd ALD on the reduced graphene support (Figure 1b). Since
the anchoring sites on the support are not always abundant,
the concentrations of metal atoms are generally extremely
low, which hinders further study of the catalyst’s macroscopic
properties.3»] Wei et al. developed a FeO,-supported
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Pt single-atom catalyst through the co-precipitation of metal
precursors and precipitation agent. The resultant material
was found to be an efficient catalyst for the chemoselective
hydrogenation of functionalized nitroarenes.[?! The final Pt/
FeO, product was obtained after a series of post-treatments
including filtration, washing, drying, calcination, and reduc-
tion with H,/He. The Pt loading of isolated Pt atoms on the
support was measured to be as small as 0.08 wt%.

The mass-selected soft-landing technique is an accu-
rate method to prepare supported metal clusters with con-
trolled metal species size by using high-energy atom beams
and regulating the surface structure of the supports through
vacuum surface procedures.[27] However, this method suffers
from high cost and low-yield limiting its scope for practical
applications.?$! Johnson et al. reported a controlled prepara-
tion of monodisperse ligand-capped gold clusters on surfaces
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Figure 1. a) Methods for preparing single atom catalysts: (top) mass-selected soft-landing and (bottom) wet chemistry. Reprinted with permission
from Ref. [22a]. Copyright 2013, American Chemical Society. b) Schematic illustration of single-atom Pd,/graphene catalyst synthesis via a process
of anchor site creation and selection and Pd ALD on pristine graphene, Reprinted with permission from Ref. [24]. Copyright 2015, American
Chemical Society. ¢) Schematic illustration explaining the soft landing of mass-selected gold clusters onto surfaces. The clusters are introduced into
the gas phase from solution using electrospray ionization, filtered according to mass-to-charge ratio using a quadrupole mass filter, and delivered
to SAM surfaces at controlled energies. Reprinted with permission from Ref. [29]. Copyright 2012, American Chemical Society.

in different charge states using soft-landing of mass-selected
ions.*’l As shown in Figure 1c, the ligand stabilized gold clus-
ters are introduced into the gas phase through electrospray
ionization followed by employment of mass selection to iso-
late a single ionic cluster species which was delivered to the
surface at controlled energies. Although electrospray ioni-
zation is a relatively inexpensive technique, finding suitable
precursors that are stable in solution which can be electro-
sprayed is a limitation.[*]

2.2. Geometric Structure and Location of Atomic Metal
Dopants on the Support

The locations of metal dopants correspond with anchoring
sites and available vacancies on the support, which facili-
tate the interaction of the metal atoms with the supports.’!]
He et al., created spatially pre-defined vacancy sites in gra-
phene in order to form and anchor iron dimer dopants
through the introduction of additional iron precursors. The
graphene vacancies were relatively stable with the Fe-dimers,
however, there may exist a bonding configuration conver-
sion which results in single Fe atoms residing in graphene
divacancies.[*?

Wang et al. reported an efficient way to dope single metal
atoms through the creation of vacancies (i.e., single vacancy
to holes of a few nanometers) by high energy atom/ion bom-
bardment via a Pulsed Laser Deposition (PLD) process and
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filling the vacancies with desired dopants (Co, Pt and In).13'l

The aberration-corrected transmission electron microscopy
(TEM) images (Figure 2a-c) confirm the formation of mono-
vacancy (V,), bivacancy (V,) and trivacancy (V) in the first
step. The monovacancies are ideal for trapping heteroatoms
with similar atomic radii as carbon while Nobel and transi-
tion metals are trapped in larger vacancies (e.g., V, and V3).
Next, the dopants were deposited by a less energetic atom/
ion source into the created vacancies. For instance, Pt atoms
were deposited in a bivacancy and a trivacancy with atomic
configurations derived from the TEM images (Figure 2d-i).
The anchoring sites used for trapping the atomic transi-
tion metal dopants, such as iron or cobalt, may be in the form
of M-N,/C with strong covalent transition metal-nitrogen
bonds which enhance the stability and activity of these mate-
rials.’3] According to the theory of coordination chemistry,
nitrogen with a lone pair (i.e., the pyridinic nitrogen atom
and the pyrrolic cation with the lost proton) is able to coor-
dinate transition metals with empty orbitals.?*l Depending
on the synthesis method and precursor choice, the structure
of the resulting material could be varied, such as M-N,/C,
M-N,/C, M-N,+,/C, etc. (Figure 3) in which M-N,/C is usually
formed due to its lowest formation energy requirement and
is the most likely and stable structure of the M-N,/C group.
Moreover, metal (hydro)oxide nanoparticles (Fe;0,, Co30,,
etc.) can be grown and attached to the functional N-rich
graphene on its out-of-plane surface with a strong coupling
effect arising from an M-N-C bond. This coupling can lead to
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Figure 2. HRTEM image of a) a monovacancy, b) a bivacancy and c) a trivacancy. Scale bar: 1 nm, HRTEM images of a Pt atom trapped in d) a bivacancy
and e) a trivacancy. f,g) Atomic models and h,i) simulated HRTEM images for the Pt-vacancy complexes in d,e). Reproduced with permission from

Ref. [31c]. Copyright 2012, American Chemical Society.

enhanced activity towards electrochemical processes such as
the ORR.>]

2.3. Unique Electronic Structure

The geometric structure and chemical bonding of a single
metal atom dopant on the support results in unique elec-
tronic structures which leads to charge transfer between
metal atoms and the support due to differences in chemical
potentials.’% As a result, the anchored metal atom dopants
carry some charge and contribute in the electron donation
to the support, verified by various spectral characterizations
and computational modelling.[’”l Notably, the local density of
states at the Fermi level might be attributed to the localized
states around the metallic atoms. Therefore, the charge den-
sity difference between the metal and carbon in the support
versus the carbon-carbon in the support might lead to the
anchoring of the metal atom dopant in any of the unoccu-
pied states.?] For example, graphene can be either p-doped
with Pt and Co atoms or n-doped with In dopants due to the

M-N:/C M-N./C

Figure 3. Representative molecular structures of M—-N,/C, M-N,/C, M-N,,,/C respectively.
Green: carbon; blue: nitrogen; yellow: transition metals (e.g., iron or cobalt). Reproduced from
Ref. [33a] with permission. Copyright 2015, The Royal Society of Chemistry.
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charge differences between the carbon and metal dopants
compared to the charge density between neighbor carbon
atoms based on a Lowdin charge analysis.>'>*! Qiu et al.
have also investigated the electronic structure of monatomic
nickel dopants in graphene frameworks by density functional
theory (DFT) calculations, (Figure 4) suggesting that the sub-
stitutional Ni atom lies out of the graphene plane and that
strong and stable Ni-C bindings were formed. Notably, sp-d
orbital-charge transfer between Ni and surrounding C atoms
results in an empty C-Ni hybrid orbital close to the Fermi
energy level, which turns the local structural unit into a cata-
lytically active site for electrochemical reactions.[*)]

2.4. Substrate Coupling Effect on the Electrocatalytic
Active Catalysts

The single metal atom active sites can be supported on metal/
metal oxides, graphene and other carbon-based materials
using different synthesis techniques in order to form unique
assemblies that lead to excellent catalytic performance.
There are many reports which confirm
that atomically dispersed noble metals
such as Pt, Pd, Au, etc. can be predomi-
nantly synthesized at very low loadings
only due to the small surface area of the
support materials (metal and/or metal
oxides), as well as the lack of strong inter-
actions between the single atoms and the
supports, which hinders the stability and
durability of the catalysts in reaction envi-
ronments.[*!l Carbon-based materials have
been used as supports in many reactions
due to their high surface areas, thermal and

M-N2.2/C
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Figure 4. Left panel: DFT calculations of the total density of states
(TDOS) and partial density of states (PDOS) projected onto the
Ni atom (red lines) and the nearest neighboring C atoms (green lines)
with optimized structures of Ni-doped graphene. a) Ni-absorbed at the
hollow sites of graphene lattices, b) substitutional Ni at a carbon site in
the graphene lattice and c) the orbital-dependent PDOS of the nearest
neighboring C atoms in the Ni-doped graphene of b). Right panel: The
local atomic structures of the Ni-absorbed (upper) and Ni-doped (lower)
graphene. Blue and green balls denote the Niand C atoms respectively.
Reproduce from Ref. [40] with permission. Copyright 2015, Wiley—VCH.

mechanical stability, electronic behavior, low density, inertness
and ability to tailor their structures.[*2] The interplay between
carbon-based supports and single metal atom dopants are
known to be strong metal-support interactions (SMSTs).[*3]
This can modify the overall physicochemical and electronic
structures of the resultant material as efficient catalysts with
specific catalytic properties.[*Y] For example, N-doped carbon-
based supports (e.g., N-graphene) are able to behave as an
efficient macro-ligand. In this case, the individual metal atoms
are anchored firmly by the surface species of the support such
as pyridinic-type nitrogen atoms, which are sparsely distrib-
uted at selective sites (e.g., the open graphene edges).[**! This
sparse distribution and SMSI prevents the single metal atom
dopants from aggregation and forms stable catalysts at ele-
vated temperatures. Therefore, the structure of the active site
formed by intimate bonding and synergistic coupling effects
between the single metal atom dopant and the carbon-based
support is ideal for electrochemical reactions to proceed at
high rates and with excellent durability.

As shown in Figure 5, Deng et al. suggested that the
interaction between metal atom dopants with carbon-based
supports may change their local work function. This was
confirmed by UV laser enhanced photoemission electron
microscopy (PEEM). Bright spots in the PEEM image cor-
responded to the metal dopants interacting with the sup-
port. This suggests a decreased work function at that region,
which is in agreement with theoretical calculations. There-
fore, the reduced local work function at the carbon surface at
metal atom dopant sites is expected to enhance its chemical
activity.[4¢]
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Figure 5. a) PEEM image of Pod-Fe with a laser start voltage of 1.7 V.
The top inset showing the brightness profile along the green line. The
bottom inset showing the corresponding LEEM image of the same
region. b) The electrostatic potential profiles averaged on the plane
perpendicular to the b-axis as a function of the b-axis of the supercell
of Fe4@SWNT and pure SWNT respectively. The structure of Fe,@SWNT
is shown in the background. Reproduce from Ref. [46] with permission.
Copyright 2013, Wiley—VCH.

It should also be noted that due to the chemical bonding
of the single metal atoms on the supports and the proper-
ties of charged single atoms on supports, atomic active
centers exhibit satisfactory stability under different (electro)
chemical processes. For instance, there are a few reports
which present that the stability of metal atom dopants
on carbon-based supports is mostly due to the pres-
ence of nitrogen-containing chelating ligands which form
stable metal-nitrogen-carbon (M-N-C) bonds.[80440471 iy
et al. reported the successful synthesis of a self-supporting
Co-N-C catalyst with single-atom dispersion. A variety of
analytical techniques provided compelling evidence that
the cobalt atoms were coordinated with four pyridinic
nitrogen atoms in the graphitic layer (Co-N,), which formed
the catalytic active structure for chemical transformation
processes.[*3]
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Recently, Choi et al. developed single Pt atoms (with a
relatively high concentration of 5 wt%) supported on zeo-
lite-templated carbon (ZTC), containing a large amount
(up to 17 wt%) of sulfur, for the production of H,O, by
electrochemical means in fuel cells.*”! Notably, the abun-
dant S-functionalities and unique carbon structure lead to
stabilization of the relatively high Pt loading in the form of
atomically dispersed Pt. Interestingly, there are some reports
claiming the unique triple-interaction of metal-oxide-metal-
carbon based supports which exhibit higher stability and
durability compared to the dual-interaction catalysts such as
metal on carbon-based support and/or metal on metal oxide
supports.[>]

3. Physicochemical Characterization of Single
Atom Metal-doped Catalysts

The characterization of single metal atoms on carbon-based
supports is an important factor which currently hinders the
development of such catalysts. Various types of atomic res-
olution characterization techniques, which can precisely
provide information regarding the location of the indi-
vidual metal atoms on the support, are required.?>>>!] The
vacancy of support and atomic structures of metal dopants
can be characterized using aberration-corrected high angle
annular dark field scanning transmission electron micros-
copy (HAADF-STEM). In addition, with the combination
of state-of-the-art chemical characterization techniques
and advanced modelling and simulation methods such as

small

density functional theory (DFT), more in-depth informa-
tion regarding the structure and properties of single metal
atom supported on carbon-based materials can be investi-
gated. The chemical characterization methods include X-ray
spectroscopy techniques such as X-ray absorption near-edge
structure (XANES), extended X-ray absorption fine struc-
ture (EXAFS) and X-ray photoelectron spectroscopy (XPS).

3.1. Electron Microscopy Imaging

The morphology of prepared metal atom doped catalysts
is usually first examined by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM
and TEM images reveal the morphological features of the
resultant catalysts on the support, underscoring the atomic
size of the metallic dopant. Therefore, to investigate the
atomic structure of the single metal atoms on carbon-based
supports, other high-resolution and precise imaging tech-
niques need to be applied. For instance, Fei et al. conducted
SEM and HAADF-STEM to find out structural informa-
tion of the atomic cobalt on nitrogen doped graphene
nanosheets (Co-NG). SEM and TEM images (Figure 6a,b)
show the nanosheet structure of Co-NG without any bulk
and aggregated cobalt-derived particles. The presence and
the close proximity distributions of Co and N elements were
further confirmed by the energy-dispersive X-ray spectros-
copy (EDS) spectrum taken in the area shown in Figure 6c
of the scanning transmission electron microscopy (STEM)
image. In addition, the bright-field STEM image (Figure 6d)

Figure 6. a) SEM image of the Co-NG nanosheets. Scale bar: 2 um. b) TEM image of the Co-NG nanosheets. Scale bar: 50 nm. ¢) STEM image of the
Co-NG nanosheet. Scale bar: 20 nm. Inset is the EDS elemental line scan from A to B showing the presence of C, N and Co elements. d) Bright-field
aberration-corrected STEM image of the Co-NG showing the defective and disordered graphitic carbon structures. Scale bar: 1 nm. e) HAADF-STEM
image of the Co-NG, showing many Co atoms well-dispersed in the carbon matrix. Scale bar: 1 nm. f) The enlarged view of the selected area in b.
Scale bar: 0.5 nm. Reproduced with permissions from Ref. [45a]. Copyright 2015, Nature Publishing Group (NPG).
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demonstrates the defective structure of graphitic carbon in
Co-NG nanosheets. The corresponding HAADF image and
enlarged view of selected sites (Figure 6e,f) confirm the pres-
ence of cobalt atoms well dispersed on the support frame-
work in which each of the Co atoms is centered by the light
elements such as carbon, nitrogen and/or oxygen.[4%]

The precise structural analysis of metal atom doped
carbon-based materials can be obtained using aberration-cor-
rected HRTEM as reported by Deng et al. High-resolution
TEM, aberration-corrected HRTEM and HAADF-HRTEM
images confirmed the homogenous dispersion of metal atoms
(Fe atoms in this case) in the graphene matrix support,
which is in good agreement with the selected area electron
diffraction (SAED) pattern (Figure 7a-f). The electron
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energy loss spectroscopy (EELS) atomic spectra of the bright
dots affirm the formation of Fe-N, bonding in the graphene
framework (Figure 7g). A low-temperature STM image of a
single FeN, center in the graphene matrix suggests that the
iron center modifies the density of state of adjacent atoms
and that the FeN, center is in the graphitic plane and forms
stable bonds with neighboring carbon atoms (Figure 7h,i).1>!

3.2. X-ray Spectroscopy
Theoretically, the atoms in different chemical environments

have different characteristic energies which can be observed
by some accurate energy spectroscopies. Therefore, the

Intensity (a.u.)

Figure 7. a—c) High-resolution transmission electron microscopy (HRTEM) images and (inset of c) corresponding selected area electron
diffraction (SAED) pattern of FeN,/GN. The area with arrows and the dashed circles shows some typical single Fe atoms in the nanosheets.
d-f) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of FeN,/GN. g) The electron energy loss
spectroscopy (EELS) atomic spectra of Fe and N elements from the bright dots as shown by the red arrow in (f), h) Low-temperature scanning
tunneling microscopy (LS-STM) image of FeN4/GN, measured at a bias of 1.0 V and a current of 0.3 nA (2 nm x 2 nm). i) Simulated STM image for
(h). The inserted schematic structures represent the structure of the graphene-embedded FeN,. The grey, blue, and light blue spheres represent
C, N, and Fe atoms respectively. Reproduced with permissions from Ref. [52]. Copyright 2015, American Association for the Advancement of

Science (AAAS).
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chemical composition and coordination of elements in single
metal atom doped carbon-based materials can be revealed by
these precise analytical techniques. One of the common tech-
niques used is X-ray photoelectron spectroscopy (XPS), by
which, the valence state of the support and dopants are usually
determined. However, the energy resolution of the XPS is not
high enough to deconvolute every single chemical state, espe-
cially, in the case of low concentration elements/dopants in
the catalyst materials. Thus, inductively coupled plasma (ICP)
might be required in order to confirm XPS results.**"! For
instance, the composition of atomic cobalt doped N-graphene
has been examined by XPS which showed the presence of
C, N and O peaks in the Co-NG sample but no significant
signal was found in the Co region due to the small amount
of the cobalt species (Figure 8a). Thus, inductively coupled
plasma optical emission spectroscopy (ICP-OES) was per-
formed to quantify the elements present and confirmed the
low content of the Co species (less than 1 at%) in Co-NG
sample.[*?] High-resolution Co 2p and N 1s XPS spectra
affirmed the formation of Co-N as a form of Pyridinic/N-Co
species which could play an important role in the catalytic
activity of the synthesized materials.

To achieve a higher energy resolution to further probe
the chemical state and coordination structure of the confined
single metal atoms, Synchrotron-radiated X-ray adsorption
fine structure (XAFS) measurements, including XANES
and EXAFS, have been performed. XANES is sensitive to
charge transfer and orbital occupancy of the metal atoms;
EXAFS could provide information on the distance between
the central and neighboring atoms and the coordination
number of the central atoms.[3] Deng et al. claimed that the
valence state of atomic iron in N-doped graphene (FeN,/GN)
remained the same with the iron precursor resource as
shown in the Fe K-edge of the XANES spectra (Figure 9a).
The EXAFS of the Fe K-edge (Figure 9b) exhibited that the
magnitude of the Fourier Transform (FT) spectra also closely
resembles the reference curve of the iron precursor resource.
Moreover, both the C K-edge and N K-edge XANES spectra
further revealed that the Fe-N, centers were embedded into
the graphene matrix as active centers for electrocatalysis.>?!

small

Yin et al. also conducted XAFS measurements which
revealed information regarding the atomic Co dopants in
the support. The XANES spectra (Figure 10a) determined
the valence state of the atomic Co to be between Co” and
Co?", suggesting that the single Co sites possess a por-
phyrinic planner structure.®*l The FT spectra of EXAFS
(Figure 10b-d) demonstrated that the Co atoms are atomically
dispersed with a coordination number of Co-N, (x =2 or 4),
varied by the pyrolysis temperature of the final product. The
results also explain that the distance of adjacent Co atoms
was varied and provided more free N sites facilitated by
pre-mediated mixing of Zn. This prevented the formation of
Co-Co and anchored the Co atoms to the N-doped carbon
support after the evaporation of the Zn atoms.[>]

3.3. DFT Calculations and Modelling

Besides the physicochemical characterization of catalysts to
investigate their physical structures and chemical composi-
tions, some powerful computational methods such as density
functional theory (DFT) are being developed to investigate
catalyst properties at the atomic level. DFT is a powerful tool
in revealing the catalytically active centers in order to help
with the design of better electrocatalysts and discovering the
electrochemical reaction mechanism.”®! In the case of single
metal atom doped carbon-based materials, catalytic activity
arises from the unique electronic structures that are attrib-
uted to the chemical interaction and location of the single
metal dopants with the support,’’l as explained previously
(Section 2.2 and 2.3). DFT calculations also help to study
the electronic structure and electron transfer properties of
the hybrid systems for a variety of applications. For instance,
an atomic Fe dopant can be replaced with a carbon atom to
have a better electron transport properties compared to the
metal atom adsorbed at a vacant site on the surface of the
carbon substrate. Such studies reveal information regarding
the effect of heteroatom doping and their location depend-
ency on the structural and electronic properties of (electro)
catalysts. These originate from the nanoscale charge localiza-
tions in the hybrid system.[8]

a) b)A Co2p Co 2p3/2 Zhao et al. investigated different con-
Co-NG 3 (0 figuration of Fe atoms doped in graphene
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2 - arrangement in which iron atoms replace
. __,...,__,_-——-—-—-—-“'"J"“"‘““"\) C)’_? Nis Pyridinic/N-Co the first two rows of carbon atoms at
" - 3 Pyrrolic an open edge.[59] Qiu et al. a}so studied

e Z Quaternary '\ the electronic structure of single atom

; : : : : § ’ Ni-doped graphene sheets using DFT. The

1,000 600 go0 400 200 = | Ni dopants were presented in different
EE 106 404 402 400 398 396 positions and forms with different bonding

B.E. (eV) energies. DFT calculations confirmed

Figure 8. a) XPS survey spectra of the Co-NG, NG and Co-G. b,c) High-resolution XPS Co2p
and N1s spectra respectively. Reproduced with permissions from Ref. [45a]. Copyright 2015,

Nature Publishing Group (NPG).
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substitutional and anchored Ni atoms are
energetically favorable for electrochemical
reactions. Results also exhibited that the
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optimized structure of substituted atomic Ni dopants lied out
of graphene plane and that strong and stable Ni-C binding
was formed (Figure 11a,b). Particularly, sp-d orbital-charge
transfer between Ni and the surrounding C atoms results in
an empty C-Ni hybrid orbital close to the Fermi level energy
which makes Ni-C a catalytic active site (Figure 11c,d).[*"]
Moreover, Deng et al. investigated the formation energy
of FeN, centers in graphene matrices and found that it is
significantly lower compared to doping single Fe atoms in
pristine graphene. This confirms the important anchoring
role of N atoms in order to stabilize Fe into graphene
(Figure 12a). The combination of experimental results (e,g.
XANES and EXAFS) and DFT calculations indicated that
the FeN, centers play an important role as catalytic active
sites towards Benzene oxidation (Figure 12b).? Recently,
Yan et al. studied the ORR catalytic activity of carbon
nanofibers doped with transition metals (TM = Fe or Co)
and nitrogen (N) in both Acidic and Alkaline electrolyte. The
advanced electron microscopy images at the atomic scale and

S| s

DFT calculations revealed that the ORR active sites in these
catalysts were the TM-N, clusters embedded between two
graphene edges and the pyridinic nitrogen derived carbon
atoms, which supports previous studies on the unique elec-
tronic structures of such hybrid systems.["]

Until now, only a few reports exist about theoretical
studies on atomic metal-doped carbons for (electro)catalysis.
However, accurate assessment of the catalytic sites resulting
from single metal atoms in doped carbon electrocatalysts
requires further in-depth study.

4. Various Active Atomic Metal-doped (Electro)-
Catalysts for Energy Storage and Conversion

Individual and isolated metal atoms anchored to the sup-
port are known as active centers in single atom (electro)-
catalysts. These types of catalysts have high activities and
enable the utmost utilization of the supported metals (noble
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Figure 11. Left panel: DFT calculations of total density of states (TDOS) and partial density of states (PDOS) projected onto the Ni atom (red lines)

and the nearest neighboring C atoms (green lines) with optimized structures of Ni-doped graphene; a) Substitutional Ni at a carbon site in the
graphene lattice and b) the orbital-dependent PDOS of the nearest neighboring C atoms in the Ni-doped graphene of (a). Right panel: the local
atomic structures of the Ni-absorbed (upper) and Ni-doped (lower) graphene. The blue and green spheres represent the Ni and C atoms respectively.

) Hydrogen adsorption sites and configuration of the Nisub/G model with AGH* =0.10 eV (left) and calculated Gibbs free energy diagram (right) of

the HER at equilibrium potential for a Pt catalyst and Ni-doped graphene (Niab/G, Nisub/G, and Nidef/G) samples. The free energies for hydrogen
adsorption on pristine graphene and Pt metal are plotted for comparison, with AGH* = 0.79 and 0.09 eV respectively. Reproduced from Ref. [40]

with permission. Copyright 2015, Wiley—VCH.
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Figure 12. a) The formation energies of FeN,/GN and Fe/GN structures. T
where Egeembedded @Nd Erepui @re the total energies of FeN,/GN and the
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he formation energy is calculated as follows: Eg, empedded ~ Ere-butk = Eqvans
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atom removed from the system. b) Free energy diagram of the oxidation

of benzene to phenol on FeN,/NG. The grey, blue, light blue, red, and white spheres represent C, N, Fe, O, and H atoms respectively. Reproduced

with permission from Ref. [52]. Copyright 2015, American Association fo

or non-precious metals) with superior selectivity towards a
range of reactions (Table 1). Below, we briefly discuss some
results from various active single metal atoms doped on
carbon-based materials for (electro)catalysis. These examples
open a new area of investigation for the precise design of
efficient (electro)catalysts in the future.

4.1. Co-doped Carbon Materials

Cobalt doped carbon-based catalysts have been long studied
for electrocatalysis. The reason for this is due to the low cost
of cobalt species as well as their ability to perform well in
both alkaline and acidic electrolytes.[®!] Notably, the electro-
catalytic performance of metal free carbon-based materials
has been improved significantly by cobalt doping. Specifically,
Co-N-C composites have been extensively studied as efficient
electrocatalysts for the ORR, OER and HER. In these types

Table 1. Summary of atomic metal-doped carbon based materials for (el

r the Advancement of Science (AAAS).

of materials, the synergistic effect between the incorporated
cobalt and nitrogen dopants results in enhanced electro-
catalytic activity.[?] Moreover, the cobalt nanoparticles can
be protected by the carbon layers in these materials which
enable them to remain active over a wide range of pH.[%!
Liang et al. developed molecular Co-N, centers in porous
carbon for the HER in both acidic and alkaline electro-
lytes. It was claimed that the simultaneous incorporation
of nitrogen and cobalt into carbon, forming CoN,/C, led to
improved HER performance as reflected by a large shift in
the polarization curve to a lower overpotential compared
with cobalt free (N/C) and nitrogen-free (Co/C) catalysts
(Figure 13).[] In addition, Giri et al. reported an improved
capacitive behavior and lower electrical resistance com-
pared to HCI doped PANI (DPANI)/MWCNT in superca-
pacitor applications. Such high performance and exceptional
power were attributed to the redox reaction in cobalt-doped
polyaniline in the presence of MWCNT, which lead to the

ectro)catalysis.

Materials Synthesis Method/Metal precursor Application Active center Activity Refs.
CoN,/C Wet chemistry/Co-oPD & CoTMP HER Co-N, Comparable [64]
Co-NG Wet chemistry/CoCl,.6H,0 HER Co-N, Comparable [45a]
Co SAs/N-C Wet chemistry/(Zn/Co)MOF ORR Co-N, Better [55]
FeN,/C Wet chemistry/FeTPPC1 ORR Fe=N, Better [68]
FeN,/GN Wet chemistry/FePC Oxidation of Benzene Fe-N, Better than Fe/NG [52]
Ni-doped graphene CVD/Ni-substrate HER Ni-C Comparable [40]
M-g-C5N, Wet chemistry/MCl,.xH,0 ORR/OER M-N, Comparable [69]
Nb-C Arc-discharge approach ORR Nb-C Better [70]
Pt/N-CNFs Formic acid decomposition Pt-N, Better [38b]
Pt-GNS ALD/MeCpPtMe, Methanol oxidation Pt-0 Better [17Db]
[Ir(C,H,),]/zeolite Y Wet chemistry/Ir(C;H,), Cyclohexene hydrogenation Ir, Comparable [51c]
Au/Zn0O Wet chemistry/HAuCl, Hydrogenation of Butadine Au Comparable [71b]
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Figure 13. a) HER polarization plots of the CoN,/C, N/C, Co/N, and Pt/C catalysts in 0.5 M H,SO,. b) RRDE measurements of hydrogen evolution
froma 0.5 M H,S0, solution on different catalyst-modified electrodes. The Pt-ring electrode was maintained at 0.7 V for the oxidation of the H, that
was evolved on the disk electrode. c) Tafel plots obtained from the polarization curves in (a). d) Initial and post-potential cyclic voltammograms of
CoN,/C (5000 cycles) and Co/N (100 cycles) in 0.5 M H,SO,,. Potential sweeps were cycled between 0.2 and 0.25 V versus RHE (not iR-corrected).
e) HER polarization plots of CoN,/C, N/C, Co/N, and Pt/C catalysts in 1.0 M KOH. f) Tafel plots obtained from the polarization curves in (c). For all
RDE and RRDE measurements, the catalyst loading was 2.0 mg cm=2 for non-Pt materials and 0.2 mg cm=2 (40 pugPt cm~2) for the Pt/C catalyst. For
CoN,/C catalysts, the cobalt loading is only 2.8 gCo cm~2, based on the ICP-AES measurements. Electrode rotational speed: 1600 rpm; scan rate:
5 mVs~1. Reproduced with permission from Ref. [64]. Copyright 2015, Nature Publishing Group (NPG).

greater accumulation of charge with an increment in doping
level.1%]

Fei et al. reported an electrocatalyst for hydrogen evolu-
tion based on small amounts of cobalt dispersed as individual
atoms on N-doped graphene. Thus, N-C species coupling
with a single cobalt atom exhibited high catalytic activity
towards the HER in acidic media with very low overpotential
(Figure 14a,b). The single cobalt atoms enhanced the HER
activity in pure graphene and further improved the cata-
lytic activity of N-doped graphene, which is attributed to the
active centers associated with the metal centers coordinated
to nitrogen.[*? Furthermore, single cobalt atoms anchored
on N-doped carbon-based materials, as reported by Yin et al.,
demonstrated outstanding ORR activity in alkaline media
which outperformed commercial Pt/C (Figure 14c,d).>]
Therefore, this unusual atomic composition of supported
cobalt is suggestive of a new approach to preparing highly
efficient single atom catalysts for a variety of electrochemical
reactions.

4.2. Fe-doped Carbon Materials

Iron is another popular transition metal species with low cost
and good catalytic performance. Fe metal-ion centers have

small 2017, 1700191
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been found to display optimal electrocatalytic properties,
attributed to its distinct redox properties, and have been
proposed as the active sites for a variety of electrochemical
reactions, specifically the ORR.[]! This has been adequately
studied and explained; the efficient ORR catalytic activity of
such Fe-doped catalysts is mostly attributed to the presence
of Fe ions coordinated by four nitrogen atoms.[”! It should
be noted that while a focus should be maintained on the
development of Fe-N,/C catalysts being the active centers,
it is possible to tune the electronic and structural properties
of these active sites in order to enhance the electrochemical
reaction kinetics.?*42l Ramaswamy et al. stated that it is
energetically necessary to form Fe-N, centers in carbon-sup-
ported materials, which have been proven to be highly active
and stable for ORR electrocatalytic performance.[%8]

Li et al. developed an ORR electrocatalyst based on
carbon nanotube-graphene complexes with a very small
amount of iron and nitrogen impurities. The resultant mate-
rial exhibited a high activity, excellent tolerance to methanol
and superior stability in comparison to other non-precious
metal catalysts in both acidic and alkaline solutions which
might be attributed to the iron-containing catalytic sites
(Figure 15). The distribution of iron and nitrogen atoms on
the atomic scale has also been investigated.[''d From this,
it has been frequently observed that iron atoms exist on
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Figure 14. a) LSV of NG, Co-G, Co-NG and Pt/Cin 0.5 M H,SO,, at a scan rate of 2 mV s71. The inset shows the enlarged view of the LSV for the Co-NG
near the onset region. b) Tafel plots of the polarization curves. Reproduced with permissions from Ref. [45a] Copyright 2015 Nature Publishing
Group (NPG). ¢) RDE polarization curves of Co SAs/N-C, Co NPs-N/C, and Pt/C in O,-saturated 0.1 M KOH with a sweep rate of 10 mV s7! and
1600 rpm. d) Corresponding Tafel plots obtained from the RDE polarization curves. Reproduced from Ref. [55] with permission. Copyright 2016,

Wiley—VCH.

the edges of graphene sheets in close proximity to nitrogen
species.

Moreover, Deng et al. fabricated a new single iron site
confined in an N-graphene matrix which exhibited high
activity and selectivity for the catalytic oxidation of Benzene
at room temperature. This could also be explained by the
availability of a moderate amount and homogenous disper-
sion of FeN, centers in graphene and their bonding with the
graphene.[*?]

4.3. Other Transition Metal-doped Carbon Materials

Besides cobalt and iron, other transition metal atom doped
catalysts, such as nickel and niobium supported by carbon-
based materials, have been studied for catalysis. Zheng et al.
developed a range of molecule-level graphitic carbon nitride
coordinated transition metals (M—C;N,; M = Cr, Mn, Fe, Co,
Ni, Cu, Zn) as a new generation of M—N/C catalysts for the
oxygen electrode reactions. Experimental studies combined
with DFT computation demonstrated that Co, Fe and Ni
with g-C;N, ligand exhibited the strongest binding energies
and highest structural stability compared to other fabri-
cated transition metal based catalysts. Moreover, Co—C;N,/
CNT possesses comparable activities with precious metal
benchmarks for the ORR and OER in alkaline media in
which the active sites are identified as Co-N, coordina-
tion moiety in the g-C;N, matrix.l Qiu et al. claimed that,
compared to commercial Pt/C and other reported catalysts,

www.small-journal.com
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atomic nickel doped graphene has good HER activity with
small overpotential and Tafel slope in acidic electrolyte. The
origin of this performance was found to originate from the
strong interaction of the Ni substitutes in the carbon frame-
work (Figure 16).[*] Zhang et al. reported the formation of
abundant single niobium atoms incorporated into onion-like
carbon shells which exhibited high electrocatalytic activity
and selectivity towards the ORR. It was deduced that the
superior 4e~ ORR catalytic characteristics of niobium atoms
in carbon was mainly due to the presence and stability of a
large number of single niobium atoms.[”%]

4.4. Noble Metal-doped Carbon Materials

Atomically dispersed noble metal catalysts have attracted
research attention due to their excellent catalytic perfor-
mance and high atom efficiency at relatively low cost.['7271]
There are some reports available on single noble metal atoms
doped on carbon-based supports for catalysis. Single noble
metal atom doped catalysts are considered “atom-efficient”
because they allow the use of all active atoms in the catalytic
reaction, in contrast to catalysts with metallic nanoparticles
where a significant proportion of the expensive metal is inac-
cessible for catalysis.>'271¢72] Bulushev et al. claimed that the
homogeneous precipitation of single Pt, Pd or Ru atoms onto
N-doped carbon nanofibers (NCNFs) greatly improves the
catalytic performance of the resultant material towards the
selective production of H, from formic acid, in comparison to
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(black) and NT-G (red) in O,-saturated 0.1 M KOH. NT—-G exhibits high ORR electrocatalytic activity in both acidic and alkaline electrolytes. For all
the RRDE measurements, the loading of catalysts is 16 mgPt cm~2 for Pt/C and 0.485 mg cm~2 for NT-G. Electrode rotational speed: 1600 rpm;
scan rate: 5 mV s~1. Platinum data were collected from anodic sweeps. Reproduced with permissions from Ref. [11d]. Copyright 2012, Nature

Publishing Group (NPG).

the properties of the same noble metals on N-free CNFs.[38]
This could be due to the fact that the N-doped CNFs are
able to behave as an efficient macro-ligand, which strongly
anchors the individual metal atoms via pyridinic nitrogen
atoms located at the open edges leading to catalyst stability,
whereas the structure of the active site formed proves ideal
for catalysis applications.

Sun et al. also reported a practical synthesis method for
isolated single Pt atoms anchored to graphene nanosheets
via the ALD technique. The resultant catalyst exhibited
significantly improved catalytic activity towards methanol
oxidation and superior CO tolerance compared to conven-
tional Pt/C catalysts. The lower coordinated and unsaturated
5d orbitals of the single Pt atoms were found to be respon-
sible for this excellent electrochemical performance, as
revealed by XAFS analyses.['”"] Another successful example
at the lab scale includes the well-defined monatomic iridium
complex supported within the supercages of a zeolite (Ir,/
zeolite Y) which is reported by Bayram et al. as the cata-
lytically active species for hydrogenation of cyclohexene.!>'l
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Zhang et al. claimed that isolated Au*" on zirconia supports
are obtained by loading a small amount of gold which is
highly active for the selective hydrogenation of butadine to
buthane.[71?]

5. Summary and Future Challenges

We have summarized the unique structural features, synthesis
approaches, state-of-the-art characterization techniques,
and potential applications of single metal atoms doped in
carbon-based materials for electrocatalysis. In these types of
materials, the size of the metal dopants is reduced to single
atoms which leads to enhanced catalytic performance due
to the low-coordination environment, single atomic and
quantum size effect and improved metal-support interac-
tions. Notably, single metal atoms doped in carbon-based
materials with well-defined and atomically dispersed metal
atoms on these supports can maximize the metal utilization
efficiency, when acting as the active centers. Moreover, single
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Figure 16. a) Polarization curves of Ni-doped graphene samples with different Ni dissolution periods (4, 6 and 9 h) along with those of Pt and
reduced graphene oxide (-GO) electrodes for comparison. b) Tafel plots of Ni-doped graphene (6 h dissolution) and Pt. ¢) Overpotential (left) and
Tafel slope (right) analysis of different HER catalysts in acid solutions. d) Durability of Ni-doped graphene at a constant overpotential of 150 mV for
120 h (green line) and cycling stability tests (red line: polarization curve of pristine Ni-doped graphene (6 h dissolution); black dashed line: after
1000 cycles). Reproduce from Ref. [40] with permission. Copyright 2015, Wily—VCH.

metal atom doped carbon-based materials can act as a simple
model system for comparison of theoretical calculations with
experimental results. In these types of catalysts, carbon-based
supports act in a similar way as ligands for metal active sites
and serve as the active centers for electrocatalysis. The utili-
zation of single metal atom doping on carbon-based supports
provides vast opportunities for catalytic applications. Thus,
the future direction of the development of these catalysts
should focus on the fundamental studies of electrocatalysis
at the molecular scale by the combination of theoretical
and experimental methods. In addition, emphasis should be
placed on the utilization of various characterization tech-
niques to confirm the active sites and to observe the reaction
processes. With a deep understanding of the nature of single
atom catalysis, we believe that this new series of nanostruc-
tured materials could shed new light on the molecular design
of the next generation of electrocatalysts for high-perfor-
mance energy storage and conversion devices.

Many exciting research contributions are highlighted in
this Review paper to illustrate the important applications
of single metal atoms supported on carbon-based nanoma-
terials. Specifically, different aspects in this field have been
discussed, which include the synthesis strategies and ana-
lytical techniques in order to develop new single metal-
doped carbon-based nanoelectrode materials for energy
storage and conversion devices. With all the successes in
this field, many new synthesis routes and applications are
emerging. It is clear from the many examples discussed in
this Review paper that the synthesis of single metal atoms
doped on carbon-based supports still presents significant
conceptual challenges, where most methods used involve
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multi-step approaches and work successfully only for spe-
cific conditions. For instance, these types of materials must
not be considered to be superior to conventional nanostruc-
tured catalysts since the single atom metal sites may limit
their application in catalytic processes requiring multi-metal
active sites. In addition, the control over functionality, size,
shape, and structure is worth further exploration. From this,
new or enhanced properties and the prevention of aggrega-
tion (due to the large surface energy of single metal atoms)
of small clusters and atomic dopants in the case of high metal
loadings may be achieved. Furthermore, it is very important
to develop new techniques for robust stabilization of the
single atoms on the support, especially when confronting
liquid reactants, as well a profound ability to tune the strong
metal-support interactions involved in this group of the elec-
trocatalyst. Although recent works have provided significant
insight into the physiochemical behavior and interactions
of single metals and supports, however, the electrochemical
reaction mechanisms and the electrocatalytic behavior of
these materials are still unknown. Consequently, this requires
an in-depth study into these novel electrocatalysts by means
of both theoretical and experimental studies in order to facil-
itate their large scale application in the near future.
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Chapter 3






3. Soft-templating synthesis of N-doped mesoporous
carbon nanospheres for enhanced oxygen reduction
reaction

3.1. Introduction

Carbon nanoparticles with ordered mesostructures and controlled morphologies have great
advantages because of their remarkable properties including high surface area, high pore
volume, tunable pore size and the diffusion channels for fast mass transfer. These outstanding
features make them great candidates for catalysis applications such as electrocatalysts for
oxygen reduction reaction (ORR). Doping mesoporous carbon spheres with guest atoms can
improve their catalytic activity for ORR and thus can be considered as a potential substitute
for the expensive Pt/C catalyst in fuel cells or metal-air batteries. In this work, N-doped
mesoporous carbon spheres are prepared via a facile and low-cost dual soft-templating
procedure. The effect of nitrogen doping functions and different pyrolysis temperatures on
conductivity and catalytic activity of synthesized electrocatalysts have been comprehensively
investigated. The preeminent sample is applied in complementary ORR tests to underline the

stability and durability of synthesized metal-free electrocatalysts in alkaline solution.
The highlights of this work include:

1. Nitrogen doped mesoporous carbon spheres were fabricated via a facile and low-cost
synthesis procedure due to the use of cheap precursors (melamine and resorcinol-
formaldehyde resin) and soft template techniques (F127 and FC4), which makes the method

feasible for large scale production.

2. By controlling nitrogen precursor contents and pyrolysis temperature, the effects of surface
area, pore volume, conductivity, and nitrogen doping configuration toward catalytic activity
of synthesized spheres have been comprehensively investigated for the first time which may
pave the way of feasibly designing nitrogen-containing carbon materials for highly efficient

oxygen reduction electrocatalysis.

3. The well-structured mesoporosity and abundant surface defect sites of the synthesized
materials assure an efficient ORR catalytic performance of theses metal-free electrocatalysts,
showing a high activity, better durability and methanol tolerance ability as compared to the

Pt/C catalyst.
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4. By applying ORR as a probing reaction, which is also considered as a cornerstone to
explore the mechanism of other multi-electron transfer processes, we expect the study will

largely expand the spectrum of catalysts for more energy-related electrocatalytic reactions.

3.2. Research outcome

This section is included in the thesis as it appears as a journal paper published by Bita
Bayatsarmadi, Yao Zheng, Mietek Jaroniec, and Shi-Zhang Qiao, “Soft-templating
synthesis of N-doped mesoporous carbon nanospheres for enhanced oxygen reduction

reaction”, Chemistry-An Asian Journal, 2015, 10, 1546-1553.
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Soft-Templating Synthesis of N-Doped Mesoporous Carbon
Nanospheres for Enhanced Oxygen Reduction Reaction

Bita Bayatsarmadi,”’ Yao Zheng,™ Mietek Jaroniec,” and Shi Zhang Qiao*®!

(Abstract: The development of ordered mesoporous carbon
materials with controllable structures and improved physico-
chemical properties by doping heteroatoms such as nitro-
gen into the carbon framework has attracted a lot of atten-
tion, especially in relation to energy storage and conversion.
Herein, a series of nitrogen-doped mesoporous carbon
spheres (NMCs) was synthesized via a facile dual soft-tem-
plating procedure by tuning the nitrogen content and car-
bonization temperature. Various physical and (electro)chemi-

cal properties of the NMCs have been comprehensively in-
vestigated to pave the way for a feasible design of nitrogen-
containing porous carbon materials. The optimized sample
showed a favorable electrocatalytic activity as evidenced by
a high kinetic current and positive onset potential for
oxygen reduction reaction (ORR) due to its large surface
area, high pore volume, good conductivity, and high nitro-
gen content, which make it a highly efficient ORR metal-free
catalyst in alkaline solutions.
/

Introduction

Porous carbon materials with ordered nanostructures are ad-
vantageous because of their remarkable properties including
high surface areas, tunable pore structures, and uniform and
adjustable pore sizes, assuring fast diffusion and mass transfer.
These outstanding features make these carbon materials great
candidates for energy storage and conversion applications
such as supercapacitors, fuel cells, and lithium-ion batteries™
Carbon materials with high specific surface areas, large pore
volumes, and well-developed mesoporosity not only assure
facile access of reactants to the active sites and favor mass
transport of the intermediate species but also facilitate elec-
tron delivery through the continuous framework structure.”
However, electrocatalysts need to possess good electrical con-
ductivity for electron transfer, excellent activity, and high
chemical stability besides high surface area and controlled
nanostructure. Thus, heteroatoms such as nitrogen are usually
doped into the carbon matrix to improve the overall conduc-
tivity of catalysts, provide more active sites, and enhance inter-
actions between carbon and other molecules by tuning elec-
tron donor/acceptor properties.”’ Mesoporous carbon nanopar-
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ticles can be prepared either through a hard-templating
method by filling the mesopores of silica templates with an or-
ganic precursor or by an organic-organic assembly (soft-tem-
plating) method. The hard-templating method is a costly, mul-
tistep, and time-consuming procedure as compared to soft-
templating, which requires fewer synthesis steps, is less expen-
sive, and well suited for preparation of particles with well-de-
fined pore structures and narrow pore size distributions.®>
Various synthetic strategies have been reported so far to pre-
pare heteroatom-doped mesoporous carbons including post-
treatment of mesoporous carbons with reactive heteroatom
sources,”™ or a one-step pyrolysis of heteroatom-containing
precursor with the carbon precursor.” The first route leads to
carbons with an insufficient heteroatom fraction and a small
amount of catalytic active sites due to the resistance of the
pre-existing graphitic structure to the heteroatom doping,
while the second approach can result in higher heteroatom
content.”

N-Doped mesoporous carbon nanospheres can act as an
electrode for oxygen reduction reaction (ORR) because of their
unique physical and chemical properties. Specifically, their
spherical morphology, high surface area, and large pore
volume can enhance the activity of electrocatalysts by assuring
an easy access of reactants to catalytically active sites and fast
mass transfer, which can dramatically affect the electrocatalytic
performance of the electrode.!’ Conductivity or graphitic
nature of a carbon material, which can be enhanced by high-
temperature carbonization, is also a crucial factor affecting the
catalyst’s activity.”” Moreover, from the theoretical calculation
perspective, the nitrogen content and bonding configuration
of nitrogen atoms in a carbon matrix are considered as the key
factors influencing the electrocatalytic activity.”'” However,
the design of inexpensive and efficient catalysts followed by

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



a comprehensive study considering all above factors is still not
fully available, and their effect on the ORR activity is still incon-
clusive.

Herein, we report the preparation of N-doped mesoporous
carbon spheres (NMCs) via a facile and low-cost dual soft-tem-
plating procedure using a resorcinol-formaldehyde resin and
melamine as carbon and nitrogen precursors, respectively. The
surface area, pore volume, conductivity, and nitrogen-doping
configuration of the synthesized NMC were tuned by adjusting
the nitrogen content and pyrolysis temperature, and their
effect on the catalytic activity was comprehensively investigat-
ed for the first time. A complete testing of one preeminent
sample was performed for ORR to demonstrate the stability
and durability of this type of electrocatalysts in alkaline solu-
tions. The well-structured mesoporosity and abundant surface
defect sites assured an efficient ORR catalytic performance of
this material with a better durability and methanol tolerance
ability as compared to the Pt/C catalyst. This study may pave
the way for a feasible design of nitrogen-containing porous
carbon materials for different applications such as fuel cells
and lithium oxygen batteries.

Results and Discussion

The N-doped mesoporous
carbon nanospheres were syn-
thesized via a dual soft-templat-
ing method as shown in
Scheme 1. The first synthesis

Resorcinol (R) +
Formaldehyde (F)

F127+ FC4 EtOH + TMB

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

the carbon matrix of NMCs. Moreover, the as-formed g-C;N,
was decomposed by increasing the temperature to >800°C,
which played the role of a sacrificial nitrogen precursor to fur-
ther dope the NMC materials and also minimized nitrogen
leaching from it at high temperatures."''? The synthesized N-
doped mesoporous carbon spheres are designated as NMCR-T,
where R and T represent the ratio of N/C precursors and car-
bonization temperature, respectively. For the purpose of com-
parison, mesoporous carbon spheres without nitrogen doping
(denoted as MC-900) were synthesized by pyrolysis of the RF
resin at 350°C to remove surfactant templates and carbonized
at 900°C under N, flow.

The morphology and mesostructure of NMCs were first in-
vestigated by scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM). The SEM
image of a typical NMC5-900 sample clearly displays the spher-
ical morphology with an approximately uniform diameter of
about 260 nm (Figure 1a). The SEM image also shows that
spheres are randomly stacked together, which might be attrib-
uted to the defective structure of synthesized spheres due to
the presence of doped nitrogen atoms.'” The HRTEM image
further confirms the spherical morphology of NMC5-900 with
an ordered mesostructure and uniform pore diameter of about

Grind with
different amount

step involved combining two
surfactants (F127 and FC4) in

Self-assembly, Hydrothermal
Reaction @100 °C

of Melamine

ethanol/HCl solution and adding
mesitylene (TMB) as a swelling
agent for the formation of micel-
les."™"  Next, resorcinol and
formaldehyde (RF) precursors
were polymerized in the hydro-
philic domains of micelles at
30°C under acidic conditions.
Following the cross-linking of RF
and self-assembly with micelles
under hydrothermal conditions
at 100°C, the as-synthesized
mesoporous polymer spheres
were obtained. In the second
step, the dried solid products
were finely ground with a speci-
fied amount of melamine as nitrogen-rich doping source, and
the templates were removed by heating at 350°C. Finally, ni-
trogen-doped mesoporous carbon spheres were produced by
direct carbonization of the as-made mesoporous RF resin
spheres at high temperature (e.g., 900°C) under N, flow. In the
meantime, melamine was subjected to thermal polymerization
at a temperature of about 500°C to form g-C;N, by releasing
gaseous NHs;, which served as a nitrogen dopant and substitut-
ed some of the oxygen-containing functional groups in the
carbon framework, resulting in doping nitrogen species into

Chem. Asian J. 2015, 10, 1546 - 1553 www.chemasianj.org

Carbonization and Nitrogen
incorporation @700-1000 °C

Remove template
@ 350°C
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g-C3Ns

@ N-doped Mesoporous Carbon Sphere

Scheme 1. Fabrication of N-doped mesoporous carbon spheres through a soft-templating process.

Figure 1. Electron microscopy images of N-doped mesoporous carbon
spheres with an N/C ratio of 5 obtained by carbonization at 900 °C (NMC5-
900): SEM image (a) and HRTEM image (b).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



4 nm (Figure 1b). The energy-dispersive spectrum (EDS) of
NMC5-900 exhibits the presence of nitrogen dopant as well as
oxygen and carbon in the structure of the synthesized spheres
(Figure S1, Supporting Information). It should be noted that all
the products prepared under different pyrolysis conditions
maintain similar morphologies and mesostructures except
some shrinkage at higher pyrolysis temperature (Figures S2
and S3, Supporting Information)."

The surface area and porosity of the synthesized samples
were characterized using nitrogen adsorption—-desorption data.
Adsorption isotherms measured for NMC5-900 and MC-900
(Figure 2a) exhibit a similar type-IV shape with a visible hyste-
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Figure S4 in the Supporting Information shows that the nitro-
gen content in the carbon spheres has no significant effect on
the nitrogen adsorption-desorption isotherms and the corre-
sponding pore size distributions. The pore size distributions
(Figure S4b) exhibit sharp peaks centered at about 4 nm.
Again, a higher amount of nitrogen doping leads to significant
agglomeration of particles.

The BET surface areas of MC-900 and NMC5-900 are 431 and
484 m?g~' and the total pore volumes are 035 and
0.41 m*g™", respectively. The BET surface area and pore volume
show a tendency to increase with increasing carbonization
temperature (Table 1), which is due to the complete decompo-

sition of degradable species and
nitrogen precursor resulting in

250 2) b) the formation of additional mi-
--e--MC900 x i o7l

_ NFIC5:900 100 m\a 900 .croporOSIt)./ at 900°C."" A further

£ 200 59001 increase in the carbonization

2 temperature to 1000°C led to

5150_ o El a small decrease of the BET sur-

©

3 _§ z face and pore volume due to

o > = a . -

2 100! v EL S some shrinkage of the frame
- S ¢ = work 14214

g 50 %of’— ‘2‘ Small-angle XRD patterns (Fig-

s} 2 0 " o ure 2b) of MC-900 and NMC5-

T "

o ' _ PomDmeter(iml |, | e e ciies, y 900 show two resolved peaks,

0 0.2 04 0.6 0.8 1 05 15 25 3.5 45 which are indexed as the 10 and

Relative Pressure (P/P,) 26 (degree) 11 reflections of 2D hexagonal

Figure 2. (a) Nitrogen adsorption isotherms (inset in panel a: pore size distribution) and (b) low-angle XRD pat-
terns of synthesized mesoporous carbon spheres with and without nitrogen doping at a pyrolysis temperature of

900°C.

resis loop, indicative of the presence of mesopores." A sharp
increase in the adsorption relative pressures close to unity indi-
cates capillary condensation of nitrogen inside the extra-large
mesopores and small macropores possibly created due to ag-
glomeration of carbon spheres. This may be due to the fact
that NMC5-900 spheres have more structural defects caused
by incorporation of nitrogen into the carbon framework.™ A
rapid rise in adsorption at low relative pressures (below 0.05)
for both samples suggests the presence of micropores in
carbon spheres. The microporous structure of mesoporous car-
bons obtained via soft-templating synthesis is mainly caused
by thermal degradation of oxygen-containing bridges during
carbonization of the RF resin.””

The pore size distributions of both MC-900 and NMC5-900
(inset in Figure 2a) show sharp peaks, thus confirming the uni-
form pore structures of the synthesized spheres. The pore di-
ameter of NMC5-900 is slightly lower than that of MC-900,
which is probably because of the incorporation of nitrogen
atoms into carbon. Moreover, the pore size distribution curves
show that NMC5-900 exhibits another wide peak at about
25 nm, which is due to extra-large mesopores formed by stack-
ing carbon spheres together."? It is anticipated that mesopo-
rous structures of carbon spheres with narrow pore size distri-
butions are favorable for penetration of ions into pores, which
should result in higher activity toward oxygen reduction.

Chem. Asian J. 2015, 10, 1546 - 1553 www.chemasianj.org
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mesostructure (p6mm). These
data clearly demonstrate that
a surfactant-assisted self-assem-
bly occurs'@<' The lattice

Table 1. Summary of physicochemical and electrochemical properties of

the electrocatalysts studied.

Sample NMC5- NMC5- NMC5- NMC5-
700 800 900 1000

Seer [m?g "] 307 469 484 483

V. [em*g™] 0.30 0.38 0.41 0.38

N content [%] 257 12.7 7.9 5.5

I/lp 0.88 0.91 0.97 0.96

J@—-05V 1.10 3.50 11.30 6.30

[MACM ™ eometric)

n@—-0.5V 250 2.60 3.50 2.80

Onset potential [V] —0.31 -0.19 —0.11 —0.14

constants (a) calculated from the XRD patterns are 9.5 and
11.7 nm for MC-900 and NMC5-900, respectively, indicating the
expansion in the catalyst structure by doping nitrogen atoms
into the carbon lattice.

The chemical structure of the synthesized spheres was first
characterized by Fourier transform IR (FTIR) spectroscopy as
shown in Figure 3a. The FTIR spectrum of mesoporous carbon
spheres shows some bands for carbon-based functional
groups such as C—O (1050 cm™"), C—H (1135 cm™"), and C=C
(1630 cm ™).
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b) remaining g-C;N,, which did not
o1s Nis C1° completely decompose), thus in-
NMC5-1000 i } dicating decomposition of C—N
_________________ T Ee
TR G Y S A bonds and nitrogen leaching at
\D = . .
= = liiiessto ' higher pyrolysis temperature,
2 B bt e nnnniiaviiiasd i = . . . .
5] =2 R which is consistent with the FTIR
© wv
& 5 results and other reported
€ | NMC5-800 =
g = l— e data.” ' Specifically, as shown
— NMC5-900 f\ ~ ) in Figure 3¢, the N1s spectra
——--NMC5-1000 N I T—= NMC5-700 |
..... MC-900 N - 1 ----____w______--------»----n__-,'.L have two peaks at 398-399 eV
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Figure 3. (a) FTIR spectra, (b) XPS survey spectra, (c) high-resolution N1s spectra, and (d) nitrogen content plots
against pyrolysis temperature for N-doped mesoporous carbon spheres with an N/C ratio of 5 at different pyroly-

sis temperatures (700-1000°C).

Additionally, the FTIR spectra of nitrogen-doped mesoporous
carbons prepared at different pyrolysis temperatures confirm
the presence of C—N (1230, 1560 cm')."”" As can be clearly
seen from this figure, the peak related to the C—N binding in
the structure of g-C5N, (1230 cm™") disappears with increasing
the pyrolysis temperature to 900°C, which confirms the com-
plete decomposition of g-C;N, and nitrogen doping at such
a high temperature.

The nitrogen-bonding configuration of fresh NMCs were fur-
ther investigated by X-ray photoelectron spectroscopy (XPS).
The XPS survey spectra of NMCs synthesized at different pyrol-
ysis temperatures (Figure 3b) exhibit similar elemental compo-
sitions as those obtained from EDS and reported previously for
N-doped  carbons including
a dominant Cl1s peak, N1s peak,
and O1s peak.*'® The incorpo-

a)

Pyrolysis Temperature (°C)

temperature  from 700 to
1000°C, while that of the pyri-
dine-like nitrogen species is cor-
respondingly reduced from 59.1
to 36.3%. This may be due to
the fact that graphitic-like nitro-
gen species have a higher binding energy and higher thermal
stability than pyridinic-like nitrogen species."

Raman spectra further demonstrate the effect of pyrolysis
temperatures on the chemical structure of mesoporous carbon
spheres (Figure 4a). Two remarkable peaks are visible, with the
typical G band representing sp*hybridized graphitic carbon
atoms (~1580 cm™") and the D band resulting from the disor-
dered carbon framework at defect sites (~1350 cm™'). For mes-
oporous carbon spheres without any nitrogen dopant (Fig-
ure S5a, Supporting Information), the D and G bands are
weaker than those for the samples with nitrogen dopant, and
the intensity ratio of the G and D bands (Is/ly) decreases with
increasing nitrogen content, indicating that the degree of

b)

ration of nitrogen heteroatoms
into the carbon framework of
the carbon spheres could be
also confirmed by high-resolu-
tion N1s spectra (Figure 3¢c). The
calculated total nitrogen content
(Figure 3d) exhibits decreased
from 25.7% to 5.5% when the
pyrolysis temperature was in-
creased from 700 to 1000 °C (the
high nitrogen content at 700°C
is attributed to the nitrogen spe-
cies present in the structure of

Intensity (a.u.)
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Figure 4. (a) Raman spectra and (b) wide-angle XRD patterns of N-doped mesoporous carbon spheres with an N/C
ratio of 5 at different pyrolysis temperatures (700-1000 °C).
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b)

nitrogen doping. As shown in

Figure 4a, both D and G bands
get narrower as the calcination
temperature increases, which is
attributed to the formation of
graphitic domains due to “self-
repairing” of the spheres at
higher temperature.*”! Specifi-
cally, the highest I/l ratio

J(mA cmigeometric)

Il mAcm

J (mA cm-zgeometric)

- NMC5-700
2 ——— NMC5-800
NMC5-900

——NMC5-1000

—— NMC5-700
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== NMC5-900
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among all synthesized samples -08 -06 -0.4

was obtained for NMC5-900, in-
dicating its highest graphitiza-

E vs. Ag/AgCI(V)

-0.2 0 0.2 02 01 0o -01 -02 -03 -04 -05

E vs. Ag/AgCI(V)
d)

tion degree and best electrical
conductivity.

Wide-angle XRD patterns (Fig-
ure 4b, S5b) show two broad
XRD diffraction peaks at 260=
23-24° and 260 =43-44°, which
are usually attributed to the
(002) plane of the graphitic

J(mA Cmigeometric)

——— NMC10-900

-5

J (mA Cm-zgeometric)

g

0.1
0.02 003 004 0.05
w2 (rpm12)

structure and the (100) plane of
the  disordered  amorphous
carbon, respectively."> As the

02 01 0 01 02 -03

e)
4

0.4
E vs. Ag/AgCI(V)

0.1 0 -01 -02 -0.6 -

E vs. Ag/AgCI(V)

-0.5 -06 -03 -04 -05

pyrolysis temperature increases,
the peak positions slightly shift
to a smaller angle and peaks are
further intensified since the
degree of graphitization is im-
proved at higher pyrolysis tem-
perature.”

The ORR catalytic per-
formance of synthesized materi-
als was first evaluated by cyclic
voltammetry (CV) in an O,-satu-
rated electrolyte (0.1m KOH) at
a scan rate of 100 mVs™". As
shown in Figure 5a, NMC5-900
showed a distinct ORR peak
centered at —0.2 V (vs. Ag/AgCl)
and obviously the biggest
double-layer capacitance de-
rived from the highest specific surface area as compared to
other electrocatalysts prepared at different pyrolysis tempera-
tures or with different nitrogen precursor amount (Figure S6,
Supporting Information). Linear sweep voltammetrograms
(LSVs) of all samples were then monitored using a rotating
disk electrode (RDE) in O,-saturated electrolyte to further inves-
tigate the ORR activity of electrocatalysts. The onset potential
and reaction current density of NMCs were acquired from LSVs
at 1600 rpm (Figure 5b, c). Remarkably, NMC5-900 showed the
most positive onset potential (—0.11 V) and highest reaction
current density at a certain overpotential, suggesting the fast-
est reaction kinetics among the samples synthesized under dif-
ferent conditions (calcination temperature and/or N/C precur-
sor ratio). This may be due to its high graphitic nitrogen con-
tent enhanced by transformation of pyridinic nitrogen to
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cial Pt/C at —0.3 V after 60000 s.
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Figure 5. (a) CVs of ORR on the synthesized electrocatalysts at different pyrolysis temperatures in an O,-saturated
0.1 M KOH solution (scan rate: 100 mVs™"). (b) LSVs of the synthesized electrocatalysts at different pyrolysis tem-
peratures on an RDE (1600 rpm, scan rate: 5 mVs™'), (c) LSVs of the synthesized electrocatalysts with different N/C
ratios on a RDE (1600 rpm, scan rate: 5 mVs™ '), (d) LSVs and (inset of d) K-L plots) of NMC5-900 on a RDE at differ-
ent rotating speeds from 400 rpm to 2400 rpm, (e) summary of the kinetic current (J,) and the electron transfer
number (n) on the basis of RDE data at —0.5V, (f) the chronoamperometric response of NMC5-900 and commer-

graphitic nitrogen during thermal annealing at temperatures
higher than 800°C. It is believed that graphitic-like nitrogen
species have a higher activity toward ORR than pyridinic-like
nitrogen species.”” Moreover, as the nitrogen atom in the
graphitic-like nitrogen species is inserted into the carbon
matrix and bonded to three carbon atoms, such a configuration
can improve the conductivity of carbon materials due to the
presence of five valence electrons including three valence elec-
trons from o bonds, the fourth electron from the p-state, and
the fifth electron from the m*-state, giving a p-doping effect."”
The different doping positions of pyridinic-like nitrogen species
make them more complicated in terms of their influence on
the electrochemical performance of N-doped carbon materials.
Although there is an additional electron in the delocalized -
system on pyridinic-like nitrogen at the edge of the carbon
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matrix, which can improve the conductivity of carbon materi-
als,*" the pyridinic-like nitrogen at the basal planes causes
many surface defects and increases the localized electronic
states in the carbon matrix, which weakens the electrochemical
performance of N-doped carbon materials.* Therefore, graph-
itic-like nitrogen is favorable for an improved electrochemical
performance of synthesized NMC spheres.

A series of LSVs were also recorded at rotating rates from
400 to 2400 rpm for NMC5-900 (Figure 5d and Figures S7 and
S8), which show reaction current growth at increasing rotation
speed. The inset in Figure 5d presents the Koutecky-Levich
plots of NMC5-900 at different potentials obtained from RDE at
several rotation rates. Accurate electron transfer numbers (n)
and limiting current density (J) of all synthesized materials
were calculated through K-L plots (Figures S7 and S8, Support-
ing Information). Figure 5e shows the n and Ji values at
—0.5V of NMCs synthesized at different pyrolysis tempera-
tures; these data clearly indicate that oxygen is reduced on
the NMC5-900 catalyst via a more efficient reaction pathway
(close to four electron (4e”) reaction) with higher limiting cur-
rent density, while this reaction occurs via a combined 2e"
and 4e” reaction pathway on other catalysts (Figure S9, Sup-
porting Information).

The durability of the NMC5-900 catalyst was evaluated by
the chronoamperometric response under a constant voltage of
—0.3V (Figure 4f). This catalyst exhibits a reliable stability, re-
taining 73% of the initial current after 60000 seconds, while
the Pt/C catalyst loses 35% of its initial current after the same
period of time. The current loss of the catalysts can be possibly
related to desorption of OH™ (product) from the catalyst's sur-
face, peeling off the catalyst from the glassy carbon electrode,
and to the instability of the Nafion polymer binder. Therefore,
other polymeric binders or supports can be applied to form
strong interactions such hydrogen bonding and covalent
bonding with the catalyst to assure strong electrode durability
during the ORR process.**?? The methanol tolerance ability of
the selected catalyst was tested by monitoring the ORR current
after the addition of methanol into the electrolyte solution
(with the resulting methanol concentration of 3 m). As shown
in Figure S10 in the Supporting Information, there is no signifi-
cant change in the ORR performance of the NMC5-900 catalyst
under —0.3 V after the addition of methanol into electrolyte,
suggesting the high selectivity of the catalyst towards ORR.

Conclusions

In summary, we have developed a simple and low-cost
method to synthesize a series of N-doped mesoporous carbon
spheres via a dual soft-templating procedure using a resorci-
nol-formaldehyde resin and melamine as inexpensive carbon
precursor and nitrogen source, respectively. The synthesized
NMCs exhibit a high surface area, large pore volume, narrow
mesopore size distribution, high conductivity, high nitrogen
content, and excellent catalytic activity toward ORR. The supe-
rior electrocatalytic activity of NMCs as compared to MCs with-
out nitrogen doping could be attributed to the enhanced
graphitization degree and the incorporation of nitrogen atoms
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into the carbon lattice, which favor the reactivity of the neigh-
boring carbon atoms via alteration of the electronic structure,
as in the case of N-doped carbon nanotubes®® and N-doped
graphene" Moreover, the best performance of NMC5-900
for catalyzing ORR would be the result of a balanced graphiti-
zation degree and active species retained at moderate heating
temperature, the presence of highly active C—N species, good
conductivity, well-structured mesoporosity, large pore size, suf-
ficient surface area, and high pore volume, which make NMC5-
900 a promising catalyst for ORR in alkaline solutions. This
comprehensive study can also provide some information re-
garding the effect of different parameters on the catalytic per-
formance of the synthesized NMC samples, which is beneficial
for the development of analogous electrocatalysts.

Experimental Section
Chemicals

Pluronic (F127), potassium chloride (KCl, >99%), mesitylene (1,3,5-
trimethylbenzene, 98%), resorcinol (CsHsO,, 99%) and melamine
(C5HgNg, %99) were purchased from Sigma-Aldrich. Hydrochloric
acid (HCl, 37%), ethanol (EtOH, absolute) and formaldehyde solu-
tion (HCHO, 37/10) were purchased from Chem-Supply. Fluorocar-
bon surfactant (FC4) was purchased from Yick-Vic chemicals &
pharmaceuticals (H.K) Ltd., China. All chemicals were directly used
without any further treatment and purification.

Synthesis of N-doped mesoporous carbon spheres

In a typical synthesis, 1.0 g of well-dissolved Pluronic in 25 mL of
ethanol, 0.2 g of fluorocarbon surfactant, and 1.0 g of potassium
chloride were added to 60 mL of 2m hydrochloric acid at 30°C
under vigorous stirring (1000 rpm) followed by introduction of
1 mL of mesitylene. When the copolymer was fully dissolved,
0.56 mL of formaldehyde solution and 0.4 g of resorcinol were
added to the reaction solution and stirred for 24 h at 30°C. After-
wards, the solution was heated for 24 h at 100°C under static con-
ditions in a Teflon-lined autoclave and the solid product was col-
lected by centrifugation and washed with ethanol and deionized
water followed by air-drying at 100°C for 48 h. The obtained poly-
mers were finely ground with a proper amount of melamine (mela-
mine/carbon precursors ratio, denoted as N/C ratio=1, 5, 10) and
the mixtures were heated at 350°C for 3 h at a heating rate of
1.5°Cmin~" in a nitrogen flow to remove the template. Then, N-
doped mesoporous carbon spheres were produced by direct car-
bonization of the as-made polymer at different temperatures (700,
800, 900 and 1000°C) for 4 h in a nitrogen flow at a heating rate
of 2.3°Cmin". After the pyrolysis step, the final products were left
to cool down to room temperature under the same atmosphere
and collected for physical and (electro)chemical characterization.
The resulting N-doped mesoporous carbon spheres designated as
NMCR-T, where R and T represent the N/C-precursors ratio and car-
bonization temperature, respectively. Pure mesoporous carbon
spheres without nitrogen doping were synthesized at 900 °C (de-
noted as MC-900) for the purpose of comparison.

Characterization of materials

The morphology of the synthesized samples was characterized by
using a high-resolution transmission electron microscope (TEM, CM
200 TEM/STEM, Philips) operating at 120 kV and a scanning elec-
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tron microscope (SEM, Quanta 450 ESEM, FEI) operating at 10 kV.
Nitrogen adsorption-desorption isotherms were measured on Tris-
tar Il instrument (Micrometrics) at —196°C. Pore size distributions
were calculated by using the Barrett-Joyner-Halenda (BJH) model
using the data of adsorption branch of the isotherm. The specific
surface areas were calculated using adsorption data at the relative
pressure range of P/P,=0.05-0.3 by the Brunauer-Emmett-Teller
(BET) model. The total pore volumes were estimated from the ad-
sorbed amounts at a relative pressure (P/P,) of 0.994. All the sam-
ples were degassed at 150 °C for more than 6 h prior to the nitro-
gen adsorption—-desorption tests. Fourier transform infrared (FTIR)
spectra were obtained using a Nicolet 6700 spectrometer (Thermo
Fisher). Raman spectra were collected on a LabRAM instrument
(Horiba Ltd) with a 532 nm laser. X-ray diffraction (XRD) patterns
(10-80° in 26) were collected on a powder X-ray diffractometer at
40 kV and 15 mA using Coy, radiation (Miniflx-600, Rigaku). X-ray
diffraction patterns at low angle (0.5-5° in 26) were collected on
a D8 X-ray diffractometer (Bruker) equipped with a LynxEye detec-
tor operating at 40 kV and 40 mA using Cuy, radiation.

Electrode preparation and electrochemical measurements
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tested under the same conditions before and after adding metha-
nol to the electrolyte.
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3.3. Supporting Information

This section is included in the thesis as supplementary information to section 3.2. It includes
additional information which is not put in the main text of the published paper; however, it is

freely accessible online as an electronic supplementary information.
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Figure S1. EDS spectra of N-doped mesoporous carbon spheres prepared by using the
melamine/carbon precursors ratio = 5 and carbonization temperature of 900°C (NMCS5-
900).
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Figure S2. TEM images of N-doped mesoporous spheres prepared at different
carbonization temperatures of (a) 700°C, (b) 800°C, (c¢) 900°C and (d) 1000°C.
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Figure S3. SEM images of N-doped mesoporous spheres prepared at different
carbonization temperatures of (a) 700°C, (b) 800°C, (c) 900°C and (d) 1000°C.
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Chapter 4






4. Significant Enhancement of Water Splitting Activity of
N-Carbon Electrocatalyst by Trace Level Co Doping

4.1. Introduction

Replacement of high cost and scarce precious metal catalysts with cost-effective alternatives
for completely splitting water at low voltage has attracted wide attention in both industrial
and scientific catalysis research. In recent years, a wide variety of transition metals and their
derivatives have been selected as effective components for either HER or OER. However,
these classes of materials always suffer from (electro) chemical corrosion issues under
reaction conditions. Currently, one of the popular strategies for further optimizing their
catalytic performances is coupling with nanocarbons to form advanced composite materials.
Although considerable catalysts can be applied in water splitting systems, it is highly
challenging to control the surface structure and expose a greater amount of active sites by
incorporating a few metal atoms in the catalysts framework for splitting water. Herein, we
present for the first time a carefully-designed method for synthesis of a series of
nanostructured carbon spheres co-doped with nitrogen and a trace amount of cobalt (i.e. %1

atm) as a co-electrocatalyst for water splitting in alkaline solutions.
The highlights of this work include:

1. Cobalt and nitrogen co-doped porous carbon sphere with in-situ grown N-carbon
nanosheets ((Co-NMC)/NC) has been developed via a dual soft-templating technique, with
the trace amount of non-precious metal and low-cost procedure which makes the method

feasible for large scale production.

2. This work shows that the Co-Nyx molecules located in carbon framework were responsible
for the excellent HER and OER performances in ((Co-NMC)/NC), and free-standing Co
particles contribute little activity. Moreover, the nanostructured catalysts exhibited a high
specific surface area, high pore volume, and a certain graphitic structure, which also

contributed to the high electrocatalytic activity on resultant composites.

3. The HER and OER catalytic activity and efficiency of the optimized sample ((Co-
NMC)/NC) are comparable with those obtained on that of previously reported non-precious

metal doped and metal-free counterparts under the same condition.
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4. These findings provide evidence that the incorporation of the trace amount of cobalt into
specific nitrogen-containing carbon framework can significantly enhance hybrids'
electrocatalytic activity, therefore shedding new light on the molecular design of next

generation electrocatalysts for water splitting.

4.2. Research Outcome

This section is included in the thesis as it appears as a journal paper published by Bita
Bayatsarmadi, Yao Zheng, Youhong Tang, Mietek Jaroniec, and Shi-Zhang Qiao,
“Significant Enhancement of Water Splitting Activity of N-Carbon Electrocatalyst by Trace
Level Co Doping”, Small, 2016, 12, 3703-3711.
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Significant Enhancement of Water Splitting Activity
of N-Carbon Electrocatalyst by Trace Level Co Doping

Bita Bayatsarmadi, Yao Zheng,* Youhong Tang, Mietek Jaroniec,
and Shi-Zhang Qiao*

Replacement of precious metal electrocatalysts with highly active and cost efficient
alternatives for complete water splitting at low voltage has attracted a growing
attention in recent years. Here, this study reports a carbon-based composite co-doped
with nitrogen and trace amount of metallic cobalt (I at%) as a bifunctional
electrocatalyst for water splitting at low overpotential and high current density. An
excellent electrochemical activity of the newly developed electrocatalyst originates
from its graphitic nanostructure and highly active Co-N, sites. In the case of carefully
optimized sample of this electrocatalyst, 10 mA cm™ current density can be achieved
for two half reactions in alkaline solutions—hydrogen evolution reaction and
oxygen evolution reaction—at low overpotentials of 220 and 350 mV, respectively,
which are smaller than those previously reported for nonprecious metal and metal-
free counterparts. Based on the spectroscopic and electrochemical investigations,
the newly identified Co-N, sites in the carbon framework are responsible for high
electrocatalytic activity of the Co,N-doped carbon. This study indicates that a
trace level of the introduced Co into N-doped carbon can significantly enhance its
electrocatalytic activity toward water splitting.

1. Introduction

Nowadays, energy is one of the key challenges facing man-
kind due to the limited supplies and population growth.
Among different solutions the use of highly efficient
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electrochemical devices is considered as a viable way for
energy conversion and storage. Electrolysis of water is of
particular interest because it utilizes only an abundant
resource, water, as the feedstock and a renewable energy
(wind or solar-derived electricity) for hydrogen fuel produc-
tion.[I Therefore, a complete electrochemical water splitting
via electrocatalytic hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) in alkaline or neutral solu-
tions is the key process presenting a great potential for the
fabrication of alternative renewable energy devices.[?l How-
ever, a large-scale use of this process is constrained by the
lack of efficient catalysts composed of inexpensive and earth-
abundant elements.?!

Up to now, platinum is the best catalyst for HER, showing
high cathodic current densities at negligible overpotential.
Contrarily, OER is more complicated and involves several
electron transfer steps, for which the best catalysts contain
also less abundant and expensive materials such as RuO, or
IrO,.[l Therefore, it is highly desirable to develop alterna-
tive electrocatalyts based on earth abundant elements with
high catalytic activity and stability for large scale energy pro-
duction. In recent years, a wide variety of transition metals

www.small-journal.com
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including cobalt, nickel, iron, molybdenum and their com-
pounds have been explored as effective catalysts for either
HER or OER, respectively.’! However, these materials
always suffer from (electro) chemical corrosion under HER/
OER conditions. On the other hand, a highly promising
family of electrocatalysts and various carbon-based mate-
rials feature unique advantages due to their tunable molec-
ular structures, abundance, strong tolerance to acid/alkaline
environments, and high surface areas.°! Currently, one of the
popular strategies for the design of highly active and stable
advanced composite catalysts is coupling of transition metal
species with nanocarbons. The latter represent favorable sup-
ports with unique properties such as large surface area, high
electrical conductivity, and enhanced electron transfer, which
make the resultant composites highly competitive to tradi-
tional metallic electrocatalysts.”]

Although numerous HER or OER catalysts can be
applied in water splitting systems, it is highly challenging to
control their surface structure and the amount of exposed
active sites by incorporating a small amount of metal atoms
in the catalyst for splitting water. Herein, we present for
the first time a carefully designed method for the synthesis
of a series of nanostructured carbon spheres co-doped with
nitrogen and a trace amount of cobalt (1 at%) as a co-electro-
catalyst for water splitting in alkaline solutions. Among cata-
lysts studied the best one, Co and N co-doped mesoporous
carbon interrelated with N-doped carbon sheets (Co-NMC),/
NC, showed overpotentials of 220 and 350 mV to achieve the
current density of 10 mA cm™ for HER and OER, respec-
tively, which are smaller than the previously reported values
for nonprecious metal doped and metal-free counterparts
under the same conditions. It was shown by X-ray adsorp-
tion spectroscopy analysis that the Co-N, species located in
the carbon framework are responsible for the excellent HER
and OER performance. Moreover, the resulting nanostruc-
tured catalysts were to some degree graphitized and fea-
tured a high specific surface area (540 m?> g™') and high pore
volume (0.58 m?® g!), which also contributed to their high
electrocatalytic activity. These findings provide evidence that
the incorporation of a trace amount of cobalt into N-doped
carbon frameworks can significantly enhance the electrocata-
lytic activity of these hybrid materials, shedding a new light
on the molecular design of next generation electrocatalysts
for water splitting.

2. Results and Discussion

A multistep preparation process of the Co,N co-doped
mesoporous carbon spheres and in situ grown N-doped
carbon nanosheet hybrids (Co-NMC/NC) is displayed in
Figure S1 (Supporting Information). The resulting electrocat-
alysts were synthesized via a dual soft-templating procedure
using the cetyltrimethylammonium bromide (CTAB) and
Pluronic (F127) to form micelles with the help of L-cysteine
to create dual mesoporous structure with higher surface area
followed by introduction of cobalt precursor (CoCl,-6H,0).
After crosslinking of micelles, aminophenol and formalde-
hyde in the presence of CoCl, under hydrothermal conditions,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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aminophenol-formaldehyde resin nanospheres doped with
cobalt species were produced. Then any accessible cobalt spe-
cies outside the polymer framework were completely washed
out from the solid product. The soft template was removed
through pyrolysis and the resulting brownish product after
grounding with melamine and g-C;N, was carbonized under
protection of N, flow.’] In this step, carbonaceous gases
released during pyrolysis of resin and g-C;N, served as a
precursor for the formation of carbon nanosheets in the
presence of Co species.”) The released nitrogenous gases
from thermal polymerization of melamine and decomposed
g-C;N, served as nitrogen dopant for both porous carbon
spheres and in situ grown carbon nanosheets.['”] During high
temperature pyrolysis, CoCl, was reduced to metallic cobalt
nanoparticles by highly reductive nitrogen-rich carbon spe-
cies to form active Co-N, moieties.['!]

To obtain some insight into the electrocatalytic activity
of the synthesized Co-NMC/NC composites, a series of con-
trol samples was prepared by using higher amount of the
cobalt precursor only (Co;,-NMC/NC) and higher amounts
of both N and Co precursors ((Co-NMC),,/NC) as well as
the (Co-NMC),; sample without carbon nanosheets and a
metal-free NMC sample; all these samples were prepared by
keeping the remaining synthesis conditions the same (see the
Experimental Section).

The morphology and microstructure of the hybrid
materials were investigated by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM)
imaging. The SEM image of (Co-NMC),/NC in Figure 1la
(bottom panel) shows the presence of entangled foam-like
carbon nanosheets between the porous carbon spheres,
which interconnect them to form a porous network. More-
over, energy dispersive X-ray spectra (EDS) (top panel in
Figure 1a) collected from porous carbon spheres zone or
carbon nanosheets zone indicate that the former may serve
as active sites for HER/OER due to the presence of Co and
N, while the latter are mainly N-doped carbon enhancing
conductivity of the final product. The scanning transmission
electron microscope (STEM) dark field image and the cor-
responding elemental mappings (Figure 1b) further reveal
that cobalt and nitrogen atoms are homogeneously dis-
tributed in the carbon spheres. The magnified TEM image
(Figure 1c) shows the morphology of carbon nanospheres
with diameter of 70 nm, which are interconnected because
of the available structural defects and nitrogen species.!'!
As shown in Figure S2 (Supporting Information), an increase
in the amounts of carbon, nitrogen and cobalt precursors
causes a more severe aggregation of synthesized spheres due
to the weak interactions between agglomerated cobalt spe-
cies and resin, and results in the interconnected spheres with
numerous surface active sites.['’] Note that there is no sign
for the presence of bulk cobalt/cobalt oxide in the carbon
framework, which affirms the removal of free-standing
metallic cobalt during the washing step. The high-resolution
TEM image (Figure 1d) clearly shows the presence and dis-
tribution of Co crystals (with sizes of 4-5 nm) on the carbon
spheres surface, which might be cobalt crystals bonded
with acid tolerable species (i.e., nitrogen) to form Co-N,
moieties.[']

small 2016, 12, No. 27, 3703-3711
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Figure 1. a) SEM image of (Co-NMC),/NC and the corresponding EDS spectra; b) STEM and the corresponding elemental mapping analysis;
) TEM image of (Co-NMC),/NC connected to entangle-like carbon nanosheets; d) HRTEM image of crystalline Co species in the carbon framework,
where the white arrows indicate highly dispersed Co NPs; e) Nitrogen adsorption-desorption isotherms and (inset) the corresponding pore size

distribution.

Nitrogen adsorption-desorption isotherms were meas-
ured to further analyze the porosity of the hybrid mate-
rials (Figure le). The adsorption isotherm obtained for
(Co-NMC),/NC exhibits type IV with visible H4 hysteresis
loop, which is an indicative of complex porosity as evidenced
by high Brunauer—-Emmett-Teller (BET) surface area of
540 m? g~! and pore volume of 0.58 cm? gL'l However, in
the case of (Co-NMC),/NC, a sharp increase in the adsorp-
tion curve is observed at relative pressures close to unity.
This indicates the capillary condensation of nitrogen inside
extra-large mesopores created due to agglomeration of
carbon spheres, which is in a good agreement with the corre-
sponding TEM image of (Co-NMC),,/NC (Figure S2a, Sup-
porting Information). For (Co-NMC),/NC, a rapid increase in
the volume adsorbed at low relative pressures (P/P, < 0.05)
suggests the presence of micropores in the carbon spheres
that are formed by thermal degradation of oxygen-con-
taining bridges during carbonization of the resin.l'! The
pore size distribution curve (inset in Figure le) shows one
sharp peak centered at about 2 nm confirming the presence
of small mesopores. It is anticipated that the highly porous
structure of the synthesized electrocatalysts is favorable for

small 2016, 12, No. 27, 3703-3711
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penetration of ions into pores, which should result in high
electrochemical activity. The high surface area and nitrogen
doping are able to attach cobalt species and create a large
amount of active sites.['”]

To further probe the chemical composition and nature
of doping, synchrotron-based X-ray photoelectron spectros-
copy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS) measurements have been performed for (Co-
NMC),/NC and (Co-NMC),y/NC. The survey XPS spectra
of the composites reveal sharp peaks assigned to Cls, Ols,
and N1s and a weak peak related to Co2/3p (Figure S3, Sup-
porting Information). Considering that XPS is a good tech-
nique to study the solid surfaces, a quantitative analysis of the
obtained results shows that metallic Co is almost embedded
into the carbon framework and the detected cobalt con-
tent by this method is smaller than the value determined by
Inductively coupled plasma mass spectrometry (ICP-MS)
(Table S1, Supporting Information).

The nitrogen K-edge NEXAFS spectra (Figure 2a) of
both samples show two m* resonances representing sp’
hybridized pyridine-like nitrogen (=398.5 eV) and graphite-
like nitrogen (=401.5 eV), which is also consistent with
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Figure 2. Chemical structures of (Co-NMC);/NC and (Co-NMC),,/NC hybrids. a) Nitrogen K-edge NEXAFS spectra; b) high-resolution N1s XPS

spectra; c) Cobalt L-edge NEXAFS spectra; d) Raman spectra.

high-resolution N1s XPS results (Figure 2b).4>¢18] Moreover,
N1s XPS spectra exhibit a wide peak (=404.0 eV), which is
assigned to oxidized-nitrogen species.*>18191 As compared
with the data obtained for (Co-NMC),/NC, there is an
obvious shoulder (around 399.0 eV) overlapping with pyri-
dine nitrogen’s resonance on the spectrum of (Co-NMC),/
NC. These new species located at the higher energy position
of pyridine nitrogen can be identified as Co-N, due to the
electron donor properties of pyridine-like nitrogen species
bonded with available ionic cobalt atoms.

A successful incorporation of Co into nitrogen-containing
carbon framework was further revealed by the cobalt L-edge
NEXAFS spectra of (Co-NMC),/NC (Figure 2c), which
show three separated peaks in Ls-edge at 779.0, 779.9, and
780.5 eV and an overlapping peak position of Co L,-edge
at =794.0 eV with a weak shoulder at 795.5 eV. Specifically,
the peaks at 779.9 and 794.0 eV can be assigned to metallic
cobalt. Two extra peaks and shoulder can be assigned to the
newly formed Co-N, species due to the chemical interactions
between Co and pyridinic-type nitrogen species, consistent
with nitrogen K-edge spectra.’?] Additionally, one can see
that the cobalt L;-edge spectrum of (Co-NMC),/NC exhibits
an overlapping peak at 779.9 eV and a weak shoulder at
780.5 eV representing the presence of both metallic cobalt/
cobalt oxide and a smaller amount of Co-N, as compared to
that of (Co-NMC),/NC, which also agrees with the evidence
provided by the L,-edge peaks. This might be attributed
to the limited amount of active ionic cobalt and available
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nitrogen defect structures to form Co-N, species in the (Co-
NMC),/NC framework due to a significant agglomeration
of nanospheres resulting in a less-developed mesostructure.
Thus, a combination of polarization-dependent NEXAFS
and XPS measurements provides a crucial evidence for
interactions between cobalt and the available pyridine-like
nitrogen species to create highly active Co-N, sites in the
catalyst’s structure.

The Raman spectrum of (Co-NMC),/NC (Figure 2d)
presents two peaks assigned to D and G bands as well as a
weak 2D band. The D and 2D bands indicate the presence
of substantial defects or disordered sites in the composite
studied and the G band refers to the graphitic structure. The
structural defects might be mainly caused by the presence
of N dopants and concomitant absence of C atoms. By ana-
lyzing the intensity of the G band with respect to that of the
D band, the graphitization degree of the synthesized mate-
rials can be determined qualitatively (I5/Ip). The I5/I ratio
increases from (Co-NMC),;/NC (1.02) to (Co-NMC),,/NC
(0.97), which can be attributed to the introduction of cobalt
atoms bonded with pyridine-like nitrogen in the carbon
framework resulting in higher graphitization degree. This
fact is favored by the improvement of the stacking of gra-
phitic layers by the catalytic effect of cobalt and by smaller
shrinkage of microporous structure of these samples.2!] The
I5/Ip ratio obtained for NMC, (Co-NMC); and (Co-NMC),/
NC materials (Figure S4, Supporting Information) increases
with graphitization degree by incorporating cobalt into the
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Figure 3. a) HER polarization curves measured for nonmetallic NMC, hybrid (Co-NMC),/NC, and benchmarked Pt/C samples in 0.1 m KOH solution;
b,c) HER polarization curves and the corresponding HER Tafel plots for different samples containing trace amounts of Co in 0.1 m KOH solution; and
d) HER polarization curves of (Co-NMC),/NC before and after stability test.

carbon framework and further increases by in situ growth of
carbon nanosheets interconnecting the overall structure of
composites.

The electrochemical function of trace metallic species
and the electrocatalytic activity of various electrocatalysts for
both HER and OER were first evaluated using the rotating
disk electrode (RDE) technique in a Nj-saturated 0.1 M
KOH solution. Figure 3a shows the HER polarization curves
recorded for (Co-NMC),/NC as compared to those measured
for the metal-free NMC and commercial Pt/C. The curve
obtained for NMC (without cobalt doping) shows a negli-
gible electrocatalytic activity for HER, while the activity of
(Co-NMC),/NC is significantly enhanced by the presence of
additional active sites generated by simultaneous incorpora-
tion of nitrogen and cobalt into carbon framework and by
formation of carbon nanosheets, as reflected by the large shift
of the polarization curve to a lower overpotential.

As shown in Figure 3b, a superior HER activity of (Co-
NMC),/NC in comparison with the samples possessing higher
amounts of nitrogen and cobalt, i.e., (Co-NMC),/NC, (Co,-
NMC)/NC, and also the sample without carbon nanosheets
(Co-NMC),, clearly confirms that the origin of HER activity
of the synthesized electrocatalysts is not only related to
the available cobalt active sites but first of all to the syner-
getic coupling between cobalt and nitrogen resulting in the
formation of Co-N, species.'??l For example, in the case of
(Co-NMC),,/NC some surface active sites were not accessible
to the excessive agglomeration of spheres (as proved by XPS,
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NEXAFS, and TEM data) as compared to (Co-NMC),/NC.
Moreover, an increase in the cobalt loading in the synthesis
gel did not increase the catalytic activity due to the removal
of excessive cobalt species during washing step (Figure S5
and Table S1, Supporting Information) and somewhat limited
accessibility of nitrogen active sites on the surface of aggre-
gated spheres. The in situ formed carbon nanosheets can also
significantly facilitate the HER process as reflected by com-
parison of the polarization curves obtained for the catalysts
with ((Co-NMC),/NC) and without (Co-NMC), nanosheets,
while their chemical composition and porous structures are
similar. The effect of porosity of the electrocatalysts studied
on the performance of HER is illustrated in Figure S6a
(Supporting Information), showing the linear sweep voltam-
mogram (LSV) data confirming higher activity of porous
materials as compared to amorphous carbon spheres, which
could be attributed to easier mass transport and higher sur-
face area.[?’]

To achieve a current density of 10 mA cm™, which is
the value expected for a 10% efficient solar water-splitting
device, (Co-NMC),/NC requires an overpotential of 220 mV,
lower than those of the control samples. Figure 3c displays the
Tafel plots to provide some insight into the HER pathways
on various catalysts. Specifically, the Tafel slope obtained
for (Co-NMC),/NC is equal to 81.0 mV decade™!, which is
much lower than that of C;-NMC/NC (136.2 mV decade™),
(Co-NMC),(/NC (146.9 mV decade™), and (Co-NMC),
(159.9 mV decade™), suggesting its favorable HER kinetics.
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The mechanism of hydrogen evolution is not fully clear
but the Tafel slope reveals that HER may be controlled by
a Volmer-Heyrovsky mechanism because the Tafel slope
is similar to that of a smooth Ni surface and because the
electrochemical desorption is a rate limiting step.**! The
exchange current density (i;) values derived from the Tafel
plots for different electrocatalysts (Figure S6b, Supporting
Information) further confirm the superior HER performance
of (Co-NMC),/NC that is most likely due to higher conduc-
tivity, availability of numerous Co-N, active sites and higher
surface area boosting the capacity of proton adsorption and
reduction. It should be noted that the HER catalytic activity
of (Co-NMC),/NC is much higher than the reported activi-
ties of the metal-free counterparts (e.g., N-graphene, P-gra-
phene, N-P graphene and N,S-graphene, etc.),*>?22] and some
nonprecious metal-based catalysts (e.g., cobalt-based and
nickel-based catalysts).[3] Moreover, it is comparable to the
activities of traditional metallic catalysts (e.g., bulk Au, Mo
and Ni/Mo alloys, etc.),[’] while it is not as good as that of
the state-of-the-art nanostructures MoS,, WS,, and commer-
cial Pt/C.1?°l This might be due to an insufficient amount of
Co-N, active sites (only =1 at%) in (Co-NMC),/NC.
Electrochemical stability is an important requirement for
an HER catalyst. Therefore, the chronoamperometric test was
carried out under a constant voltage of —1.4 V (vs Ag/AgCl)
in 0.1 m KOH (Figure S7, Supporting Information). The cur-
rent density shows a negligible degradation even after a long
period of 60 000 s. The retained activity of (Co-NMC),/NC is
ascribed to the protected Co species in the carbon structure
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and newly formed Co-N, moieties,[?’! while a slight degrada-
tion in the activity may be caused by consumption of OH™ or
variation of the valence state of Co-NX.[Zg] Moreover, a supe-
rior durability of the catalyst for HER was confirmed by the
LSV test before and after stability test, which shows only a
slight negative shift of the HER polarization curve (10 mV
shift of the overpotential at 10 mA c¢cm™2) (Figure 3d), sug-
gesting a good prognosis for these hybrid materials as effi-
cient HER electrocatalysts.

The electrocatalytic OER activity of the synthesized cata-
lysts was also evaluated by linear sweep voltammograms. As
shown in Figure 4a, the metal-free NMC exhibits a negli-
gible OER activity, while the current density of (Co-NMC),/
NC reaches 5 mA cm™ at the potential of 1.5 V (vs revers-
ible hydrogen electrode (RHE)), which is better than
1.54 V for IrO,/CNT. The (Co-NMC),/NC catalyst requires
an overpotential of 360 mV to achieve the current density of
10 mA cm™ (Figure 4b), which is superior to the overpoten-
tial values of the remaining (Co-NMC);, (Co-NMC),y/NC,
(Co4;-NMC)/NC, and metal-free NMC electrocatalysts in this
study and the most of the metal-free carbon-based materials
and earth-abundant inorganic catalysts reported so far.>"]

The catalytic kinetics of OER was examined on the
basis of the Tafel plots (Figure 4c). The Tafel slope value
for (Co-NMC),/NC (83.3 mV decade™) indicates a more
favorable kinetics for this sample as compared to that of
(Co-NMC),//NC (89.9 mV decade™), (Co;;-NMC)/NC
(114.3 mV decade™), and (Co-NMC); (92.4 mV decade™).
This result agrees with the higher catalytic current density
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Figure 4. a) OER polarization curves measured for nonmetallic NMC, hybrid (Co-NMC),/NC and benchmarked IrO, samples in 0.1 m KOH solution,
b,c) OER polarization curves and the corresponding OER Tafel plots for different catalysts containing trace amounts of cobalt in 0.1 m KOH solution,
and d) OER polarization curves obtained for (Co-NMC),/NC before and after stability test.
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Figure 5. Comparison of the synthesized electrocatalysts and reported bifunctional electrocatalysts for both HER and OER reactions.

of (Co-NMC),/NC than the values achieved for other syn-
thesized electrocatalysts in this study in the range of high
potentials (>1.62 V; Figure 4b), suggesting its better catalytic
activity and efficient electron/mass transfer.

A strong coupling between (Co-NMC); and N-carbon
nanosheets facilitates the electron transfer between two
components,BO] and the mesoporous structure assures a
good transport of reactants and products and enlarges the
reactive interface between the catalyst and electrolyte.[?!]
More importantly, (Co-NMC),;/NC has a large catalyti-
cally active surface area, which can be estimated on the
basis of the electrochemical double-layer capacitance
(Cy;, Figure S8, Supporting Information). The value of Cy
measured for (Co-NMC),/NC is 12.47 mF cm™, which
is higher than that of (Co-NMC), (Cy4 = 11.64 mF cm™).
Since Cg is proportional to the active surface area of
electrocatalysts,’»3!] this comparison demonstrates that the
formation of N-doped carbon nanosheets associated with
the (Co-NMC); framework is more effective in enlarging
the active surface area than (Co-NMC); nanoparticles
alone. The effect of porosity on OER was also investigated;
the LSV data suggest that the well-developed porosity in
(Co-NMC); can assure a good transport of reactants and
products involved in electrochemical reactions (Figures S9,
Supporting Information).

Electrochemical stability of the newly developed catalysts
for OER was tested by the chronoamperometric measure-
ments under a constant voltage of +0.8 V (vs Ag/AgCl) in
0.1 m KOH. As shown in Figure S10 (Supporting Informa-
tion), (Co-NMC),/NC exhibited high stability with a very
slow attenuation after 1000 min, and a high relative current
of 93% was still retained. The LSV data collected before
and after durability tests show a slight negative shift of the
OER polarization curve (18 mV shift of the overpotential
at 10 mA cm™), which might be due to both activation and
phase conversion of the catalyst surface during long time of
electrochemical testing (Figure 4d).*?l These results demon-
strate the excellent potential of (Co-NMC),/NC as an effec-
tive and stable OER catalyst.

The overall water splitting electrode activity has
been evaluated by the difference of HER and OER met-
rics (relative potential at £ = -5 mA cm™ from HER

small 2016, 12, No. 27, 3703-3711 © 2016 Wiley-VCH Verlag GmbH

polarization curve and potential at £ = 10 mA cm™ from
OER polarization curve; AE = E; _ _5 — E; _ ;). The smaller
the AE is, the catalyst is closer to an ideal bifunctional water
splitting electrode. Remarkably, (Co-NMC),/NC exhibits
a AE value of 1.78 V, which is much lower than that of the
recently reported nonmetallic materials and also other elec-
trocatalysts tested in this work (Figure 5). Although remark-
able HER or OER catalysts (Pt/C and IrO,-based catalysts,
respectively) can be applied in water splitting systems, how-
ever the use of a bifunctional electrocatalyst for both HER
and OER is still challenging. Taking into account this fact,
we can conclude that the (Co-NMC),/NC hybrid is shown to
be highly efficient, nonnoble metal-based bi-functional elec-
trocatalyst for HER and OER in alkaline media with lower
overpotential (at constant current) for water splitting as com-
pared to other synthesized electrocatalysts in this work.

3. Conclusions

A unique coupling of Co,N co-doped porous carbon spheres
with in situ grown N-carbon nanosheets results in a highly
active bifunctional electrocatalyst, which successfully com-
bines the desired merits such as highly active Co-N, species,
good conductivity, porous structure very good mass transport,
and sufficiently large surface area with accessible catalytically
active sites. This excellent characteristics assure its excellent
HER and OER catalytic activity as judged on the basis of the
favorable onset potentials, small Tafel slopes and good sta-
bility, which make it a promising bifunctional electrocatalyst
for both HER and OER.

4. Experimental Section

Chemicals: Pluronic (F127), hexadecyltrimethylammonium
bromide (CTAB, >98%), L-cysteine ((R)-2-amino-3-mercaptopropi-
onic acid, 297%), 3-aminophenol (C4H,NO, 98%), formaldehyde
(37 wt%), cobalt (1) chloride hexahydrate (CoCl,-6H,0), and mela-
mine (C5HgNg, %99) were purchased from Sigma-Aldrich. Formal-
dehyde solution (HCHO, 37/10) and ethanol (EtOH, absolute) were
purchased from Chem-Supply. All chemicals were directly used
without any further treatment and purification.
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Material Synthesis: In a typical synthesis, 0.25 g of fully dis-
solved Pluronic F127 in 20 mL of EtOH was added to 50 mL of
Dl-water at 25 °C. Then 0.325 g of hexadecyltrimethylammonium
bromide and 0.5 g of L-cysteine were added to the solution and
kept stirred for 30 min. Next, 0.50 g of 3-aminophenol were added
followed by introduction of 0.70 mL of formaldehyde and stirred
for another 30 min. Afterward, a given amount of CoCl,-6H,0 was
added to the mixture and kept stirring at 25 °C for 24 h. Finally,
the mixture was transferred to a Teflon-lined autoclave for hydro-
thermal reaction at 100 °C for 24 h. The resulting Co-doped ami-
nophenol-formaldehyde nanospheres (Co-APFNS) were collected
by vacuum filtration and dried followed by washing with Dl-water,
ethanol, and 0.50 m H,SO, for three times and drying at 100 °C
for 24 h. This washing step led to the removal of free cobalt spe-
cies, which were outside of the carbon framework. Co,N co-doped
mesoporous carbon spheres (Co-NMC) were obtained by calcina-
tion of Co-APFNS under N, flow in a tubular furnace at 350 °C using
heating rate of 1 °C min~! for 3 h to remove the template followed
by carbonization at 900 °C with heating rate of 2.3 °C min~! for
4 h. To prepare (Co-NMC/NC), dried Co-APFNS were heated up
to 350 °C for 3 h with heating rate of 1 °C min~! under N, flow
to remove the template. The obtained solid products were finely
ground with melamine and g-C;N, (prepared by heating mela-
mine in air at 550 °C for 4 h) with the mass ratio 1:5:5 in an agate
mortar and the mixture was heated to 900 °C with heating rate of
2.3 °Cmin~for4 h.

Chemical Characterization: The morphology of synthesized
samples was characterized by high-resolution transmission elec-
tron microscope (HRTEM, JEM-2100) operating at 200 kV and scan-
ning electron microscope (SEM, Quanta 450 ESEM, FEI) operating
at 10 kV. Elemental mapping was conducted using EDAX detector
attached on JEM-2100. Nitrogen adsorption—desorption isotherms
were measured on Tristar Il (Micrometrics) at =196 °C. Pore size
distributions were calculated by Barrett—Joyner—Halenda model
using the data of adsorption branch of the isotherm. The specific
surface areas were calculated using adsorption data at the rela-
tive pressure range of P/P,=0.05-0.30 by BET equation. The total
pore volumes were estimated from the adsorbed amounts at a
relative pressure (P/P,) of 0.994. All the samples were degassed
at 150 °C for more than 6 h prior to the nitrogen sorption tests.
Raman spectra were collected on LabRAM (Horiba Ltd) with
532 nm laser. The NEXAFS measurements were carried out on the
soft X-ray spectroscopy beamline at the Australian Synchrotron,
which is equipped with a hemispherical electron analyzer and a
micro channel plate detector that enables a simulation recording
of the total electron yield and partial electron photon beam, meas-
ured on an Au grid. The synchrotron based XPS were collected by
a high-resolution and high-sensitivity hemispherical electron ana-
lyzer with nine channel electron multiplier (SPECS Phoibos 150).

Electrode Preparation and Electrochemical Characterization:
All the electrochemical measurements were performed in a three-
electrode glass cell and under identical conditions. The data were
recorded using a CHI 760 D bipotentiostst (CH Instruments, Inc.,
USA). In a typical electrode preparation, 2.0 mg of synthesized
catalyst were ultrasonically dispersed in 0.5 mL of 0.1 wt% Nafion
aqueous solution. Next, 20 pL of catalyst dispersion (4.0 mg mL™)
were then transferred onto the glassy carbon RDE (0.196 cm?,
Pine Research Instrumentation, USA) via a controlled drop casting
approach, dried in ambient environment for 1 h, and served as a
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working electrode. The reference electrode was an Ag/AgCl in 4 m
KCl solution and the counter electrode was platinum wire. A flow of
N, was maintained over the electrolyte (0.1 m KOH) during the OER
and HER electrochemical measurements to eliminate dissolved
oxygen. All potentials were referenced to an RHE.[33]

In addition, all polarization curves were recorded with the slow
scan rate of 0.5 mV s7! to minimize the capacitive current and cor-
rected for the iR contribution within the cell. The working electrode
was rotated at 1600 rpm to remove hydrogen or oxygen gas bub-
bles formed at the catalyst surface.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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This section is included in the thesis as supplementary information to section 4.2. It includes
additional information which is not put in the main text of the published paper; however, it is

freely accessible online as an electronic supplementary information.
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Table S1. Cobalt concentration values obtained by different methods and the BET surface
areas of (Co-NMC)y/NC and Cox-NMC/NC hybrids.

Cobalt concentration (at. %)
BET surface area (m?g™)

Sample
Elemental
ICP-MS XPS mapping
(Co-NMC)1/NC 1.48 0.30 1.38 540
(Co-NMC)10/NC 212 0.33 2.08 239
Co10-NMC/NC 1.89 0.31 1.72 257
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Figure S5. Washing residue from washing step of cobalt-doped mesoporous APF resin
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5. Pulsed laser deposition of porous N-carbon supported
cobalt (oxide) thin films for highly efficient oxygen
evolution

5.1. Introduction

Identifying efficient non-precious metal electrocatalysts for oxygen evolution reaction (OER)
remains a great challenge. Inexpensive and durable “noble metal-free” electrocatalysts such
as non-precious metal, metal composites and metal-free nanostructures, as well as their
hybrids, have received much attention. Despite recent progress in developing non-precious
metal- based hybrid materials, new OER electrocatalysts with low overpotentials and long-
term stability are still needed. To overcome these challenges, new synthesis techniques are
required to ensure effective control and tunability of morphology, structure and composition
of multi-component materials. Herein, we demonstrate the novel preparation of highly porous
N-carbon film supported cobalt (oxide) nanoparticles via two-step pulsed laser deposition
under a reactive background gas at room temperature. New materials exhibit highly efficient

and durable OER electrocatalytic activity in strongly alkaline electrolytes.
The highlights of this work include:

1. Porous N-carbon supported cobalt (oxide) thin films (Co(Ox)so@PNC) have been
developed via a two-step pulsed laser deposition technique which is versatile in the tuning of

properties of deposited materials over a wide range.

2. By controlling deposition parameters (e.g. background gas type and pressure), porous
structure, chemical composition and conductivity of electrodes are tuned, and their effect on
catalytic activity has been investigated for the first time. This method may pave the way for
the feasible design of N-carbon supported cobalt (oxide) thin films and their electrocatalysis

application.

3. This work shows that the superior performance of Co(Ox)so@PNC originates from the
porous structure and high conductivity of N-carbon support as well as high Co*"/Co” ratio

and the synergetic effect of the cobalt (oxide) nanoparticles and the N-carbon framework.

4. This work shows that the superior performance of Co(Ox)so@PNC originates from the

porous structure and high conductivity of N-carbon support as well as the high Co*"/Co>"

&9



ratio and the synergetic effect of the cobalt (oxide) nanoparticles and the N-carbon

framework.

5.2. Research Outcome

This section is included in the thesis as it appears as a journal paper published by Bita
Bayatsarmadi, Yao Zheng, Carlo Spartaco Casari, Valeria Russo, and Shi-Zhang Qiao,
“Pulsed laser deposition of porous N-carbon supported cobalt (oxide) thin films for highly
efficient oxygen evolution”, Chemical Communications, 2016, 52, 11947-11950.
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Identification of efficient non-precious metal catalysts for the oxygen
evolution reaction (OER) remains a great challenge. Here we report
robust cobalt (oxide) nanoparticles deposited on a porous nitrogen-
doped carbon (N-carbon) film prepared by pulsed laser deposition
under a reactive background gas, which exhibit highly efficient OER
performance with a low overpotential and high stability.

The global energy crisis has prompted intense research into the
development of various types of sustainable energy conversion
and storage systems." Splitting of water is widely considered to
be a critical step toward efficient renewable energy production,
storage and usage. One of the major hurdles in making water
electrolysis commercially more viable is the low efficiency of the
anodic oxygen evolution reaction (OER) and the high cost of
conventional OER catalysts such as IrO, and RuO,.” Inexpensive
and durable “noble metal-free” electrocatalysts have received
much attention recently.> Among different non-precious metals,
cobalt-based materials are promising OER catalysts; however,
the easy accumulation and low conductivity of pure cobalt
oxides decrease the available active sites and limit charge
transport during the oxidation process.” On the other hand,
various carbon-based materials possess unique advantages due
to their tunable molecular structures, abundance, and strong
tolerance to acid/alkaline environments. The interplay between
carbon and cobalt oxide nanoparticles can modify the overall
physicochemical and electronic structures, which makes the
resultant composites highly competitive to traditional cobalt-
based electrocatalysts.”

Despite recent progress in the development of non-precious
metal (specifically cobalt) based hybrid materials, new OER
electrocatalysts with low overpotentials and long-term stability
are still needed. To overcome these challenges, synthesis
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techniques are required, which can ensure high control and
tunability of morphology, structure and composition of multi-
component materials. Physical vapour deposition (PVD) techniques
allow high purity and control in the fabrication of coatings and thin
films. In this context, pulsed laser deposition (PLD) is particularly
versatile in the tuning of properties of deposited materials.® The
control of the ablation process of target materials permits the
tuning of the growth mode and properties of the deposited films
over a wide range.’

Herein, we demonstrate highly porous N-carbon film sup-
ported cobalt (oxide) nanoparticles prepared by two-step pulsed
laser deposition under a reactive background gas at room
temperature as a highly efficient and durable OER electrocata-
lyst in strongly alkaline electrolytes. A detailed physicochemical
characterization of this material further confirms that its
superior performance originates from the porous structure and
high conductivity of N-carbon and the synergetic effect of the
cobalt (oxide) nanoparticles and the N-carbon films.

The two step fabrication process of cobalt (oxide) nanoparticles
deposited on porous N-carbon films (denoted as Co(Ox)-@PNC;
subscript P is the background gas pressure in Pa) is illustrated
in Fig. 1a. In the first step, porous N-carbon (PNC) films were
deposited on substrates (silicon and copper foil) by PLD with a
pulse energy of 200 mJ (4 = 532 nm, pulse duration = 9 ns) at
room temperature using a highly pure graphite target under
reactive N, gas flow. Laser pulses ablate the target ejecting material
in a plasma plume in the presence of a background gas within the
pressure range of 10 to 100 Pa to tune the morphology, structure
and composition of the deposited film. The X-ray photoelectron
spectroscopy (XPS) survey indicates that the chemical composition
of PNC films consists of C, O and N (Fig. 1b). By controlling
deposition parameters (e.g. background gas pressure, target-to-
substrate distance and deposition time), thin films with various
porous structures and specific surface area were formed (Fig. S1,
ESIY). Such porous structures are favourable for the deposition
of metal nanoparticles in the second step, as the latter could
easily go through and stay on the surface or side walls of the
porous carbon network.

Chem. Commun., 2016, 52, 11947-11950 | 11947
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Fig. 1 (a) Schematic illustration of the two step synthesis process of cobalt
(oxide) nanoparticles deposited on porous N-carbon film (Co(Ox)p@PNC)
and the XPS survey of (b) first step product (PNC) and (c) final product
(Co(Ox)p@PNC).

Following this, cobalt nanoparticles were deposited on PNC
films (operating as the substrate) using an ultra-pure cobalt
target with a nitrogen background gas pressure of 50 Pa to form
Co(Ox)50@PNC. As shown in Fig. 1lc, the XPS survey of
Co(Ox)50@PNC confirms the successful incorporation of cobalt
species into the N-carbon framework (see the Experimental
section for details). The cobalt deposition time was calculated
based on the desired amount of cobalt in the final product (e.g.
10 at%) using quartz crystal microbalance (QCM) measurements.

The morphology and nanostructures of the synthesized materials
were investigated using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The SEM top view
image of the PNC films (Fig. 2a) shows complete coverage of the
surface by a porous carbon film formed by fine N-carbon
nanoparticles deposited at low kinetic energy.® The SEM cross-
sectional image (inset of Fig. 2a) demonstrates a highly porous
thin film with a thickness of about 210 nm. As shown in Fig. S2
(ESIY), the surface morphology of deposited N-carbon films is
more spongy with the increasing background gas pressure from
10 to 100 Pa during the deposition process. The cross-sectional
SEM images (insets of Fig. S2, ESIt) show that the films formed
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Fig. 2 Top view SEM image and (insets) cross-sectional image of (a) PNC
film deposited at 50 Pa and (b) Co(Ox)s50@PNC at 50 Pa, (c) TEM image of
Co(Ox)50@PNC and (d) XRD pattern of Co(Ox)so@PNC.
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at lower gas pressures (i.e. 10 and 30 Pa) are more compact while
the films formed at higher pressures (i.e. 50 and 100 Pa) are
more porous. Notably, Fig. S2d (ESIY) (film deposited at 100 Pa)
exhibits an irregular and highly disordered structure.

From these results, the PNC film deposited at 50 Pa represents
the optimal condition for the deposition of low density N-carbon
foam which is favourable as a substrate for cobalt (oxide) deposition.
Hence, the deposition parameters were carefully tuned to ensure
that the subsequent deposition of cobalt did not damage or alter
the morphology of the porous N-carbon support layer, as shown
in Fig. 2b, where it is clearly seen that there is no change on the
surface and cross-section of the film compared to that of PNC.
The magnified TEM image (Fig. 2c) shows that the Co(Ox)s,@PNC
films are the aggregation and assembly of nanoparticles in a
cauliflower-like fashion with an average diameter of about
50 nm. Note that there is no sign of the presence of large bulk
cobalt species homogenous ablation of the cobalt target.

Fig. S3 (ESIT) displays the HR-TEM images, which confirm
the Co(Ox)p@PNC films with cobalt deposition at different
background gas pressures ranging from 1 to 50 Pa. It is clearly
seen that the cobalt nanoparticles form compact clusters at
lower gas pressures (e.g. 1 and 10 Pa), while porous structured
cobalt nanocrystals are embedded within the N-carbon frame-
work at a gas pressure of 50 Pa, which could be more favourable
for catalytic activity toward the OER.

The X-ray diffraction (XRD) pattern of the synthesized material
corresponds well to what is expected for nanocrystalline
Co(Ox)50@PNC (Fig. 2d), which shows the existence of Co°
and cobalt oxides including CoO and Co;0,.° The XRD pattern
also exhibits a peak at ca. 24° and 27.5° which is attributed
to the (002) facets of graphitic carbon and the stacking peak of
pi-conjugated layers for graphitic materials.’® A weak peak at
42.5° confirms the presence of the (100) plane of disordered
amorphous carbon.

Fig. 3a represents the typical Raman spectrum of Co(Ox)s,@PNC,
demonstrating a sharp peak at 675 cm ' assigned to cobalt
oxide'" (the other sharp peak at 521 cm™ ' is a silicon signal
coming from the substrate) and a distinct large peak with a
shoulder in the range of 1300-1600 cm™ " (G-D region). The
shape of this large peak indicates that carbon is mostly in its
amorphous form.'” In order to identify the G and D peak
properties (position, width and relative intensities), the Raman
spectra were then analysed by fitting a Lorentzian to the D peak
and a Breit-Wigner-Fano (BWF) line shape to the G peak. The
best deconvolution of the peak at the G-D region (inset of Fig. 3a)
shows two prominent broad G(1575 em™') and D(1345 cm ™)
bands, which represent the presence of sp® carbon and the
degree of structural disorder of carbon materials, respectively.'?
Notably, the substitution of carbon atoms by other species
(i.e. nitrogen) is reasonably accompanied by the introduction of
defects into the carbon network, which can reflect on the D band
to G band intensity ratio (Ip/Ig)."* Typical values of about 0.5 for
the I/I; ratio (Fig. S4, ESIT) together with the G position at about
1575 cm™ ! are compatible with amorphous sp” carbon.™ Fig. 3b
displays the Raman spectra of Co(Ox)s(@PNC at three different
excitation wavelengths (i.e. 266, 325 and 514 nm) in order to

This journal is © The Royal Society of Chemistry 2016



ChemComm

b)

30004 =
3 E)
3 2000 <
< =z
z g
2 1000 k]
2 c
£ =

0
G-D region
300 600 900 1200 1500 1800 1200 1600 2000 2400 2800

c) Raman shift (cm”) d) Raman Shift (cm™)

2800
2600
3
< 24004
=
3
<
8 22004, (M4
£

2000

404 402 400 398 396 8lo 800 790 780 770
Binding energy (a.u.) Binding energy (eV)
Fig. 3 (a) Raman spectrum of Co(Ox)so@PNC film (inset of a) Deconvoluted

peaks of the G-D region, (b) Raman spectra of Co(Ox)so@PNC film for
different laser type (wavelength range) (inset of b) enlarged view of Raman
shift ranging 2200-2250 cm™, (c) high-resolution N1s spectrum and
(d) high-resolution Co2p spectrum of Coso(Ox)@PNC film.

confirm the C-N formation. A distinct peak at about 2200 cm ™,

which can be attributed to sp' bonded C-N groups, is clearly
visible for the 266 nm excitation, whilst it is barely detectable at
325 and 514 nm excitations. The enhancement of the peak
assigned to C-N groups during UV excitation occurs due to their
n-n* band gap which is only resonant for UV excitation.'®> As
shown in Fig. S5 (ESIt), the absence of the C-N peak at about
2200 ecm ™" for Co(Ox)5,@PC confirms the introduction of nitrogen
by ablation under a reactive (nitrogen) atmosphere. By studying
the cobalt oxide Raman peaks (Fig. S6, ESIT), it is clearly seen that
the Raman active peak assigned to cobalt oxide slightly shifts
and becomes weaker in samples deposited in lower nitrogen gas
pressures. This might be attributed to the presence of cobalt
(oxide) nanostructures with a different degree of structural
order. Hence, the deposition of small cobalt nanoclusters may
result in a better interconnection of cobalt with the C-N species
with an improved electrical conductivity.'® Moreover, the lower
cobalt (oxide) peak intensity at Co(Ox)so@PNC compared to that
of Co(Ox)so@PC indicates that cobalt oxides are partially surrounded
by some graphitic carbon layers, which is favourable for electro-
catalyst stability."”

As shown in Fig. 3c, the N1s XPS spectrum comprises three
main peaks located at about 397.8, 399.6 and 400.9 eV, which
correspond to pyridinic, pyrrolic and graphitic nitrogen, respectively.
Additionally, the wide peak present at about 402.7 €V is assigned to
oxidized-nitrogen species.'® It should be noted that the presence of
graphitic nitrogen species confirms the substitution of some carbon
atoms by nitrogen atoms in the structure of Co(Ox)so@PNC, which
is believed to participate as the active sites.'® Moreover, the existence
of pyridinic and pyrrolic nitrogen is beneficial in improving the
conductivity of the carbon framework due to the contribution of
their p-conjugated system with a pair of p-electrons.”® This
successful incorporation of cobalt into the N-carbon framework
was further revealed by the Co 2p XPS spectrum (Fig. 3d). The
best deconvolution of the Co 2p profile was achieved under the
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assumption of five peaks, indicating the existence of Co°, Co*",
Co®" and their shake-up satellites. It should be noted that peaks
with binding energies of 782.2 and 796.9 eV correspond to
oxygen-coordinated metals (CoO and Co3;0,4) and the peak at
778.2 €V is attributed to Co°.*! The integral data show that the ratio
of Co>*/Co® is 2.64 and Co° occupies 11.8% in Co(Ox)s@PNC
(Table S1, ESIt). By comparing the binding energies of the peaks
assigned to pure cobalt oxides (~780.1 and 791.9 €V), the close
assembly and strong interaction between oxygen-coordinated cobalt
species and carbon is confirmed, which results in the impaired
electron density of Co atoms in Co(Ox)s5,@PNC films.*?

The OER electrocatalytic activity of the synthesised electro-
catalysts was evaluated in a standard three-electrode system in
an Ny-saturated 1.0 M KOH solution (Fig. S7, ESIt). The OER
performances of the prepared materials were tested using linear
sweep voltammetry (LSV; Fig. 4a). Remarkably, the Co(Ox)s,@PNC
film can afford a current density of 10 mA cm™ > at a small
overpotential of 349 mV, which is smaller than those of
Co(Ox)50@PC (387 mV), commercial IrO,/C (462 mV), and metal-
free PNC (maximum achieved current density of 7.5 mA cm ™2 at
576 mV). It is also comparable to the best reported carbon
supported Co-based OER catalysts.>® The OER kinetics of the
above catalysts were studied by plotting their Tafel curves
(Fig. 4b). The resulting Tafel slopes are found to be 75.3,
84.1 and 103.8 mV dec ' for Co(Ox);,@PNC, Co(Ox)5,@PC
and PNC respectively, implying the critical role of cobalt (oxide)
and nitrogen species in the OER activity of these materials.”*
Moreover, fast electron transport in OER at Co(Ox)5,@PNC is
confirmed by the smallest semicircular diameter (R, = 4 Q)
of electrochemical impedance spectroscopy (EIS) at 0.7 V vs.
Ag/AgCl (Fig. S8, ESIt), which is in good agreement with the

=)
=3

Co(0x),,@PNC 06
Co(0x), @PC
——PNC

----- Ir0,/C

2 o
s & o°

Current Density (mAcm?) £
o
3

0
12313 14 15 16 17 18 05 00 05 1.0 15 20
Potential vs RHE (V) Log [J(mAcm™)]

[——Co(0x),-PNC (10)
——Co(0x),,-PNC (10)
j=——Co(Ox), -PNC (1)
|——Co(0x),-PNC 5) ]
[——Co(0x),,-PNC (10f] ff o.- .

—— Before stability test
—— After stability test

©

Cobalt concentration
(@t

o

%

w

Current Density (mAcm?)

=3

Cobat depostion
pressure (Pa;

18 1112

Current Density (mAcm®)

[8)

4 15

3 1 16 17 18
Potential vs RHE (V)

14 16
Potential vs RHE (V)

Fig. 4 (a) OER polarization curve of Co(Ox)s0@PNC, Co(Ox)s0@PC,
metal-free PNC and benchmarked IrO,/C samples in 1.0 M KOH solution
and (b) corresponding OER Tafel plots of Co(Ox)s0@PNC, Co(Ox)so@PC,
metal-free PNC and IrO5/c, (c) OER polarization curves and (inset of c)
overpotential plots to reach a current density of 10 mA cm™2 for
Co(Ox)p@PNC films at different cobalt deposition pressures (blue line)
and different cobalt concentrations at a background gas pressure of 50 Pa
(red line) in 1.0 M KOH and (d) OER polarization curves of Co(Ox)s0@PNC
before and after the stability test.
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Tafel slope, implying faster electrode reaction kinetics. As
shown in Fig. 4c, the overpotential (1, at a current density of
10 mA cm ™ ?) decreases for samples fabricated at greater back-
ground gas pressures during the cobalt deposition process.
This might be attributed to the formation of crystalline cobalt
(oxide) at higher pressures (as confirmed via HRTEM images,
Fig. S3, ESI{) which could possibly increase the interaction of
cobalt species with the N-carbon structure. Moreover, a rise in
the cobalt concentration (i.e. 1, 5 and 10 at%) results in a
decrease in the overpotential, which could be due to presence
of a greater number of accessible cobalt (oxide) active sites
towards oxygen evolution. It is reported that the electrochemically
active surface area (EASA) is directly proportional to the amount
of active sites, which can be evaluated by the electrochemical
double-layer capacitance (Cq).>> The Cq results confirm the
highest number of active sites and enhanced catalytic activity
of Co(Ox)5,@PNC towards OER (Fig. S9, ESI¥).

The stability of catalysts toward OER is also important for
application of these catalysts in actual devices. Thus, a 24 h
chronoamperometric test (Fig. S10, ESIT) of Co(Ox)5,@PNC was
conducted, which exhibited only an 8 mV increase in the
overpotential required to achieve a catalytic current density of
10 mA cm 2 (Fig. 4d). This excellent stability also demonstrates
the potential of using Co(Ox)5,@PNC films as an efficient and
stable OER catalyst.

The above discussions indicate that the remarkable OER
catalytic activity of Co(Ox);,@PNC arises from its tuned Co>*
content, when compared to its nitrogen-free counterpart
(Fig. 3d, Fig. S11 and Table S1, ESIY). This can be attributed
to the strong interaction and synergetic effect of cobalt (oxide)
nanoparticles with N-carbon films and highly improved con-
ductivity and charge transfer capability, which are favourable
toward OER activity and stability. Moreover, the porous struc-
ture of the N-carbon film support increases the surface area,
mass-transport capability and catalytic activity in comparison
with that of compact films as evaluated by Cg, which is
supposed to be proportional to the surface area in the case of
pure N-carbon supports (Fig. S12, ESI{).>® Last but not the least,
the direct growth of active materials on the conductive Cu-foil
can greatly enhance the electron transport and adhesion
between porous films and substrates, promoting the structural
stability for long-term usage.*’

In conclusion, Co(Ox)s,@PNC films were successfully developed
via a two-step pulsed laser deposition technique. The synthesised
material behaves as an efficient OER electrocatalyst and has
superior activity in 1.0 M KOH electrolyte. The excellent catalytic
activity of Co(Ox)so@PNC films could be attributed to the
surrounding N-carbon framework, and it was found that a
higher ratio of Co®*/Co’" yields better catalytic activity towards
the OER. The transport of reactants and products involved in
electrochemical reactions was also facilitated by the porous
structure of the N-carbon support. Together with the combined
mutual effects of each structural component, this Co(Ox);,@PNC
OER catalyst outperforms most of the reported earth-abundant
OER catalysts in activity and stability.
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I. Experimental section

Material synthesis

Targets and substrate preparation

High purity (99.99%) pyrolytic graphite and an ultra-high purity cobalt target were used for
deposition of carbon films and cobalt nanoparticles, respectively. Silicon wafer and copper
foils (1 cm x 1 cm pieces) were used as the substrates for film deposition. All the substrates
were cleaned by sonication in isopropanol for 20 minutes, rinsing in isopropanol and drying

using N> flow before deposition.
Synthesis of porous nitrogen-doped carbon film

The porous nitrogen-doped carbon films were deposited at room temperature by reactive PLD
using a Nd:YAG pulsed laser (A = 532 nm, duration of 9 ns and repetition rate of 10 Hz),
with a pulse energy of 200 mJ. The beam is directed on rotating graphite target with 45° angle
of incidence. Laser pulses ablate the target ejecting material in a plasma plume. Ablated
species are deposited on the substrates to form the carbon thin film. The ablation process is
performed in the presence of a background gas to tune morphology, structure and
composition of the deposited film. The distance between the target and the substrate and the
laser spot size on the target were kept at 5 cm and 12.5 mm?, respectively. The chamber was

evacuated first to a base pressure (10~ Pa) using a primary scroll pump and a turbo-molecular
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pump. The chamber was then fed with nitrogen gas (99.99% purity) within the pressure range
of 10-100 Pa to introduce nitrogen to the carbon framework. Ablation in a reactive
atmosphere (high purity N2 gas) was performed to incorporate nitrogen into the carbon
framework and create C-N moieties to enhance the electrical conductivity. Porous carbon
films (without nitrogen) in Argon flow were also prepared using the same PLD conditions for
comparison. Based on desired morphology, the deposition times (i.e. number of laser pulses)

were varied to control the film thickness (Figure S1).

Mass loading measurements were obtained using a quartz crystal microbalance (QCM) and
keeping other deposition conditions (i.e. chamber pressure, pulse energy, target to substrate

distance (QCM in the case of mass loading measurements)) constant.
Synthesis of cobalt (oxide) nanoparticles deposited on porous nitrogen-doped carbon film

A high purity Cobalt target was used for the deposition of cobalt (oxide) nanoparticles onto
nitrogen-doped carbon films deposited on silicon and copper foil substrates. All the
deposition conditions were similar to before. Cobalt (oxide) nanoparticles were deposited at
three different background gas pressures (1, 10 and 50 Pa) and deposition times were
calculated based on a desired cobalt mass percentage of 10 %at. All the calculations were
done based on the mass loadings recorded from the quartz crystal microbalance (QCM) at

constant PLD conditions (both carbon and cobalt deposition mass loading).

For comparative studies and to obtain some insight into the electrocatalytic activity of
Co(Ox)@PNC films, a series of control samples were prepared at a nitrogen background gas
pressure of 1 and 10 Pa (to form Co(Ox);@PNC and Co(Ox);o0@PNC and under an Argon
background gas pressure of 50 Pa to form Co(Ox)so@PC films. All other deposition
conditions were kept the same. To study the effect of cobalt atomic concentration at
optimized cobalt deposition pressure, Co(Ox)so@PNC films with cobalt concentration of 1 , 5

and 10 at % were prepared. All other deposition conditions were kept the same.

Chemical characterization

The morphology of synthesized samples was characterized by a high resolution transmission
electron microscope (TEM, JEM-2100) operating at 200 kV and a scanning electron
microscope (SEM, ZEISS Supra40) operating at 10 kV. Elemental mapping was conducted
using an EDAX detector attached to the JEM-2100. Raman spectra were collected on
Renishaw micro-Raman with 514.5 nm and 325 nm excitation wavelengths and LabRAM

(Horiba Ltd) with a 266 nm laser line. X-ray diffraction (XRD) patterns (10-80°in 28) were

100



collected on a powder X-ray diffractometer at 40 kV and 15 mA using Co-Ka radiation
(Miniflx-600, Rigaku). The X-ray photoelectron spectroscopy (XPS) analysis was conducted
on an Axis Ultra spectrometer (Kratos Analytical Ltd.) with monochromated AlKa radiation

(1486.6 V) at ca. 5107 Pa.

Electrochemical characterization

All electrochemical tests were performed in a three-electrode glass cell on a 760 workstation
(Pine Research Instruments, US). The as-synthesized hybrid films were directly used as the
working electrodes, platinum wire as the counter electrode and a standard Ag/AgCI/KCI (4
M) electrode as the reference electrode. A flow of N> was maintained over the electrolyte (1
M KOH) during the OER electrochemical measurements to eliminate dissolved oxygen. All
potentials were referenced to a reversible hydrogen electrode (RHE) using the equation

below:
Erue = Eagiager + (0.059 x pH + 0.205)

Cyclic voltammogram (CVs) plots were recorded at a scan rate of 100 mV s, and linear
sweep voltammograms (LSVs) at 5 mV s™', to minimize the capacitive current. The working
electrodes were scanned several times to achieve stabilization before data collection occurred.
The internal resistance of the electrochemical cell was 5 Q and all CV and LSV data were

corrected for this iR contribution within the cell.
The Tafel slope was calculated according to the Tafel equation as follows:
n=blogj+a,
where 1) is overpotential (V), j is the current density (mA c¢m™), and b is the Tafel slope (mV
dec™).

Electrode stability was tested using chronoamperometric response which was conducted at
+0.8V (vs. Ag/AgCl) for the OER electrodes. LSVs plots were obtained before and after

stability testing for comparison.

The electrical double layer capacitances (Cq, uF cm™) of working electrodes were obtained
from double-layer charging-discharging plots using CVs in a small potential range of -0.875
to -0.825 V (vs Ag/AgCl) at scan rates ranging from 10 to 100 mVs™. The plots of the current
density (mA cm™) at -0.85V (vs. Ag/AgCl) against the scan rate are nearly linear and the

slopes are Cq; (UF cm™).
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I1. Supporting figures

Figure S1. Cross sectional SEM image of PNC films prepared with a constant deposition
time of 120 seconds and different background gas (N,) pressures (a) 30 Pa, (b) 50 Pa and (c)
100 Pa.

Figure S2. Top view SEM image and (insets) cross-sectional image of PNC films deposited

at different background gas pressures; (a) 10 Pa, (b) 30 Pa, (c) 50 Pa and (d) 100 Pa.
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Figure S3. HRTEM image of Co(Ox),@PNC films prepared at different background gas
pressures (for cobalt deposition); (a) 1 Pa, (b) 10 Pa and (c) 50 Pa.
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Figure S4. Ip/Ig ratio of Co(Ox),@PNC prepared by using three different background gas
pressures (for cobalt deposition, i.e. 1, 10 and 50 Pa) and Co(Ox)so@PC.
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Figure S5. Enlarged view of Raman spectra (C-N peak) of Co(Ox)so@PNC (red line) and

Co(Ox)so@PC (black line) films in UV range (wavelength=266 nm). The peak at 2330 cm’
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Figure S6. Raman spectra of Co(Ox)p@PNC prepared by using three different background
gas pressures for cobalt deposition (i.e. 1, 10 and 50 Pa) and Co(Ox)so@PC.
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Figure S7. (a) Photographs of the applied electrochemical cell. The reference electrode is a
standard Ag/AgCl in 4M KCIl; the counter electrode is Platinum wire; N, was purged during
measurements to eliminate dissolved O,; working electrodes are the as-prepared films, (b)

enlarged view of the working electrode during electrochemical tests.
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Figure S8- Electrochemical impedance spectra at +0.7 V vs Ag/AgCl of metal-free PNC,
Co(Ox)@PC, Co(Ox)@PNC in 1.0 M KOH solution.
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Figure S9- a) Cyclic voltammograms (CVs) of Co(Ox)@PNC at background gas pressure of
50 Pa measured at different scan rates from 10 to 100 mV s™ and b) Plots of the current
density at -0.85 V vs. the scan rate for Co(Ox)@PNC deposited at three background gas
pressure (i.e. 1, 10 and 50 Pa).
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Table S1- Cobalt species contents (obtained from Co2p XPS analysis) for the synthesized

electrodes.

Sample %Co’  %Co*" %Co’" Co*'/Co™

Co(OX)@PNC 118  64.0 242 2.64

Co(Ox)@PC 12.6 28.7 58.7 0.49
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Chapter 6






6. Highly Active binary Nickel-Cobalt/Nanocarbon thin
films as Efficient Water Splitting electrodes

6.1. Introduction

Replacement of high cost and scarce precious metal catalysts with cost-effective alternatives
for completely splitting water at low voltage has attracted wide attention in both industrial
and scientific catalysis research. Inexpensive and durable “noble metal-free” electrocatalysts
such as non-precious metal-based hybrids have been selected as effective components for
either HER or OER. However, pairing the two electrode reactions for practical use is difficult
due to the activity and stability issues at different pH ranges. Therefore, developing a
bifunctional electrocatalyst with high activity towards both OER and HER in the same
electrolyte becomes important yet challenging. To overcome these challenges, new synthesis
techniques are required to ensure effective control and tunability of morphology, structure,
and composition of multi-component materials. Herein, we demonstrate the novel preparation
of a porous carbon film coated by Nickel-Cobalt nanoparticles via a two-step Pulsed laser
deposition at room temperature in which nitrogen dopants are incorporated into the carbon
framework by ablation under reactive and highly pure nitrogen gas. New developed materials
exhibit highly efficient and durable electrocatalytic activity toward both HER and OER in

strong alkaline electrolytes.
The highlights of this work include:

1. Nitrogen-doped carbon supported binary nickel-cobalt nanoparticles (NixCo;.x/NC) have
been developed via a two-step pulsed laser deposition technique which is versatile in the

tuning of properties of deposited materials over a wide range.

2. This work shows that the superior performance of Ni,Co;.,/NC originates from the porous
structure and high conductivity of N-carbon support as well as the formation of interfacial
covalent M—N—C and M—O—-C bonds which can provide additional active centres in the

synthesized hybrids for HER and OER, respectively.

3. The outstanding catalytic performance of developed composites was strongly correlated to
the homogeneous distribution of nickel-cobalt active sites and synergetic coupling interaction

with the porous N-carbon framework.

111



4. These findings provide evidence that NiyCo;.x/NC electrocatalyst outperforms most of the
earth-abundant material-based catalysts with a high current density and excellent stability,
therefore shedding new light on the molecular design of next generation electrocatalysts for

water splitting.

6.2. Research Outcome

This section is included in the thesis as it appears as a journal paper published by Bita
Bayatsarmadi, Yao Zheng, Valeria Russo, Lei Ge, Carlo Spartaco Casari, and Shi-Zhang
Qiao, “Highly Active binary NickelCobalt/Nanocarbon thin films as Efficient Water Splitting
electrodes”, Nanoscale, 2016, 8, 18507-18515.
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Highly active nickel-cobalt/nanocarbon thin films
as efficient water splitting electrodesf

Bita Bayatsarmadi,® Yao Zheng,? Valeria Russo,” Lei Ge,© Carlo Spartaco Casari*° and
Shi-Zhang Qiao*®

Developing low cost, highly active and stable electrocatalysts for both the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) using the same electrolyte has remained a major chal-
lenge. Herein, we report a novel and robust material comprised of nickel—cobalt nanoparticles coated on
a porous nitrogen-doped carbon (NC) thin film synthesized via a two-step pulsed laser deposition tech-
nique. The optimized sample (Nig 5sCoq5/NC) achieved the lowest overpotentials of 176 mV and 300 mV
at a current density of 10 mA cm™ for HER and OER, respectively. The optimized OER activity might be
attributed to the available metal oxide nanoparticles with an effective electronic structure configuration
and enhanced mass/charge transport capability. At the same time, the porous nitrogen doped carbon
incorporated with cobalt and nickel species can serve as an excellent HER catalyst. As a result, the newly
developed electrocatalysts manifest high current densities and strong electrochemical stability in overall

www.rsc.org/nanoscale

Introduction

In combatting global warming, the development of renewable
energy systems, and in particular energy storage, is vital in
order to reduce society’s dependence on the finite fossil fuels.
Hence, it is essential to develop efficient, low-cost and safe
energy storage devices for powering vehicles and electronic
devices."? Electrochemical water splitting represents one of
the most important methods for renewable energy storage by
generating hydrogen fuel.* In electrocatalytic water splitting,
both water reduction and oxidation reactions are constrained
by sluggish kinetics. Currently, the state-of-the-art catalysts
used to split water are noble metal-based catalysts including
Pt/C and IrO,/C for the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER), respectively. These
materials, however, are expensive, scarce and suffer low stabi-
lity.>” Thus, inexpensive and durable non-noble metal electro-
catalysts, such as non-precious metals,® metal composites’
and metal-free nanostructures,’® as well as their hybrids,"
have received much attention recently. First row transition
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water splitting, outperforming most of the previously reported non-precious metal-based catalysts.

metal-based materials have had particular interest and have
been intensively investigated as potential candidates for
electrocatalytic water splitting.

Recent developments demonstrate that the catalytic activity
of non-precious metal-based catalysts can be substantially
tuned by doping or fabrication of binary metallic mixtures.'*"?
Several strategies have been reported to further improve the
catalytic activity of the aforementioned catalysts such as: creat-
ing porosity within the structure, immobilizing nanoparticles
on carbon supports to increase the surface area and available
active sites and making multi-metallic catalysts due to the
synergistic interactions between different metals."**® This
enhancement may involve morphology changes and/or chemi-
cal changes with the possibility of creating bimetallic active
sites with carbon bridging.

On the other hand, catalysts in large scale applications
need to deliver high current density with low overpotential and
high stability and durability.'” Currently, most of the reported
transition metal-based catalysts are powders which need to be
coated on a conductive substrate (e.g. glassy carbon electrodes)
with the help of polymeric binders (e.g. Nafion). This may
result in a decrease in the contact area between the electrolyte
and catalytic active sites and poor stability (i.e. peeling off
from the substrate) causing loss in electrocatalytic perform-
ance."® Pulsed laser deposition (PLD) is a versatile synthesis
technique to finely control the structure and properties of syn-
thesized materials. PLD provides several advantages including
deposition of thin films with either a porous/hierarchical
structure or a smooth surface in which their chemical compo-
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sition is quite close to that of the target, even for multicompo-
nent targets as shown in the case of nanostructured doped
oxides for energy applications."”*! In addition, PLD can be
used to fabricate transition-metal based nanoparticles sup-
ported on surfaces>*>* including conductive supports to be
directly utilized as an electrode for both HER and OER
reactions.”*

However, pairing the two electrode reactions for practical
use is difficult due to the activity and stability issues at
different pH ranges. Therefore, developing a bifunctional electro-
catalyst with high activity towards both OER and HER in the
same electrolyte becomes important yet challenging.

Herein, we report a porous carbon film coated with nickel-
cobalt nanoparticles via a two-step PLD process at room temp-
erature in which nitrogen dopants are incorporated into the
carbon framework by ablation under reactive and highly pure
nitrogen gas (designated as Ni,Co,_,/NC). The obtained
hybrids directly served as a binder- and conductive-agent-free
electrode and exhibited good electrocatalytic performances
toward both HER and OER. The sample with an optimized Ni-Co
molar ratio (Niy5Co,5/NC) achieved the lowest overpotentials
of 176 mV and 300 mV at a current density of 10 mA cm™>
toward the HER and OER, respectively. This electrode was also
applied as a bifunctional electrocatalyst for a two-electrode
water splitting cell which could achieve a current density of
10 mA cm ™ at a low voltage of 1.75 V, which is lower than that
of individual metallic electrodes (Ni/NC and Co/NC). Our
results show great promise in developing new families of non-
precious metal-based bifunctional electrocatalysts using con-
trolled conversion of homogeneous metal complexes into
solid-state carbon catalysts.

Experimental
Material synthesis

Targets and substrate preparation. High purity (99.99%)
graphite, an ultra-high purity nickel foil (2.5 mm thick) and a
cobalt target were used for deposition of nickel-cobalt/
N-carbon. Silicon wafer and copper foils (1 cm x 1 cm pieces)
were used as substrates for film deposition. All the substrates
were cleaned by sonication in isopropanol for 20 minutes,
rinsing with isopropanol and drying using a nitrogen gas flow
before deposition.

Synthesis of N-doped carbon films. The porous nitrogen-
doped carbon films were deposited at room temperature by
reactive PLD using a Nd:YAG pulsed laser (4 = 532 nm, dur-
ation of 9 ns and a repetition rate of 10 Hz) with a pulse
energy of 200 mJ. The beam was directed onto a rotating
graphite target with a 45° angle of incidence. Laser pulses
ablated the target ejecting material in a plasma plume.
Ablated species were deposited on the substrates to form the
carbon thin film. The ablation process was performed in the
presence of nitrogen as a background gas to tune the mor-
phology, structure and composition of the deposited film. The
distances between the target and the substrates and the laser
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spot size on the target were kept at 5 cm and 12.5 mm?
respectively. The chamber was first evacuated to a base
pressure (10~° Pa) using a primary scroll pump and a turbo-
molecular pump. Then, the chamber was fed with nitrogen
gas (99.99% purity) at 50 Pa to introduce nitrogen into the
carbon framework. The deposition time (i.e. number of laser
pulses) was set to 120 seconds to form a film with a thickness
of 250 nm. Mass loading measurements were performed using
a quartz crystal microbalance (QCM) and keeping other depo-
sition conditions (i.e. chamber pressure, pulse energy, target
to substrate (QCM in the case of mass loading measurements))
constant.

Synthesis of nickel-cobalt/N-carbon films. High purity
cobalt targets decorated with different nickel strips (Fig. S1t)
were used as bimetallic targets for deposition of Ni,Co;_, on
the N-carbon films from the previous step (used as a sub-
strate). All deposition conditions were kept similar to con-
ditions mentioned previously. Ni,Co,_, were deposited at a
background gas pressure of 50 Pa and deposition times were
calculated based on a desired cobalt mass percentage (10 at
%). All calculations have been done based on mass loading
records from a quartz crystal microbalance (QCM) under con-
stant PLD conditions (both carbon and cobalt deposition mass
loadings).

Chemical characterization

The morphology of the synthesized samples was characterized
by using a scanning electron microscope (SEM, ZEISS Supra40)
operating at 10 kV. Elemental mapping was conducted using
an energy dispersive spectroscopy (EDS) detector attached onto
a ZEISS Supra40 and EDS spectra collected from the EDS detec-
tor attached to the JEM-2100. Raman spectra were collected on
a LabRAM (Horiba Ltd) with a 532 nm laser line. X-ray diffrac-
tion (XRD) patterns (10-60° in 26) were collected on an X-ray
diffractometer at 40 kV and 15 mA using Co-Ka radiation
(Miniflex-600, Rigaku). X-ray photoelectron spectroscopy (XPS)
analysis was conducted on an Axis Ultra spectrometer (Kratos
Analytical Ltd.) with monochromated AlKa radiation (1486.6 eV)
at ca. 5x 107° Pa.

Electrochemical characterization

All electrochemical measurements were performed in a three-
electrode glass cell on a 760 workstation (Pine Research
Instruments, US). The as-synthesized hybrid films were directly
used as working electrodes, platinum wire as the counter elec-
trode and Ag/AgCl/KClI (4 M) as the reference electrode. A flow
of N, was maintained over the electrolyte (1.0 M KOH) during
the OER and HER electrochemical measurements to eliminate
dissolved oxygen. All potentials were referenced to a reversible
hydrogen electrode (RHE) using the equation below:
Erue = Eag/agc1 + (0.059 x pH + 0.205).

Linear sweep voltammograms (LSVs) were recorded at 5 mV s™*
to minimize the capacitive current. The working electrodes
were scanned several times until stabilization before data col-

This journal is © The Royal Society of Chemistry 2016
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lection commenced. The internal resistance of the electro-
chemical cell was 5 Q and all cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) data were corrected for the iR
contribution within the cell.

The Tafel slope was calculated according to the Tafel
equation as follows:

n=>blogj+a,

where 7 is the overpotential (V); j is the current density
(mA em™?); b is the Tafel slope (mV dec™).

Electrode durability was tested using a chronoampero-
metric response which was conducted at —1.5 V (vs. Ag/AgCl)
for HER and +0.8 V (vs. Ag/AgCl) for OER electrodes.

The electrical double layer capacitances (Cq;, pF cm™?) of
the working electrodes were obtained from double-layer char-
ging-discharging plots using CV in a small potential range of
—0.8 to —0.75 V (vs. Ag/AgCl) and at scan rates ranging from 10
to 100 mV s~'. The plots of current density (mA cm™?) at
—0.775 V (vs. Ag/AgCl) against the scan rate are nearly linear
and the slopes are Cq; (uF cm™2).

The water splitting system was fabricated using a two-elec-
trode cell configuration by integrating the Ni, 5C0¢ 5/NC bi-
functional catalyst as the anode and the cathode in 1.0 M
KOH. Polarization curves were obtained using LSV with a scan
rate of 5 mV s™'. Long-term durability tests were performed at
a constant potential of 1.6 V. Ni/NC||Ni/NC, Co/NC||Co/NC
and Pt/C||IrO,/C two electrode water splitting cells were also
studied to draw comparisons. All data for the two electrode
electrolyzer were recorded without iR compensation.

Results and discussion

The fabrication process of nitrogen doped carbon supported
binary nickel-cobalt nanoparticles (Ni,Co,_,/NC; x denotes the
molar ratio) is illustrated in Fig. 1. Porous structured nitrogen-
doped carbon films were prepared on silicon wafers and
copper foils as a substrate by a Pulsed laser deposition (PLD)
technique under a reactive background gas at room tempera-
ture (Fig. S1at). This procedure is modified from our previous
report.”®> The resultant N-carbon film features unique advan-
tages due to its porous structure and represents a favorable
support with unique properties such as high electrical conduc-
tivity and enhanced electron transfer. Next, binary Ni,Co;_,
nanoparticles were deposited on the N-carbon film using
designed bimetallic targets (Fig. S1bf) and reactive PLD (1 =
532 nm with a pulse energy of 200 m]) as described in the
Experimental section. Laser pulses ablated the spinning target
ejecting material in a plasma plume. Ablated cobalt and nickel
species were deposited on the substrates (N-carbon) to form
binary Ni,Co;_,/NC. The Ni/Co ratio was controlled by the
number of nickel strips used at the designed target. The final
products were directly utilized as electrodes for water splitting
in a concentrated alkaline electrolyte (1.0 M). To obtain some
insights into the electrocatalytic activity relationship of binary

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustration of the synthesis procedure of Ni,Co;_,/NC
catalytic electrodes and their utilization in a water splitting system.

Fig. 2 (a) XRD spectrum, (b) the top view SEM image, and (c) the low-
magnification cross-sectional SEM image (d—g). The corresponding
SEM-EDS elemental mappings of C, O, Ni and Co of the Ni,Co;_,/NC
film.

Ni,Co;_,/NC, individual Ni/NC and Co/NC were prepared
using the same method for comparison.

X-ray diffraction (XRD) was initially used to investigate the
crystalline nature of the Ni,Co;_,/NC as shown in Fig. 2a. The
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XRD pattern demonstrates a broad peak centered around 19°
and a diffraction peak at 26.3°, which suggests the availability
of both amorphous and crystalline states of carbon, respect-
ively. The broad peak corresponds to the disordered amor-
phous carbon®® and the latter is attributed to the inter-plane
(002) reflection of graphitic carbon which is related to the
graphite-like stacking of the conjugated aromatic units®*®
with an interlayer distance of 0.38 nm which is larger than
that of graphite (0.34 nm) and similar to reported data.**°
Moreover, diffraction peaks located at about 32°, 37°, 40°, 45°,
57° and 59° could be indexed to a well-crystallized Ni-Co alloy
which is bonded with either available O or N-C species.*'”*?
There are no additional diffraction peaks in the pattern attri-
buted to individual Co and Ni, indicating the high phase
purity of binary Ni-Co formed (Fig. S2+).

The morphological and structural features of Ni,Co,;_,/NC
were examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Fig. 2b,
the relatively uniform structure and high porosity of the nano-
porous N-carbon (acting as a substrate) was maintained after
the deposition of binary Ni-Co species by tuning the depo-
sition parameters to prevent any morphological changes
(Fig. S31). The TEM image (Fig. S4at) shows that the cauli-
flower-like nanoparticles are aggregated and assembled on the
deposited films and there is no sign for the presence of large
bulk metal species which confirms the homogeneous ablation
of the bimetallic target. Fig. 2c shows the low magnification
SEM cross-sectional image of the Ni,Co,_,/NC film followed by
SEM energy dispersive X-ray spectroscopy (SEM-EDS) elemental
mapping (Fig. 2d-g). The cross-sectional SEM image indicates
the assembly of nanoparticles forming a thin film with a thick-
ness of about 250 nm and a porous columnar nanostructure.
The corresponding elemental mapping shows the presence of
Ni, Co, C, and O in the thin film, verifying the uniform dis-
persion of these four elements. There is also no sign of
ablated single species (Ni or Co) which can be clearly seen
from the boundaries of the thin film from the corresponding
elemental mapping images. It should be noted that nitrogen
species are not detected due to the relatively small amount
and the low spatial resolution of EDS elemental mapping.
Thus, a high-resolution transmission electron microscopy-EDS
(TEM-EDS) spectrum was collected to confirm the presence of
nitrogen species in the developed materials (Fig. S4bt).

Further, the surface chemistry of binary Ni,Co,;_,/NC and
individual Ni/NC and Co/NC electrodes was investigated by
X-ray photoelectron spectroscopy (XPS). The XPS survey spectra
(Fig. 3a) demonstrate the presence of C, N and O at all the pre-
pared electrodes. Moreover, they confirm the presence of both
Ni and Co species at Ni,Co;_,/NC while there is only Ni
present in Ni/NC and Co present in Co/NC films. The molar
ratio of Co and Ni in Ni,Co;_,/NC has been investigated by
XPS and is summarized in Table S1.f The high-resolution Ni
2p spectra of Ni,Co,_,/NC and Ni/NC are presented in Fig. 3b.
For Ni/NC, two characteristic peaks at 856.3 eV and 873.1 eV,
as well as the two satellite peaks at 861.8 and 880.7 eV, corres-
pond well to Ni-O species.?® Another peak at 852.7 eV might
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Fig. 3 (a) XPS survey of Ni/NC, Nip5C0oqs5/NC and Co/NC films, (b)
high-resolution Ni 2p spectra of Ni/NC and NigsCogs/NC, (c) high-
resolution Co 2p spectra of Co/NC and Nig 5Cog 5/NC and (d) the Raman
spectra of Ni/NC, Nip5C0og.5/NC and Co/NC films.

be attributed to the Ni bonded with available C-N species.**
The Ni 2p XPS spectrum of Ni,Co,_,/NC represents all the five
mentioned peaks with small shifts of about +1 eV which could
be assigned to the formation of Co-Ni alloys. Similarly, for Co
elements in Co/NC, the Co2p;, and Co2p,, peaks at 781.3
and 795.5 eV as well as the two satellite peaks can be corre-
lated to the presence of oxidized Co species (Fig. 3¢).>* There
is also a peak assigned to metallic cobalt available at 778.2 eV
which could be bonded with C-N species.*® From the Co 2p
XPS spectrum of Ni,Co;_,/NC, the formation of the Co-Ni
alloy is further confirmed due to a small shift of 1 eV for all
five available peaks.’” The nitrogen bonding configuration of
the Ni,Co;_,/NC film is further studied (Fig. S51), in which
four main components of the N 1s spectrum located at about
398.2, 399.4, 400.5 and 401.8 eV correspond to pyridinic, pyrro-
lic, graphitic and oxidized nitrogen, respectively.*®*° The exist-
ence of pyridinic and pyrrolic nitrogen is beneficial to the
improvement of conductivity due to the contribution of their
p-conjugated system with a pair of p-electrons in the carbon
framework. Moreover, pyridinic nitrogen is a good candidate
for bonding with available ionic bimetallic species due to its
electron donating properties to create a highly active center
(M-N, centers) in the catalyst’s structure which could be con-
firmed by a small shift of binding energy at a higher level.***"
The existence of the graphitic nitrogen species reveals substi-
tution of some carbons with nitrogen atoms in films which is
believed to provide the active sites.*?

Raman spectroscopy is able to provide structural infor-
mation on carbon-based composite materials. Fig. 3d shows
the Raman spectra of the binary Ni,Co,_,/NC, exhibiting the
typical fingerprint of amorphous carbon. In fact, the G and D
modes, which are attributed to C-C stretching in the hexa-
gonal plane of the sp® carbon and to the reduced size crystal
domains and structural disorder, respectively, create a broad

This journal is © The Royal Society of Chemistry 2016
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peak where the G band is the main contribution merged with
the D mode constituting a shoulder with an Ip/I; intensity
ratio of about 0.61 (Fig. S6 and Table $27).*>** The weak band
at about 2200 cm ™" is characteristic of the presence of a small
fraction of sp-hybridized carbon®>*” which might enhance the
catalytic activity and selectivity of deposited materials due to
high electron density coupled by restricted rotation of the C-C
bond.*® The large band in the 2400-3200 cm™" spectral region
is the typical 2" order Raman signal of amorphous carbon
films. In addition, there is a weak peak at about 550-650 cm ™"
assigned to the available metal oxides.*®”° In comparison to
the individual Ni/NC and Co/NC, small shifts are observed in
the vibrational bands and metal oxide active peaks of
Ni,Co;_,/NC (Fig. S7 and Table S2t). The small shifts of the
vibrational bands and metal oxide active peaks in binary
Ni,Co;_,/NC indicate strong interaction/mixing between
Co and Ni species as well as between the formed binary com-
ponent and porous carbon nanosheets, which would be favor-
able for charge transport during electrochemical reactions.
The effective operation of electrocatalysts in concentrated
electrolytes is a critical figure of merit for practical appli-
cations.”® Thus, with an average mass loading of 0.1 mg em™>
across all electrodes for both HER and OER, the electro-
catalytic activity of Ni,Co,_,/NC (where x = 0.2, 0.3, 0.4, 0.5 and
0.7; measured by XPS), control samples (including Ni/NC and
Co/NC), unsupported binary Nij;5C005, and benchmark
samples (Pt/C or IrO,/C) was evaluated in 1.0 M KOH solution
using a typical three-electrode system. Since the as-measured
reaction currents cannot directly reflect the intrinsic behavior
of catalysts due to the effect of ohmic resistance, an iR correc-
tion was applied to all of the initial data for further analysis.
Fig. 4a shows HER linear sweep voltammetry (LSV) curves with
a scan rate of 5 mV s™". For Ni,Co,;_,/NC, an optimal HER cata-
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Fig. 4 (a) HER polarization curves of binary Ni,Co;_,/NC, (b) HER polar-
ization curves and (c) the corresponding HER Tafel plots of Ni/NC,
Nig.5C00.5/NC, Co/NC, unsupported Nigs Cogs and commercial Pt/C in
1.0 M KOH, (d) Nyquist plots of Ni/NC, Co/NC and NigsCops/NC at a
potential of —1.5 V (vs. Ag/AgCl) at 1.0 M KOH.
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Iytic activity is obtained when x = 0.5 with the lowest onset
potential (i, defined as the potential to reach 1 mA cm™?) of
0.048 V and achieves the largest current density of 100
mA cm™? at an overpotential of 0.363 V. Increasing or decreas-
ing the Ni doping ratio (from x = 0.5) led to lower activities of
the Ni,Co;_,/NC hybrid catalysts. Thus, the operating poten-
tials to drive a cathodic current density of 10 mA em™ (4,) for
Ni 5C005/NC and control samples were compared, which is
related to the catalytic activity (Fig. 4b). As expected, Pt/C exhi-
bits excellent activity with negligible overpotential (0.069 V) to
deliver a current density of 10 mA cm™>. Moreover, Nig 5C0g 5/
NC also shows a lower 7;, of 0.176 V than other samples
such as unsupported Ni, 5 Cog 5 (0.282 V), Ni/NC (0.406 V) and
Co/NC (0.378 V). The overpotential of Niy5C0q5/NC
suggests its superior catalytic activity towards HER compared
to other synthesized samples in this work and most earth-
abundant, non-noble-metal HER catalysts in alkaline media
(Table S37).

The HER kinetics of the prepared electrodes were studied
by analyzing the Tafel plots which were recorded with the
linear portions at low overpotential fitted to the Tafel equation
(Fig. 4c and S8f). A Tafel slope of 132.1 mV dec ' for
Niy 5C0,5/NC is larger than Pt/C (80.2 mV dec™), but is
smaller than those of Ni/NC (218.8 mV dec™'), Co/NC
(221.9 mV dec™') and unsupported NigsCops (189.3
mV dec "), further confirming the favorable catalytic kinetic of
Nij.5C00.5/NC for HER. On the basis of the Tafel analysis, the
exchange current density of the Ni, 5Co, 5/NC catalyst was esti-
mated to be 23.7 x 10™> A cm™?. This value is much higher
than that reported for other non-precious metal-based
catalysts.>*>?

Electrochemical impedance spectroscopy (EIS) tests were
conducted to investigate the electrode kinetics under HER at
an applied potential of —1.5 V (vs. Ag/AgCl) in 1.0 M alkaline
solution. The semicircles in the Nyquist plot are attributed to
the charge-transfer resistance (Rcr) and solution resistance
(Rs), which are related to the electrocatalytic kinetics and a
lower value corresponds to a faster reaction rate. Therefore, the
EIS analysis confirmed a faster HER kinetic process on
Nip 5C00.5/NC (Rcr = 10 Q) than its individual components (Ni/
NC and Co/NC) and other Ni,Co,_,/NC films which is consist-
ent with its lower overpotential (Fig. 4d and S91).>*

Since electrode durability in concentrated alkaline solution
is very critical to evaluate catalytic performance, a long-term
(60 000 seconds) chronoamperometric test was also performed
at a constant potential of —1.5 V (vs. Ag/AgCl) for the Nig s
Co 5/NC electrode in a 1.0 M KOH electrolyte. As shown in
Fig. S10a,t 89% of the electrode activity is retained after long-
term stability testing which can be attributed to the metal
species embedded in the N-carbon framework. This superior
durability of the newly developed material was also confirmed
by the LSVs before and after the stability test. The result shows
only a slight negative shift of the HER polarization curve
(about 19 mV shift of the overpotential at 10 mA cm?)
(Fig. S10bt), suggesting a good prognosis for these hybrid
materials as efficient HER electrocatalysts.
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Fig. 5 (a) OER polarization curves of binary Ni,Co;_,/NC, (b) OER polar-
ization curves and (c) the corresponding OER Tafel plots of Ni/NC,
Nip 5C00.5/NC, Co/NC, unsupported Nig5Cog s and commercial IrO,/C in
1.0 M KOH, (d) Nyquist plots of Ni/NC, Co/NC and NigsCoos/NC at a
potential of +0.8 V (vs. Ag/AgCl) at 1.0 M KOH.

The catalytic ability of Ni,Co;_,/NC to OER was also
assessed in 1.0 M KOH solution. In typical LSV plots, the
anodic current of all samples simultaneously increases as the
potential becomes more positive, which is commonly observed
for OER catalysts in alkaline media.”®> As shown in Fig. 5a and b,
Niy 5C00.5/NC exhibited the lowest onset potential (7,) of
1.467 V (vs. RHE) and manifested a current density of 100
mA cm™> at an overpotential as low as 0.358 V, indicative of
the lowest energy input for driving OER among other binary
counterparts, individual components (Ni/NC and Co/NC) and
benchmark IrO,/C. Nij 5Co, 5/NC also shows a lower overpoten-
tial (0.300 V) to deliver a current density of 10 mA ecm™> when
compared with other samples such as IrO,/C (0.463 V), Ni/NC
(0.420 V), Co/NC (0.430 V) and unsupported Ni, 5C0oq.5 (0.380
V). Remarkably, the OER current of Ni, sCo, 5/NC exceeds that
of IrO,/C throughout the whole potential range, indicating
that it has much better catalytic activity compared to this
benchmark.

Tafel slopes and exchange current densities of all prepared
electrodes were obtained from Tafel plots and the results are
summarized in Fig. 5¢, S11 and Table S4.1 As can be seen, the
Tafel slopes for all the binary electrodes (Ni,Co;_,/NC) were
around 62-80 mV dec™", which is in good agreement with the
literature.>**” Niy 5C005/NC confirms a higher OER activity
compared to IrO,/C (91.4 mV dec™'), individual components
(100.0 mV dec™" and 136.2 mV dec™" for Ni/NC and Co/NC,
respectively) and unsupported Nig 5C0g5 (91.6 mV dec™). The
exchange current densities were calculated to be 9.8 x 107>, 2.6
x 1077, 8.7 x 107° and 6.5 x 10™> A cm™2 for Ni, 5C0, s/NC, Ni/
NC, Co/NC and unsupported Ni, 5Coy 5, respectively, implying
the superior OER catalytic performance of Ni, 5C0, 5/NC.

As shown in Fig. 5d, the Nyquist plot of Nij 5Co0q 5/NC
demonstrates a semicircle which is an indication of the charge
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transfer residence of the electrode. The calculated resistance
of Niy5C0,5/NC (4.9 Q) is significantly less than that of indi-
vidual Ni/NC (>15 Q) and Co/NC (>20 Q) electrodes which
might be attributed to the higher OER activity. Additionally,
the long-term stability test shows a seldom attenuation in the
current density at 0.8 V versus Ag/AgCl (Fig. S12at). The LSV
data collected before and after durability tests show a slight
negative shift of the OER polarization curve (about 14 mV shift
of the overpotential at 10 mA cm™?), which might be due to
the activation and phase conversion of the catalyst during long
time electrochemical tests (Fig. S12b¥).

As for the role of the Ni ion in the electrocatalytic activity of
the prepared electrodes, the difference of HER and OER
metrics (relative potential at £ = —5 mA cm™> from the HER
polarization curve and relative potential at £ = 10 mA cm™>
from the OER polarization curve; AEoveran = Ej-—5 — Ej-10)
obtained using single Ni/NC, Co/NC and binary Ni,Co,_,/NC
catalysts as a water-splitting electrode was compared
(Fig. S137). The smaller the AE is, the closer the catalyst is to
an ideal bifunctional water-splitting electrode. Remarkably,
binary Nij 5C0,.5/NC can yield a smaller AE (1.705 V) than
single Ni/NC and Co/NC (2.057 and 2.032 V, respectively)
which clearly indicates some enhancement effect when part of
the Co is replaced by Ni. Moreover, our previous studies indi-
cated that the high HER and OER catalytic activity of non-
precious metal doped N-carbon might originate from the for-
mation of interfacial covalent M-N-C and M-O-C bonds
which can provide additional active centers in the synthesized
hybrids.*®>® Bond formation between inorganic nanocatalysts
and the underlying carbon support could change the chemical
bonding environment for carbon, oxygen, and metal atoms in
the hybrid material, resulting in an enhanced catalytic activity.
Overall, the larger AE of 1.974 V for unsupported Nij5C0g 5
further confirms the highly improved conductivity and charge
transfer capability of N-carbon supported binary composites
which are favorable for high HER and OER activity and
stability.

Furthermore, the porous structure of the prepared electro-
des can enhance the catalyst contact area and the mass trans-
port of the electrolytes. As a consequence, favorable mass and
charge transport can allow high utilization efficiency of active
species for catalysis. It is reported that the electrochemically
active surface area (EASA) is directly proportional to a number
of active sites which can be evaluated by the electrochemical
double-layer capacitance (Cq;).*® Fig. S14(a-d) and S15(a-d)f
show the representative cyclic voltammograms of binary
Ni,Co,_,/NC and individual Ni/NC and Co/NC electrodes at
different scan rates in a potential region of —0.8 to —0.75 V
(AE = 50 mV). The CV exhibits a typical rectangular feature of
an electrical double layer capacitor. In this potential region,
charge transfer electrode reactions were considered to be negli-
gible and the current is solely from electrical double layer char-
ging and discharging. The plot of current against the potential
scan rate has a linear relationship (Fig. S14e and S15ef) and
its slope is the double layer capacitance. The correlation of Cy,
with the HER and OER overpotential to reach a current density

This journal is © The Royal Society of Chemistry 2016
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&
<

. __|—nNiNcyNiNe 10
& 509——Ni;,Co,/NC || Ni,.Co, /NC
& 40]—CoiNC| Come 08
E T ]--- PuC|Ir0/C .
2 304 06 e
g S
32 0.4
5 10]
£ 021
S 0
. ‘ - ‘ 00 . ‘
10 12 14 16 18 20 0 5000 10000 15000
Voltage (V) Time (Sec)

Fig. 7 (a) LSV plots of water splitting at Ni/NC||Ni/NC, NigsCog 5/NC||
Nip.5C00.5/NC, Co/NC||Co/NC and Pt/C||IrO,/C as cathode and anode
electrodes and (b) the chronoamperometric response of the NigsCog 5/
NC||Nig.sCoo.5s/NC cell working for splitting water at a voltage of 1.5 V
for 18 000 seconds.

of 10 mA ecm™ for various electrodes is presented in Fig. 6. It
is clearly seen that the Nij 5Co,5/NC has the highest Cq4 and
lowest HER/OER overpotential, demonstrating its improved
catalytic activity and facilitated reaction kinetics compared to
the other prepared electrodes. Further, the direct growth of
active materials on conductive copper foils can greatly
enhance the electron transport and adhesion between electro-
catalytically active species on substrates, promote the struc-
tural stability for long-term usage and avoid utilization of poly-
meric binders and extra conductive additives, consequently
reducing the dead volume and undesirable interface in the
electrodes.®’ ®* The enhancement in electrocatalytic activity of
Niy5C005/NC has long been noticed. Ni substitution is
believed to improve Co/NC activity by either enlarging its active
surface area (geometric effect) and/or by increasing its conduc-
tivity (electronic effect).”?

Next, a proof-of-concept experiment was conducted to
demonstrate the possibility of utilizing bifunctional Ni, 5Cog s/
NC for full water splitting using a two-electrode setup
(Nig.5C00.5/NC||Niy5C00 5/NC) in 1.0 M KOH. Other electroly-
zers were prepared as controls using Pt/C as the cathode and
IrO,/C as the anode (Pt/C||IrO,) and cells using single Ni/NC
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and Co/NC, both as bifunctional electrodes (Ni/NC||Ni/NC and
Co/NC||Co/NC) for comparison. As shown in Fig. 7a,
Ni.5C00.5/NC needs 1.75 V to afford a 10 mA cm™? water-
splitting current. Although this voltage is larger than that for
Pt/C||IrO,/C (1.71 V), it is smaller than those of individual
Ni/NC||Ni/NC and Co/NC||Co/NC (1.93 and 1.88 V, respect-
ively). The bifunctional activity of Nij 5Co, 5/NC is also much
lower than that of NiCo,0,NA/CC (1.98 V) and other reported
commercial electrolyzers (1.8 V to 2.0 V).**%® Additionally, the
practical operation of the catalyst is examined by electrolysis at
a fixed potential of 1.6 V over an extended period. As observed
in Fig. 7b, the cell exhibits considerable stability over nearly
five hours. This exceptional durability shows promise for prac-
tical applications of this catalyst over long term operation.

Conclusions

In summary, nickel-cobalt nanoparticles supported on porous
nitrogen doped carbon thin films (Ni,Co,_,/NC) were fabri-
cated via a two-step pulsed laser deposition technique under
reaction with a background gas (N, gas) at room temperature.
The binary Nij 5C0¢ 5/NC composite not only demonstrated
efficient electrocatalytic activity and durability for HER but
also offered impressive catalytic performance for OER in alka-
line medium. The outstanding catalytic performance of the
developed composites was strongly correlated to the homo-
geneous distribution of nickel-cobalt active sites and syner-
getic coupling interaction with the porous N-carbon frame-
work. This earth-abundant composite could undoubtedly hold
great promise for other practical applications in energy storage
and conversion systems.
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Fig. S6 Deconvoluted peaks of the D-G region in the Raman spectra of (a) Ni/NC, (b)
NiosC005/NC and (c) Co/NC.
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Fig. S7 Raman spectra (metal oxide region) of Ni/NC, Nio5Co0s/NC and Co/NC.
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Fig. S9 Nyquist plots of binary NixCo1«/NC at a potential of -1.5 V (vs. Ag/AgCl).
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Fig. S10 Chronoamperometric response of Ni 05C00.s/NC under a constant voltage of -1.5 V
(vs. Ag/AgCl) at 1.0M KOH (inset) enlarged view of the working electrode during
electrochemical tests.
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(vs Ag/AgCl) in 1.0M KOH (inset) enlarged view of the working electrode during
electrochemical tests.
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water splitting ability of the synthesized electrocatalysts.
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NiosCoosand (d) Co/NC measured at different scan rates from 10 to 100 mV st and (e)
corresponding plots of the current density at -0.775 V vs. the scan rate.

136



a) b)
4 4
-1
T3 10-100 mVs < 3] 10-100 mvs™
Q Q
g2 g
g Z
£, 2,
o 8 -1
g -1 =
o S 2
5 -2 5
O O -34
-080 -079 -078 -077 -0.76 -0.75 080 -079 -078 077 -076 -0.75
Potential vs Ag/AgCI (V) Potential vs Ag/AgCl (V)
c) d)
4
T 3 10-100 mvs® < 3 10-100 mvs*
Q o 24
£ g
I
S -1 é 1
S 5
= 4 = 2
3 -3] 3
08 -079 -078 -077 -076 -0.75 08 -079 -078 -077 -076 -0.75
Potential vs Ag/AgCI (V) Potential vs Ag/AgCI (V)
e)
— 251 @ Ni,Co, /NC
' Ni, ,Co, /NC
g4l 1,C0,
g 201 o N!o.sooo.'f/ NC
\S 15] 4 Ni, ,Co,/NC
B
§ 1.04 ® C,=16.0 mFcm?®
= C,=19.1 mFem®
£ 99 o C,=19.0 mFem?
O pod A C,=15.7 mFem?
0 20 40 60 80 100

Scan rate (mVs™)
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Table S1 Chemical composition details obtained from XPS analysis for all synthesized

electrodes
Sample C @) N Ni Co % Ni % Co
Ni/NC 52.56 34.12 3.67 9.65 0 100 0
Nio.7C00.3/NC 54.72 33.49 2.77 6.18 2.84 69 31
Nio.sC005/NC 49.63 35.58 3.36 5.47 5.96 48 52
Nio.4C006/NC 49.33 36.31 3.04 4.14 7.18 38 62
Nio.3C00.7/NC 49.85 35.02 2.4 4.13 8.60 32 68
Nio.2C00.8/NC 48.09 37.76 1.9 9.61 2.64 78 22
Co/NC 52.07 34.33 3.91 0 9.69 0 100

Table S2 Peak positions of Raman spectra for Ni/NC, Nio5C005/NC and Co/NC.

Sample D band position (cm™?) G band position (cm™) Io/lc
Ni/NC 1373 1543 0.52
Nio.s Coos/NC 1376 1551 0.61
Co/NC 1377 1549 0.58
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Table S3 Summary of recently reported HER electrocatalysts in 1.0 M KOH.

Samples 1o (V) N (V) Tafel Slope Reference
Ni/NC 0.184 0.406 218.8 This work
Nio.7C00.3/NC 0.110 0.303 148.7 This work
NiosCo005/NC 0.048 0.176 132.1 This work
Nio.4C00.6/NC 0.088 0.225 163.6 This work
Nio.3C00.7/NC 0.116 0.276 165.8 This work
Nio.2C008/NC 0.161 0.367 193.2 This work
Co/NC 0.163 0.378 221.9 This work
Ni0.5C00.5 0.077 0.282 189.3 This work
Ni3S2/MWCNTSs >0.200 0.480 167 Ref 1
Co@NRCNT 160 370 80 Ref 2
NiO/Ni-CNT 90 ~100 82 Ref 3
Co@N-C 125 200 100 Ref 4
Ni2P 95 230 87 Ref5
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Table S4 Summary of recently reported OER electrocatalysts in 1.0 M KOH.

Samples no (V) N (V) Tafel Slope Reference
Ni/NC 1.547 1.650 100.0 This work
Nio.7C00.3/NC 1.470 1.567 76.3 This work
Nios Coos/NC 1.468 1.530 62.9 This work
Nio.4C006/NC 1.472 1.558 80.4 This work
Nio.3C00.7/NC 1473 1.572 80.9 This work
Nio.2C008/NC 1.477 1.579 82.6 This work
Co/NC 1.524 1.614 136.2 This work
Nios C0os 1.502 1.623 91.6 This work
CorxFexS@N-MC 1.570 1.640 159 Ref 6
N-graphene-NiCo0204 1.540 1.664 156.0 Ref 7
NiC0204 NNs on FTO 1.595 1.795 292.0 Ref 8
NiC0204 nanowire 1.520 1.550 63.1 Ref 9
Ni-Co2-O >1.500 1.592 64.4 Ref 10
C0304-NrmGO 1.509 1.540 67.0 Ref 11
N-CG-CoO 1.514 1.570 71.0 Ref 12
C0304/MWCNT 1.585 1.840 65.0 Ref 13
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Chapter 7






7. Conclusion and Recommendation

7.1. Conclusion

This thesis is devoted to developing novel low-cost, active and durable carbon-based
electrocatalysts as the substation for noble metal materials in the key electrocatalytic
processes (e.g. ORR, OER and HER) in the renewable fuel cells, metal-air batteries and water

electrolysers. Based on the research in this thesis, the following conclusions can be drawn:

e The electrocatalytic activity of synthesized materials can be effectively improved by
tunning the porous structure, chemical composition and doping heteroatoms (e.g.
nitrogen). For example, the superior electrocatalytic activity of N-doped mesoporous
carbon spheres (NMCs) as compared to MCs without nitrogen doping could be
attributed to the enhanced graphitization degree and the incorporation of nitrogen
atoms into the carbon lattice, which favour the reactivity of the neighbouring carbon
atoms via alteration of the electronic structure. Moreover, the best performance of the
optimized sample (NMC5-900) for catalyzing ORR would be the result of a balanced
graphitization degree and active species retained at moderate heating temperature, the
presence of highly active C-N species, good conductivity, well-structured
mesoporosity, large pore size, sufficient surface area, and high pore volume, which
make it a promising catalyst for ORR in alkaline solutions.

e A unique coupling of Cobalt and Nitrogen co-doped porous carbon spheres with in
situ grown N-carbon nanosheets as a composite results in a highly active bifunctional
electrocatalyst, which successfully combines the desired merits such as highly active
Co-Ny species, good conductivity, porous structure with very good mass transport,
and sufficiently large surface area with accessible catalytically active sites. These
excellent characteristics assure its excellent HER and OER catalytic activity as judged
on the basis of the favourable onset potentials, small Tafel slopes and good stability,
which make it a promising bifunctional electrocatalyst for both HER and OER.

e The electrocatalytic activity can be optimized by tunning the chemical composition
and nanostructure of the electrocatalysts through the deposition of Cobalt (oxide)
nanoparticles on porous N-carbon thin films via two-step pulsed laser deposition
technique. The synthesized material with the optimized synthesis parameters
(background gas, target to substrate distance, deposition time and pressure, etc.)

behaves as an efficient OER electrocatalyst and has superior activity in concentrated
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7.2.

alkaline solution such as 1.0M KOH electrolyte. The excellent catalytic activity of
Co(Ox)s0@PNC films could be attributed to the surrounding N-carbon framework,
and it was found that a higher ratio of Co>"/Co’" yields better catalytic activity
towards the OER. The transport of reactants and products involved in electrochemical
reactions was also facilitated by the porous structure of the N-carbon support.
Together with the combined mutual effects of each structural component, this
Co(0x)s50@PNC OER catalyst outperforms most of the reported earth-abundant OER
catalysts in activity and stability.

Bimetallic Nickel-Cobalt nanoparticles supported on porous nitrogen doped carbon
thin films (NixCo;x/NC) demonstrated not only efficient electrocatalytic activity and
durability for HER but also offered impressive catalytic performance for OER in
alkaline medium. The outstanding catalytic performance of the developed composites
was strongly correlated to the homogeneous distribution of Nickel-Cobalt active sites
and synergetic coupling interaction with the porous N-carbon framework. This earth-
abundant composite could undoubtedly hold a great promise for other practical

applications in energy storage and conversion systems.

Recommendation

Although all the objectives of this thesis listed in Chapter 1 have been addressed, there are

still some challenges which require further work in the future.

Despite that the catalytic activity of studied electrocatalysts is good and close to that
of noble metals-based counterparts (e.g. Pt/C, RuO, and IrO,), it is still challenging to
fabricate non-precious metal-based materials commercially competitive to that of
available in large scale applications. Thus, further research required in order to
develop new metal compounds and their derivatives such as metalphosphides, metal
carbides and their hybrids due to their good stability and resistance under harsh
electrochemical environments.

Moreover, fundamental studies of bifunctional electrocatalysis are required due to the
growing interests on the development of new energy conversion devices such as flow
batteries, water splitting systems and fuel cells. Progress in this area can only be
achieved by coupling theoretical calculations and understanding of reaction pathways

with experimental validation which may open new avenues for the development of

146



commercially feasible catalysts for broader applications ranging from energy
conversion reactions to heterogeneous catalysis and photocatalysis.

e Further, synthesis of non-precious metal doped on carbon-based supports specifically
in atomic form still presents significant conceptual challenges, where most methods
used involve multi-step approaches and work successfully only on specific cases. For
instance, this type of material must not be considered to be superior to the
conventional nanostructured catalysts since the single atom metal sites might limit
their application in catalytic processes which require multi-metal active sites. In
addition, the control in functionality, size, shape and structure is worth further
exploring in order to achieve new or enhanced properties and prevent aggregation of
the small cluster and atomic dopant in the case of high metal loading due to a high

level of single metals surface energy.

We believe that further exploration in this area will contribute to resolving the real-world

energy issues and promote green energy production.

147






	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



