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Abstract

Design of Transition Metal-based Nanomaterials for Electrochemical Energy

Conversion and Storage

Lu Chen, Ph.D.

Concordia University, 2021

Electrochemical energy conversion technologies including Zn-air batteries, water splitting and
energy storage devices such as Li-ion batteries, supercapacitors are booming to meet the increasing
energy demands owing to their high energy density, excellent durability, low cost and feasible
potability. The performance of energy conversion are largely determined by the efficiency of
oxygen reactions (oxygen reduction/evolution reaction (ORR/OER)) and hydrogen evolution
reaction (HER) facilitated by the high-performance electrocatalysts. While the utilizations and
performance of various energy storage devices are limited by the electrode materials properties.
Nowadays, transition metal-based materials exhibit their high electrochemical activities due to
their adjustable morphologies, controllable structures, and low cost. However, they still face some
challenges such as low conductivity, low surface area, and structure collapsing. Hence, this
research studies the rational design of three types of transition metal-based nanomaterials for both
energy conversion and storage. By investigating physical properties via different characterizations
and electrochemical measurements, obtaining a comprehension understanding of correlation of
electrocatalytic performance with material’s structure and morphology while achieving the goal of
“ designing one type of material for multiapplication”.

In energy conversion, the first is bimetallic CoNi alloy nanoparticles embedded in pomegranate-
like nitrogen-doped carbon spheres (N-CoNi/PCS) for oxygen reactions. By studying the
morphology configurations, we find that the porous structure possesses plentiful active sites and
high surface area enables excellent electrochemical performance, which delivers a low half-wave
potential of 0.80 V towards ORR and overpotential of 540 mV towards OER with excellent
durability. By combining the results of physical and electrochemical properties, such porous

structure play a key role to contribute to high electrochemical performance. Second, a unique
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nanostructure of N and S codoped porous carbon (N,S-Co/Zn-ZIF) derived from bimetallic ZIFs
as an electrocatalyst for oxygen reactions. By studying the physical properties, we find that the
nanostructure forms a rhombic dodecahedron morphology with rough surface, containing abundant
active sites of sulfides nanocrystals. Owing to the special structure, such bifunctional
electrocatalyst delivers a superior half wave potential of 0.86 V towards ORR and overpotential of
350 mV towards OER. Third, Ni9Ss/MoS, nanosheets decorated NiMoQO4 nanorods heterostructure
is developed by hydrothermal and sulfurization as an electrocatalyst for water splitting. Core-shell
nanorods with diameter of 180-200 nm consisted of 2D NigSs/MoS, nanoflakes as outer shell part
and 1D nickel molybdate nanorods inner core, providing plentiful charge transportation channels.
According to these features, such nanomaterials present high performance with low overpotentials
of 190 and 360 mV for HER and OER in alkaline solution, respectively. Based on these, it’s
concluded that rational design of electrocatalyst is correlated with electrochemical performance.
Furthermore, to explore the electrochemical performance of transition metal-sulfides for energy
storage, N,S-codoped carbon dodecahedron/transition metal sulfides are also studied as anode
materials for Li-ion intercalation. Surprisingly, such nanocomposites with rough surface area and
active sites still donates high-performance Li-ion intercalation with superior initial reversible
capacity of 938.2 mA h g'! with a high-capacity retention of 65.6% after 100 cycles at 150 mA g
I At the same time, hetero-structural core-shell NiMoO4@NisSs/MoS, nanorods are also studied
as electrode materials for supercapacitor, which unveils unsurpassed specific capacity of 373.4 F
glat 10 A g!. Such excellent electrochemical properties prove that such core shell structure is still
favorable for energy storage.

The above results all prove the successful design of three types of transition metal-based
nanomaterials and different structural features contribute to excellent electrochemical performance.
Thus, there is a strong relationship about structure design and electrochemical performance. Since
all of nanomaterials show excellent electrochemical performance in both energy conversion and
storage, we have achieved goal of “multiapplication”. This research provides the effective design
strategies of high-performance transition metal-based nanomaterials for multiapplication which
paves a new way of development and understanding of these materials towards electrochemical

energy conversion and storage.
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Chapter 1 Introduction

1.1. Background

It’s widely acknowledged that the massive requirement of energy becomes a global issue with high-
speed economic growth and fast increasement of population all over the world. In consequence,
traditional fossil fuels like coal, oils, nature gas are tremendously exploited and overutilized
causing a series of problems, such as environmental pollution, global warming, international
energy wars and shortage of fossil fuel. To achieve a sustainable society, the exploration of
alternative energies that are economic, sustainable, renewable is imperatively demanding and
desirable. Nowadays, many clean and new energies have been utilized including wind energy, solar
power, biomass energy and hydropower but they are limited by the availability of energy sources,
specific locations, low efficiency and unmature technologies.'

One promising approach is to electrochemical energy conversion and storage (EECS) devices
that convert chemical energy to electrical energy or store electrical energy. Due to its portable,
economic, high-energy density and efficiency, they have widely explored and utilized in daily life
and industrial scale. Over the past decades, a diversity of energy conversion technologies and
devices such as hydrogen production via water splitting, fuel cells, metal-air batteries have been
broadly exploited due it save operation conditions, high energy density and excellent conversion
efficiency. Specifically, metal-air batteries are made up metal anode, electrolyte and air-breathing
cathode which is coated on electrocatalysts to boost electrochemical reactions. During battery
charging and discharge, oxygen evolution reaction (OER) and oxygen reduction reaction (ORR)
happen, respectively. For water splitting, the system includes two half reactions on the cathode and
anode coated with electrocatalysts, the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). However, the performance of these two technologies are largely
determined by the kinetics of OER/ORR/HER which normally requires extra potential called
overpotential to drive reaction happen. Hence, the electrocatalyst facilitating the oxygen reactions
and water splitting play a key role during the electrochemical conversion.

At the same time, energy storage devices including rechargeable batteries (Li-ion batteries,
metal-O; batteries, Na-ion batteries) and supercapacitors are the promising technologies to deal

with the energy challenges. Although they possess plentiful advantages, there are still some
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drawbacks hindering the further development and application in manufacturing. First, practical
energy density and rate capacity still fail to meet the requirements at industrial scale. Second, the
obtainable or usable capacity is inadequate and diminishment as battery cycling. Third, intensive
materials losses during charging/discharging result in low efficiency and reversibility. Fourth,
cycling life span is also another obstacle owning to capacitance vanishment. These problems are
related with the electrode materials. Above all, the performance of these technologies are highly
dependent on the electrocatalyst for energy conversion and electrode materials for energy storage
devices. It’s important to develop highly active materials to boost the electrochemical reaction and

improve the energy storage ability.

1.2. Problem Statement

As we discussed above, the creation of energy conversion technologies and devices is mainly
hindered by the reaction kinetics in the air-breathing electrode for metal-air battery and water
splitting. Hence, electrocatalysts with high chemical behavior, cheapness and excellent stability
are extremely needed to overcome the sluggish kinetic, reduce overpotential. Researchers found
that precious metal-based materials including platinum (Pt) is the most active material for ORR
and HER, while ruthenium oxide (RuOz) and iridium oxide (IrO;) are the superior OER
electrocatalyst. Notwithstanding, their expensiveness property, instability, easy dissolution and
agglomeration during the electrochemical process and their poor bifunctional behavior fail to meet
the demand of large usage for application today.

As for the electrode materials in energy storage devices, we will mainly present the anode
material for Li-ion batteries in this thesis. Over recent years, carbon-based materials as the most
common materials are widely used for anodes in Li-ion batteries on account of its high surface area
and wide pore distribution. Nevertheless, they suffer from the low specific capacity and low-rate
capacity. For supercapacitors, electrode materials like carbon-based materials and RuO> also
excellent behavior with high capacity. However, carbon-based materials are hindered by structure
change and low cycling performance while RuOx> is too expensive and scarce limit their broad
applications.

Above all, novel design of new types of electrocatalysts or electrode materials is urgent to

overcome these problems and such materials should possess the following features: (1) structural



diversity and easy-controlled morphology; (2) various valence states; (3) high surface area, high

electrical conductivity; (4) cheapness and earth-abundance.

1.3. Research Objectives

In this thesis, we will mainly focus on the rational design of transition metal-based materials as an

alternative to replace the above-discussed materials. The main research objectives can be

summarized as follows:

1.

2.

4.

Instead of pursuing materials in practical application, such as Zn-ion battery,
supercapacitors, we narrow down the research perspective and focus on the fundamental
study of designing and exploring materials, then test their electrochemical performance. So
that we have the overall understanding about the properties and predict their values when
they are used in practical applications. In addition, such fundamental study work can
enlighten the road for further delving novel materials in wide-ranging field of energy
conversion and storage.

Next step is rational design transition metal-based nanomaterials by different strategies
proposed by methodology section. First, all the materials are synthesized by facile
procedures to realize economic synthesis process, providing a strategy for designing
materials in large-scale application. Next, morphology and structure controlling are proved
to be effective strategies by optimizing pore size, surface area and actives. Also, how to
improve electrical conductivity of nanomaterials is a question needed to consider. Last,
study of functionality and mechanism of different compositions and heteroatoms doping is
demanding.

After rational construction of transition metal-based nanomaterials, combining different
characterizations such as SEM, TEM, XRD, BET, XPS to have a comprehensive study of
morphology, structure, pores, and valences states, we have a better understanding that if we
have successfully synthesized the nanomaterials and if our design strategies are effective.
Next, we will investigate the electrochemical performance of all nanomaterials. For
electrocatalysts, activity of ORR/OER/HER, Tafel slope, stability performance are needed.
For the electrode materials in Li-ion battery and supercapacitors, specific

capacity/capacitance, rate performance, cycling performance are required.



5. Then we combine the result of physical properties and electrochemical results to study the
relationship between them. So that we could find the strong relationship of morphology and
structure design and electrochemical behaviors in order to design the high-performance
nanomaterials and come up the effective design strategies.

6. Finally, we can utilize one type nanomaterials for different applications and study their
different functionality. So that we can achieve the goal of “multiapplication” and offer an
opportunity for design the high performance and economic materials in multiple application

in the future.

1.4. Thesis Outline

The content of this thesis are organized into 6 chapters.

Chapter 1 is a short introduction of background, problem statement and research objective in this
thesis.

Chapter 2 includes the brief introduction of background for energy conversion and storage
technologies and devices, their working mechanism, and important parameters. The materials
widely used in these devices are summarized and find the research limitation.

Chapter 3 introduces the theoretical and experimental design of transition metal-based
nanomaterials of this thesis research, including the rational design strategies, the synthesis process
and methods, different types of characterization measurements and electrochemical testing.
Chapter 4 describes the design and experimental process and result of transition-based
nanomaterials for energy conversion. In section 4.1, we introduce design procedure and result
about the CoNi alloy nanoparticles embedded in nitrogen-doped carbon spheres for oxygen
reactions. In section 4.2, transition metal sulfides derived from metal-organic framework as high-
performance electrocatalyst towards oxygen reactions are proposal. In section 4.3, we introduce
the transition metal sulfides/oxides electrocatalyst for water splitting and their experimental
procedure. By studying their structure and electrochemical performance to have a better idea about
rational design and predict their properties for energy storage.

Chapter 5 presents the performance of transition-based nanomaterials for energy storage devices.
In section 5.1, we propose and design the N,S-codoped hollow carbon dodecahedron/sulfides
composites for the Li-ion intercalation. We discuss the experimental process and electrochemical
result and analyze the mechanism. In section 5.2, a core-shell NiMoO4@Ni9Ss/MoS: nanorods is

4



suggested and designed for supercapacitors. We also discuss the experimental part and analyze the

results.

Chapter 6 includes the highlights and main contribution of thesis, and based on the results we

propose some possible research directions for the future exploration.



Chapter 2 Literature Review

In this chapter, we will have a concise overview of energy conversion technologies (e.g., oxygen
reactions; water splitting) and energy storage devices such as lithium-ion batteries (LIBs) and
supercapacitors and their working mechanisms. Next, we will introduce some important parameters
which are widely used to measure the performance of these technologies and devices. The current

limitations of research are discussed in the subsequent section.

2.1. Working Mechanism of Energy Conversion Technologies and

Storage Devices

The overuses of non-renewable oil and other fossil fuels lead to rapid energy consumption, global
warming, and environmental pollution. To realize the sustainable development of economics, it’s
necessary to explore clean, renewable, and environmental-friendly energy system. Although
sustainable energy sources such as sunlight and wind hold the promising future, but their wide-
ranging use is limited by distance and affordability. Consequently, demand is on the rise of
electrochemical energy conversion and storage (EECS) devices by converting chemical energy or
electrical energy, and store/release them based on the redox electrochemical reactions with high
energy power density, affordability, long durability, and large-scale portable feasibility.?> Metal-air
batteries, water splitting, and fuel cells through electrocatalysis are the most basic, effective, and
dependable energy conversion technologies. In the last few decades, energy storage systems have
achieved considerable popularity as lightweight compact electronic equipment and are widely used
in electric vehicles (EVs) On account of high energy capacity and cheap cost, various types of
rechargeable batteries, such as Li-ion batteries, and supercapacitors (SCs), are extensively
researched. Here we will introduce the definition and working mechanism of each type of devices

and technology as follows.



2.1.1. Energy Conversion Technology

2.1.1.1. Oxygen reactions

Metal-air batteries as typical energy conversion technology have become a promising power source,
due to the nature of superior theoretical energy density and plentiful-oxygen fuel from the
atmosphere, facile assembling process, and environmental-benignity. Among the all types, Zn-air
batteries have received a lot of interest on account of their high specific energy density (1086 W h
kg™!), high performance, and low cost.> They consisted the metal anode, air-cathode including

electrocatalyst layer, electrolyte, and separator (Figure 2.1).*

L

é
il

Figure 2.1 Scheme of a typical Zn-air battery.

In alkaline electrolyte, during the discharge, the disparity in oxygen pressure between the
exterior and interior of the battery allows atmospheric oxygen to permeate the porous cathode, and
the electrocatalysts prompt oxygen reduction reaction; at the same time, the metal zinc is oxidized
to form soluble zincate (Zn(OH)s>) ions by loose electrons.® When the battery is charged, the
reverse reaction (oxygen evolution reaction) occur and metallic Zn is plated at the anode. The
reactions of discharging are illustrated as below:

Anode : Zn — Zn*" + 2¢’ (1)
Cathode: O + 2H>0+ 4 ¢ —40H" 2)

As mentioned above, based on discharging, and charging processes, electrochemical oxygen
reactions including oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) occur

7



in the cathode part. Generally, oxygen reactions determine the performance of capacity retention,
efficiency, and durability of battery. Specially, ORR process typically comprises following steps
as the equations below: (1) diffusion and adsorption of oxygen on the surface of electrocatalyst; (2)
electron conversion from metal anode to oxygen; (3) deterioration and rupture of the O-O bond,;

and (4) hydroxide transports to the Zn-anode via solution.’

Four electron reaction: O, + 2H>0 + 4e” — 40H" 3)
Two electron reaction: O + HO + 2e”— HO,” + OH” 4)

As we can see, the oxygen reduction occurs though four-electron pathway or electron pathway
which peroxide species are generated. These two pathways are mainly depended on adsorption
method.® In a four-electron pathway, OHis reduced by O sorption while two O atoms
accommodate with catalyst. In two-electron pathway, O- is directly reduced to OH™ due to end-on
oxygen adsorption while one oxygen atom is opposite to the catalyst. The peroxide species
generated from two-electron pathway are caustic and have a negative impact on the electrolyte's
stability. Hence, four-electron is more desirable. In OER, O: is generated through several
proton/electron coupled procedures. Different from ORR, because of its more complicated
electrochemical reactions, the OER mechanism is arduous to explain, and pH of the reaction is
extremely important.” Two water molecules are corroded in acidic media, yielding four protons
(H") and one oxygen molecule, thus losing four electrons. In basic media, oxidation of hydroxyl
groups (OH") occurs generating H>O and O2 with the same number of electrons involved. The two

equations are described as below:

Acidic electrolyte: 2H,O — 4e” + O+ 4H" %)
Alkaline electrolyte: 4OH™ — 2H,0 + 4e” + O2 (6)

According to the Nernst equation, an external voltage of 1.23 V (vs. reversible hydrogen
electrode (RHE)) is needed to drive reaction happen.!® Since both ORR and OER involve the
multi- step reactions, the kinetics are extremely torpid and lead to lavish overpotential (1),

demanding additional energy to surmount. Therefore, bifunctional electrocatalysts are highly



demanded to decrease the activation energy and facilitate reaction rate and overcome energy

barriers.

2.1.1.2. Water Splitting

Hydrogen has been broadly regarded as economic and desirable energy for replacing traditional
energy sources due to its superior energy transfer efficiency, excellent energy density, zero CO2
emissions, and environmental compatibility. However, there is no actual hydrogen on the planet,
so it had to be made from other materials. At present, the steam reforming process is the mature
strategy to produce hydrogen for large-scale. However, combustion of fossil fuels and large
production of CO; hinder the development of this method. Therefore, it is desperately necessary to
exploit a safe, renewable, and effective hydrogen generation strategy.!! Water splitting
technologies are widely used to produce hydrogen for the energy conversion due to stable form of
water. This method utilizes a huge amount of water to produce high quality hydrogen at a low cost

while emitting no CO; or other contaminated gases and without requiring a high temperature.'?

Oxygen | 1 Hydrogen
I T

‘ Anode Cathode

H,0

Bifunctional electrodes

Figure 2.2 Schematic illustration of an electrolytic cell.

As illustrated in Figure 2.2, electrolysis cell for water splitting is made of anode, cathode, and
electrolyte. Bifunctional electrocatalyst are utilized in both anodes and cathodes to boost the
electrochemical reactions. It includes two half reactions on the cathode and anode, the hydrogen

evolution reaction (HER) and the oxygen evolution reaction (OER), respectively.'

Total reaction H O — Hj + 1/20, (7
In acidic solution

Cathode: 2H" + 2 — H» (8)



Anode: 2H20 — O, +4H" +4¢ Q)

In neutral or alkaline solution
Cathode: 2H,0 +2¢" — Ho+ OH" (10)
Anode: 20H" — HxO + 1/20; + 2¢ (11)

HER is a multi-step procedure that involves two-electron transferring on the electrode surface
through two distinct mechanisms, with three potential pathways. It happens depending on either
the Volmer-Heyrovsky or Volmer-Tafel mechanisms. Here we mainly discuss the alkaline
electrolyte the reaction happens based the ensuing steps'*:

(1) A proton from water molecule is combined with an electron forming the adsorbed hydrogen
intermediate (H*).

H,O + e+ * — H* +OH", Volmer reaction (12)

(2) The adsorbed hydrogen specie absorbs a water molecule and one electron at the same time,
resulting in the formation of a hydrogen molecule.

H* + H>O + e — H>+ OH", Heyrosky reaction (13)

(3) Two absorbed hydrogen species are joined concurrently, generating Ho.

H* + H* — H,, Tafel reaction (14)

From above reactions, * represents the catalyst surface and H* is the intermediate hydrogen
taken in. Multi-phase HER begins as proton release step, which is also called the Volmer reaction.
After via two alternative reaction paths the formation of molecular hydrogen can be followed by
either the Heyrosky response or the Tafel Reaction.!® Due to the water molecule dissociation, the
reaction rate of HER in basic electrolyte is very creeping. Looking insight of all pathways, H* is
always participates in the HER. Therefore, Gibbs free energy (AGn=+) is considered as a standard to
measure the rate of HER. The electrocatalyst which AGu+is close to zero shows the high efficiency
for HER process since slow adsorption leads to low proton-electrode surface interactions; while
electrocatalysts with high AGyu- easily impede Ha by breaking the bonds between hydrogen and

catalyst surface.'?
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The pH of electrolyte largely determines the HER rate. According to the Nernst equation, the
thermodynamic voltage of water splitting is 1.23 V (vs. RHE) in standard condition
notwithstanding the reaction media. However, in practical water splitting process, in order to drive
reactions, greater potential is required than theoretical potential. The excess potential is also
defined as overpotential for electrocatalysis, which is primarily intended to overcome both cathode
and anode intrinsic activation obstacles. Also, some factors such as electrode resistance, electrolyte
diffusion blockage, bubble production should also be considered. The principal research challenge
in this respect is the development of effective bifunctional electrocatalysts, which reduces energy

barriers and increase the efficiency of water splitting.

2.1.2. Energy Storage Devices

With the accelerating progression of smart electronic devices, and electronic vehicles, the necessity
of energy storage devices and technologies assembled with cost-efficient, environmentally benign,
superior specific capacitance, and electrode materials with long life span increase sharply. It
stimulates the exploration of various types of rechargeable batteries, such as Li-ion batteries,
lithium-sulfur batteries, potassium-ion batteries (KIBs), with high energy density and
supercapacitors (SCs).!¢ Li-ion batteries have already widely utilized in daily life and industrial-
scale due to their remarkable energy and power density. However, their defective safety and poor
durability fail to reach the expectation for wide-reaching application in industry. More and more
attention has switched to development of Na-ion batteries and K-ion batteries because of decreased
metal reactivity and great richness. In addition, on account of their high energy density and fast
charge/discharge operation, supercapacitors (SCs) have emerged as a potential energy source. In

this thesis, we mainly introduce the mechanism of Li-ion batteries and supercapacitors as below.

2.1.2.1. Lithium-ion Battery

Since the first study of LIBs in 1991, substantial attempts have been made to investigate their
properties related to energy density, cycling performance, and safety property.!” Up-to-now, it have
been utilized in extensive variety of portable devices and industrial scale like electric vehicles. The
best energy density of LIBs in record in 1991 was 90 Wh kg™'.!® Currently, the energy density could
reach around 120 to 220 Wh kg™! by modifying the electrode material, electrolyte, separator, binder,

and current collector. Therefore, in the near future, high performance battery system with excellent
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power density could be designed and over the current limit. Thus, without any doubt, Li-ion
batteries own several advantages. First, they have high special energy density enabling applications
of potable devices or industrial scale. Second, they have durable cycle life, high round-trip
efficiency and adequate operational temperature range.!® Third, it’s more environmental-friendly
compared to Ni-Fe batteries or lead-acid batteries.

Li-ion battery is made of an anode, cathode and electrolyte as presented in Figure 2.3. For
commercial Li-ion batteries, anode is usually graphitic carbon. As cathode materials layered oxides
LiMO; or spinel type LiM204 compounds (M = Co, Ni, other transition metals) have mostly been
used.?’ The electrolyte is a solution of a lithium salt typical as LiPFe in a mixed organic solvent

with infiltration of the separator.?!

e

Li,Cs Electrolyte  Li;,CoO,

Figure 2.3 Schematic of lithium-ion battery.

During discharging, the electrochemical reactions could be written as below?*:

Cathode: Li; MO, +xLi" +xe” — LiMO, (15)
Anode: Li,Cs — xLi" +xe” + 6C (16)
Total reaction: Li; MO, + Li,Cs — LiMO,+ 6C (17)

When the battery is charged, the reactions are reversed. For typical Li-ion intercalation batteries,
they follow the “rocking-chair” principle, which as shown above.?* During the charging and
discharging, only the Li" can transport between the anode and cathode via electrolyte, while the
electrons move through the exterior circuit to complete the reaction. Ideally, the reversible battery
voltage could be calculated by the redox voltage contrast between the Li*/Li anode and transition

metal oxide cathode during the battery discharge. While during the battery charge, external voltage
12



is needed to drive the reaction. Lithium ions are realized from the lithium metal oxide in the cathode,
transfer through the electrolyte, and are finally inserted into graphite carbon anode. At the same
time, metal is reduced from lithium metal oxide. The free electrons are driven across through the
external circuit to remain charge neutrality.?> In practical, the voltage is determined by the
properties of anode, cathode material and electrolyte.

However, there are still some challenges remaining for the anode, cathode, and electrolyte. Both
anode and cathode electrodes determine the performance of batteries. Here, we mainly discuss on
the problem of cathode and anode materials. Cathode materials meet certain obstacles that must be
overcome before they can obtain the acceptable performance. First, low conductivity of materials
results in poor kinetics, leading to the low-capacity and reversibility of conversion reactions.
Second, low energy efficiency results from voltage hysteresis. Third, conversion type materials
suffer from large volume changes during the charge/discharge, as well as numerous unfavourable
reactions between active materials and electrolytes, both of which may result in low cycling
performance and coulombic quality.?® Besides, anode materials also suffer from degradation
caused from SEI formation and Li plating, resulting in the impedance increase, power fade and
capacity fade. In addition, low initial coulombic efficiency and poor reversibility are ascribed from
structural change and high-volume expansion. Third, dissolution of the active materials leads to
unacceptable electronic conductivity or mechanical contact within the anode, which further results
in capacity losses and increasing cell resistance.?* The dissolved species can also precipitate in the
reactions, potentially compromising the stability and properties of its SEI, resulting in irreversible
Li losses and resistance increase. Hence, rational design of electrode materials is imperative to

solve the above problems.
2.1.2.2. Supercapacitors

Besides batteries, supercapacitors (SCs) have been considered as a promising and long cycle life
energy storage device in the next generation due to their large capacity and high power density
with low cost.?” Compared to traditional electrolytic capacitors, supercapacitors not only own their
features with unlimited cycle life, high electric strength but also can store plentiful energy than
traditional capacitors.?® Since supercapacitors have high power density fast dynamics of charge
propagation, they can be utilized in many applications where store or release huge amount of

energy in a very short time. Currently, the supercapacitors are used mainly for automotive industry
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such as hybrid EVs, and portable electronic devices. With respect to batteries, supercapacitors have
plentiful advantages such as higher peak currents, acceptable reversibility, safe operation,
unsarcastic electrolyte and low material cost. Albeit supercapacitors provide large power density,
most commercial supercapacitor devices possess a specific energy density less than 10 Wh kg™,
which is much lower than Li- ion batteries (150 Wh kg™!).?” Therefore, there has been intensive
research effort in enhancing the performance of supercapacitors to approach and exceed that of

batteries.

. Current collector

W Active material

’ Separator
€ Cation
L Anion

Figure 2.4 Scheme of the configuration of a typical supercapacitor.

As illustrated in Figure 2.4, a standard supercapacitor is made up of two operating electrodes
with active materials coated on current substrates, electrolyte, and an electrically isolated separator
between the two electrodes. Depending on device structure and storage working mechanisms of
electrode materials, there are three categories of SCs: symmetric SCs (SSCs), asymmetric SCs
(ASCs) and hybrid SCs (HSCs). While in conformity with energy storage rule of electrode
materials, SCs can be divided two types: double layered supercapacitors (EDLC), pseudo-
supercapacitors.>!

EDLC supercapacitors utilize liquid electrolyte and have been widely used in commercial
market. The mechanism is that a reversible electrolyte ion sorb at the electrode or electrolyte
surface, resulting in an electrically double-layered field.>? During charging, electrons are
transmitted from the cathode to the anode via circuit wire. Consequently, cations within the
electrolyte gather in cathode and anions in anode to form an electric double layered (EDL) in order
to maintain the exterior charge balance. In reverse, when SCs is the discharging, electrons travel

from the anode to the cathode via an external route with the ion transport between two electrodes
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till the discharging completed.’* Ions in a bulk electrolyte migrate in a different manner from
transporting in electrode. The pore size has a significant impact on the movement of ions into the
pores. Large pores are beneficial for ion transport, favoring double layer capacitance. Therefore,
the electrode materials possess large surface are and pore volume are recommended to be utilized
for this type SCs. For example, carbon-based material like carbon nanotube, graphitic carbon.

The Faradaic charge storage system is used in pseudo-capacitors, which have quick and
extremely reversible redox reactions, which enable SCs perform higher charge storage capacity. It
also has two electrodes that are bound by an electrolyte. The chemical reactions occur at the
electrode and stores the electrical charge storage without contacting between the electrode and the
ions. Fundamentally, different charge mechanisms can be classified for pseudo-capacitors: pseudo-
capacitance manipulated by surface redox reaction (reduction-oxidation reactions) or commanded
by intercalation. Charges can be stored through surface redox reaction procedure by sorption of
cations and anions in the electrolyte on the surface of the electrode happening faradaic redox
reactions. During the reactions, the oxidization state of species is charge constantly. Once accepting
the electron, a reduction reaction happens that material species is reduced. In reverse, losing
electrons and enhancing of ion or atom is referred to as oxidation.?® The reversible intercalation/de-
intercalation of electrolyte cations into the crystal structure of electrode materials is conducted by
the pseudo-capacitance intercalation mechanism.*® To retain the electrode's electrical neutrality, a
significant number of electrons are involved and transported to the host during inversion. However,
it is constrained by the ion's tendency to disperse the electrode material.*®

Electrode materials for pseudo-supercapacitor with phase transformation during the
electrochemical process could be considered as “battery-type” materials.>* The electrochemical
process of these type materials is usually ion diffusion-controlled and experienced “phase-
transformation” ion intercalation which obviously reveal from oxidation/reduction peaks of
electrochemical reactions curves. Although they have high charge storage capacitors, they endure
sluggish kinetics during electrochemical process because of the slow material phase transition.*
Hence, structure modification and optimization related with particle size and morphologies should
be explored of these materials to have high specific surface area, which provides ample active sites
and reduce ion diffusion pathway in solution. Transition metal-based materials, carbon and other
hybrids are normally used to structure such electrodes due to their morphology and structure

feasibility, which we will mainly focus on and further discuss in the next section.
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2.1.3. Electrochemical Parameters

For both OER/ORR/HER, the performances of electrocatalysts are normally measured cyclic
voltammetry (CV) or linear sweep voltammetry (LSV). Based on these, there are serval parameters
like onset/overpotential, Tafel slope, stability, and specific activity to evaluate electrochemical
properties and offer key information to explore mechanisms. While for energy storage like Li-ion
batteries and supercapacitors, capacity, specific capacitance (Csp), energy density (E), and power

density (P) play a key role in investigating for performance of electrodes.

2.1.3.1. Onset/Over Potential

Onset potential is a significant factor to investigate the electrochemical reactions, in which the
lowest potential in anodic reaction or highest potential in cathode reaction. As we discussed before,
the ideal thermodynamic equilibrium potentials are 0 V and 1.23 V for HER and OER in alkaline
electrolyte, respectively. Nevertheless, additional voltage is mandatory to facilitate the reactions
because of the sluggish kinetics, which known as overpotential (n). Usually, overpotential is
measured at current density of 10 mA ¢cm™ considering it’s a common measurement expected in
12.3% efficiency from solar to hydrogen device.>® Thus, to corresponding to solar water splitting,
the overpotential at current density of 10 mA ¢cm™ is also employed to compare the electrocatalysts
of HER in electrochemical water splitting. Commonly, three types overpotentials, activation,
concentration, and resistance over-potential, are reported to result in the total values.'* The over-
activation potential depends on the electrocatalyst's intrinsic property, so it’s significant to design
the excellent electrocatalysts to low the value. Overpotential can be divided into concentration
overpotential correlated with the concentration difference of the involved ions between the
electrolyte and the electrode surface and resistance overpotential which is produced through the
electrode interfaces and occurs at measuring device surfaces and interfaces. As the reactions begin,
the concentration overpotential of the surface of electrode happens owing to the rapid concentration
decrease near the interfaces. Therefore, stirring the electrolyte to facilitate the ion diffusion so that
reduce the overpotential.>” The resistance across the surfaces and interfaces will cause the extra
potential decrease, leading to measured potential is not reliable which is larger than the actual
value.!! Hence, ohmic drop compensation (iR compensation) conducted by the electrochemical
station is utilized to eliminate the resistance overpotential during the measurement. Besides, bubble

effect also leads to the overpotential. During the OER/HER, plenty of bubbles are created on the
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surface of electrode and if they can not get away, it’s detrimental for materials’ active parts and
increase the reaction overpotential. Hence, to deal with the problem, rotating disc electrode (RDE)

with different speed is utilized to measurement the performance.
2.1.3.2. Tafel Slope

Tafel slope is another indicator to investigate the reaction kinetics and charger transfer ability of
electrocatalysts. Tafel slope can be achieved via plotting curve of log (current density) and over-

potential, according to the equation below*:

n=a+blog(j) (19)

where 7, j, and a are the over-potential, current density, and Tafel constant, respectively. b is Tafel
slope revealing the kinetic rate of electrocatalyst. Small Tafel slope value demonstrates that rising
the same amount of current density requires a lower overpotential, reflecting a boosted charge
transport kinetics. When # equals to zero, the calculated j is exchange current density (jo), revealing
that the instinctive electron transport rate between the electrolyte and electrode is in thermal
equilibrium situation and is associated with the property of electrocatalysts.!> Additional, Tafel
slope unveils the mechanism of three pathways of HER reaction. Accordingly, the ideal Tafel
slopes of the Volmer, Heyrovsky, and Tafel pathways are estimated to be 118.2, 39.4, and 29 mV
dec’!, respectively.®” If the calculated value of s representative electrocatalyst nears 118.2 mV dec
! which means that the Volmer reaction is the rate-controlled procedure and the adsorption of
hydrogen atoms onto the catalyst surface has a slow kinetics. If the Tafel slope in the experiment
is measured approaching 39.4 mV dec!, HER process is a determined by Heyrovsky pathway while
desorption procedure decided the production of Ha. If the value is close to 29.6 mV dec’!, the
reaction is mainly restricted by the adsorption of involved H atoms and the production of H».*’
Therefore, Tafel slope is an essential factor to measure reaction kinetics while designing the

efficient electrocatalysts with a proper Tafel slope is necessary to boost the OER/HER/ORR.

2.1.3.3. Stability

Undoubtedly, stability is fundamental factor for the electrocatalysts to check if the materials can
remain the same activity after long operation period. Generally, it can be measured by the CV or

electrolysis method (galvanostatic or potentiostatic electrolysis).*’ The cycling measurement via
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CV is conducted by repeating the electrochemical cycles. Commonly, it’s better that cycle numbers
could more than 1000 times in order to obtain the superior stability of materials. The galvanostatic
or potentiostatic electrolytical investigation shows the voltage or current density change with time
at fixed current density or potential. Usually, current density at 10 mA cm™ is commonly applied
as the conventional value. Also, the period of measurement is up to 12 hours to evaluate the
catalytic stability. In Li-ion battery or supercapacitor, stability measurement is also called cycling

performance, which shows the capacity variation of material tested in constant current density.
2.1.3.4. Mass and Specific Activities

Mass and specific activities are other quantifiable factors to demonstrate the electrocatalysts
catalytic activities. Mass activity is described by amperes per gram (A m™'), which is the current
over electrocatalyst loading in the electrode. Specific activity is described as current normalised by
electrochemical surface area (ECSA), representing the intrinsic performance of electrocatalyst.
Here, we mainly discuss the electrochemical surface area which is frequently utilized to investigate
the cumulative quantity of active sites on an electrocatalyst surface and widely explored in the
recent research.*! One method is to decide ECSA by electrochemical measurement is through the
double layer capacitance (DLC), which is used for non-precious metal-based electrocatalysts. A
rectangular CV scan with a large current plateau around the potential range is suitable for better
approximating the ECSA. The slope of the linear fit may be calculated as the electrochemical
double-layer capacitance by drawing the measured capacitive current densities at the mean
potential in the applied range as a function of the scan rate (Ca).** The equation of ECSA could be

written as below:*

ECSA = 2 (20)

Where C; is the specific capacitance of the sample and C; = 0.022-0.130 mF cm™ in KOH or NaOH
solution.* To estimate ECSA, we use general C; = 0.05 mF cm™ in 0.1 M KOH, while C, = 0.04
mF cm?.* % By calculating the ECSA, it’s better to understand the morphology, shapes, sizes and

porous structure of electrocatalysts which offer us a promising strategy to design high performance

electrocatalysts.
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2.1.3.5. Capacitance

For the energy storage devices, like Li-ion battery or supercapacitors, The total capacitance (C) of
is a reflection of electrical charge storage ability under a specific voltage change, the equation can

be written as below?®:

c==2= 2 1)

In supercapacitors, I is the constant discharge current (A), t is the discharge time (s), AQ is electrical
charge, AV is the potential window (V). To better measure the property, when we apply the mass

of material, we can obtain the specific capacitance (Csp), the equation is also below*®:

It
Cyp= (22)

m is the total mass (g) of the electrode material. For supercapacitors, we usually measure Cy, by
constant current charge-discharge measurement, which charging and discharge are carried out at a
steady current before a predetermined voltage is achieved. Specific capacitance is an important
factor to measure the capacity storage of materials. Hence, choosing the materials with high

capacitance is significant for both batteries and supercapacitors.
2.1.3.6. Rate Capability

Rate capability has another parameter for designing Li-ion batteries. To measure it, we can
calculate the specific capacitance tested in different current density. Usually, the electrode is
conducted from low current density to large current density and final back to low current density.
From the variation of specific capacitance, we can elevation the performance of electrode. Rate

capability is important to value the performance of electric vehicles.

2.2. Electrocatalysts for Energy Conversion

As we discussed above, electrocatalysts play a significant role in enhancing power capacity, energy
density and cycling in metal-air batteries and facilitating the chemical kinetics in water splitting.
In recent years, massive elbow greases have been devoted in the exploring of oxygen
electrocatalysts for metal-air batteries. Furthermore, owing to common ideas, most of the

electrocatalysts used in metal-air reactions could also be used in water splitting, so various methods
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and techniques are used to facilitate the behavior of reactions. In this thesis, we mainly divide the
electrocatalysts into the following two types of categories: (1) precious metal-based
electrocatalysts; (2) transition metal-based electrocatalysts, including transition metal oxide, alloy,

sulfides, phosphides.

2.2.1. Precious metal-based electrocatalysts

Precious metals, as well as their alloys, oxides, and even compounds have been wide-ranging used
in oxygen reactions towards implementations such as fuel cells, water splitting and metal-air
batteries, due to their excellent electrocatalytic performances. Precious metals, including platinum
(Pt), palladium (Pd), ruthenium (Ru), and iridium (Ir) have been investigated in different
compositions as bifunctional electrocatalysts due to their unique characteristics. First, many
precious-metal complexes having low-valences are stable enough for oxygen to endure a variety
of important catalytic transformations under ambient conditions. Second, precious metal forms
metal-metal bond and special structures. As a typical noble metal, due to its superior activity, Pt is
one of the earliest precious metals and the most powerful electrocatalyst for ORR and HER
reactions. Especially, (110) crystal plane of Pt exhibits the lowest AGu* shows the high efficiency
for HER process. However, scarcity and expense of Pt hinder the wide usage so many strategies
have been considered to maximum utilize the activity of Pt. First, fabricating Pt with
micro/nanostructure, tuning the size and morphology with more dimensional structure so that
create ample active sites and expose (110) crystal plane of Pt to improve ORR and HER
performances.*’ Pt-based nanomaterials with diversified structures and easily modified electron
patten have been rationally developed and manufactured over the last decade. For example, Lou et
al. reported 3D Pt nano-assemblies exhibit superior high stability with intensive voltage cycles and
excellent electrocatalytic properties.*® Yang’s group synthesized the PtPd nanorods with high-
coordination numbers of the growing low-index surfaces showing high-catalytic properties.*’
Moreover, 2D Pt membranes and 3D nanonetworks have been widely explored due to their
outstanding porosity and remarkable surface area.’®>! Another approach for improving efficiency
and lowering costs is to alloy or change Pt with other precisou metals or low-cost transition metals
as alternatives to Pt-based electrocatalysts. For instance, Markovic’s group deposited 3D-
Co/Ni/Fe/Mn hydroxides on Pt and Au substrates with active sites and they exhibited the
remarkable ORR and HER properties.> Many bimetallic catalysts (PtCo, Pd-Pt, and Pt;Ni) have
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demonstrated significant changes in operation and stability by changing the electronic structure
and increasing the active facets.>> %

In comparison to Pt/Pd-based electrocatalysts, Ir and Ru-based electrocatalysts exhibit better
active efficiency against OER, yielding lower overpotential and high activity.*! Up-to-now, much
research have investigated intrinsic activity and performance of Ir and Ru-based electrocatalysts.
The intrinsic OER behaviours of nanoparticle catalysts are found to decrease in sequence Ru > Ir >
Pt Albeit Ru presents the remarkable OER behavior, unsatisfying durability limit its large
employment. Hence, designing more dimensional with various morphologies structure is necessary
to achieve excellent activity and remarkable stability. For instance, 3D ultrathin Ir nanosheets Ir
had design and obtained excellent catalytic performance in different electrolyte mediums with low
Tafel slop.>®

Regarding to oxides, the most active electrocatalysts for OER are iridium oxide (IrO2) and
ruthenium oxide (RuO>). They possess flexible redox state, which has wide modulation space in
response to the alter in valence state induced by adsorption/desorption for oxygenated species.”’
Most recently, it’s found that Ru, Ir with its oxide also displayed high activity both in basic and
acidic electrolyte.’® However, most precious metal-based electrocatalysts still suffer from poor
durability, mainly due to 1). the aggregation of catalysts attributes to the decrease of the active sites;
2). the loss of the contact between electrocatalyst and the support resulting in the poor electron
transfer; and 3). the change of crystal structures where the electrocatalytic behaviors completely
change. Thus, attentions on developing new catalogs bifunctional electrocatalysts have been shifted

to non-precious metals.

2.2.2. Transition Metal-Based Electrocatalysts

A wide range of transition metal-based materials have recently been probed as promising
substitutes for electrocatalysts in the coming decades. Transition metal with low cost and
abundance feature is developed the porous materials with large surface areas and diverse pore size,
which is particularly propitious for the EECS systems of batteries, water splitting, fuel cells devices.
In this section, we present the various groups transition metal-based materials for oxygen reactions
and water splitting, including transition metal alloy/oxides; transition metal sulfides; transition

metal phosphides.

21



2.2.2.1. Transition Metal Alloy/Oxides

Transition metal oxides (TMOs) have attracted enormous interest in the filed of electrocatalysis
(OER/ORR/HER) due to its richness, cheapness, and excellent activities behavior. Especially,
metal oxides such as NiO,” Mn0,%, Fe;04°! and Co3;04* are superb candidates for OER on
account of various oxidized valence states (M2"/*/*") serving as active center for OER.®> % The
electrochemical properties of TMOs are mainly depended on their morphologies, structures,
crystalline nature, oxidation state, and the surface oxygen binding energy.** For instance, Chen’s
group reported hierarchical three-dimensional ordered mesoporous cobalt oxide through a
template-growth method.® The hierarchical structure of the this material was strongly ordered and
consistent, with typical pores of about 150 nm, making it easier for oxygen diffusion in
electrocatalyst during oxygen reaction, resulting in a lower onset potential and increased ORR and
OER activity. In another study, Li’s group introduced the pomegranate-like Co3O4 electrocatalyst
presenting the high half-wave potential of 0.842 V for ORR, and a low overpotential of 450 mV
for OER.%

Similar to cobalt oxide, nickel oxide is also found to be capable as OER electrocatalyst. The
anhydrous brucite form of nickel oxide, which has more Ni*" than other structures, is thought as an
excellent electrocatalyst due to satisfying conductivity. One of the advantages for nickel oxides is
that they are very resistant to corrosion in the electrolyte, but they suffer from the poor stability
that they exhibit the slow decreases in activity over time. There has been a lot of research done to
create higher oxidation states of Ni of NiO with excellent structure. For example, Fominykh’s
group designed ultra-small crystalline NiO NPs, where Ni*" state is produced on the surface of
small particle NiO.%” Chen’s group reported Ni/NiO micro-particles with subtly distorted lattices
derived from metal-organic framework created multiple nickel vacancies and exposed active sites
which was favorable for electrocatalytic process.®® Wang et al. synthesized Ni nanoparticles
interpenetrated in porous NiO nanosheets exhibited excellent performance in OER/ORR.
Regardless of its capability as an OER catalyst, nickel oxide has disadvantages as bifunctional
electrocatalysts. Because of the shift from Ni**to Ni*" and production of NiO impurities under high
temperature condition, nickel ions is easy to migrate within crystal structures, resulting in low
reversibility and unacceptable stability for their electrochemical properties.®’ Also, the ORR

activity of the nickel oxide catalyst fail to meet the requirement. Hence, their robust OER property

22



but weak ORR behavior demonstrates that it’s necessary to combine other materials to achieve the
high performance as bifunctional electrocatalysts.

Manganese oxides attract many interests as bifunctional electrocatalysts for electrochemical
reactions due to their lavish presence in nature and multiple valence states which is widely applied
in water splitting. Manganese oxides have over thirty different crystal configurations and three
different oxidation states due to manganese's octahedral composition, which allows for various
structural variations, most often layered or tunnelled structures.’’ Such tunable structures also are
beneficial for saving HoO and other species within its pores structure. For example, Meng et al.
reported four structures of manganese oxides consisting tunneled structures, a tetragonal structure
and layers of spherical structure.”” More importantly, nano-structing of manganese oxides to
maximum utilize its advantage is widely explore in electrochemistry. For instance, a-MnO:
electrocatalysts of nanoparticle, nanotube and nanowire were explored by Muruganb’s group.”!
Among them, a-MnO, nanowire had the lowest onset potential which was superior to others at 0.25
mA cm™. Also, Zhang et al. reported a-MnQ»-SF catalysts with large tunnels and active sites was
favorable for ion transport in electrochemical process.”? However, the conductivity of manganese
oxides is even low than nickel oxides, so that more efforts should be devoted to optimizing both
the structure and conductivity.

Although have been demonstrated to be promising electrocatalysts and have shown moderate
activities as bifunctional catalysts in alkaline electrolytes. However, their ORR activities as single
metal materials are unsatisfactory due to sluggish kinetics and require effective catalysts to
facilitate the direct four electron pathway mechanism. Recently, the production of electrocatalysts
has been a subject of research through the formation of bimetallic oxides such as nickel and cobalt
based on the fact that in bimetallic systems, the incorporation of secondary atoms to multivalent
transition metal material such as Mn, Co, and Fe can improve ORR activity and stability. As a
result, mixed-metal materials have sparked a lot of interest in the ORR and OER because of their
additional benefits, such as greater structural stability and the possibility to perform the excellent
properties both in ORR and ORR through the mixed composition.” For instance, Guo et.al
introduced NiO/CoN nanowire arrays with intensive connection within nickel oxide and cobalt
nitride, creating plentiful oxygen vacancies which is favorable for electrocatalytic activity.”* In
addition, Ni-/Mn-decorated Co3zO4 nanoparticles yields an low overpotential of 399 mV for ORR
and overpotential of 381 mV for OER.”
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Alloying is promoted as a clever method of increasing the catalytic behavior and lifespan of
transition metal compounds. Transition metal alloys with a synergistic combination of different
metal and increase active surface areas, showing the excellent electrocatalytic property. For
example, Li’s group introduced NiCo alloy nanoparticles encapsulated in N-doped carbon structure
displayed low half-wave potential of 0.83 V for ORR and overpotential of 380 mV for OER.”®
Zhou’s group introduced CoFe alloy nanoparticles endorsed on N-doped CNT by facile and
controllable approach.”” Li’s team fabricated NisFe alloy-encapsulate CNT developed on N-doped
carbon nanofibers, forming one-dimensional configuration with abundant active sites and ion
transfer channels. The whole structure could optimize the electronic configuration of exterior
carbon fibers, thus elevating the electrocatalytic activity.”® However, transition metal alloy suffer
from the corrosion and oxidation in alkaline or acidic electrolyte during the OER/ORR/HER
process, which negatively effect the stability of electrocatalysts. Hence, it’s compulsory to
construct the morphology and architecture of transition metal alloy to avoid corrosion and

oxidation in the future research.
2.2.2.2. Transition Metal Sulfides

Recently, transition metal sulfides (TMSs) materials have received a lot of interest for
hydrogen/oxygen electrocatalysis for the sake of excellent electrical conduction, multiple valence
states. Many scholars have varied ideas on the significance of S atoms in TMSs related with their
electrocatalytic behavior. It’s believed that the electron structure of sulfur atom decide the
performance of TMSs. Researchers found that sulfur atom has an ability to exact electrons from
other elements such as C as long as sulfur maintain the higher electronegativity than others. Hence,
we can know that S atom play a key role as active site with the aim of stabilizing the intermediates
during the whole reactive procedure. In addition, sulfur atom could produce much defects and
vacancies to modulate the electronic arrangement and has a tendency to dissociate water molecule
so that it facilitate the catalytic procedure.” Currently, MoS;, NixSy, CoxSy and fabrication and
catalysis are the most reported TMSs.

Among them, 2D layered structure of MS; (M=Mo, W) have been most extensively developed
and considered as a promising alternative HER electrocatalyst. It’s shown that bulk MoS, fail to
perform the excellent electrochemical behavior and it’s determined by the amount of reaction sites

and edge sites. Moreover, since MS; is widely utilized in semiconduction area, it displays more
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satisfying electronic conductivity compared with its oxides. Even some layered compositions own
the metallic feature as desquamated into multi-layered architecture. Hence, it’s desirable to design
and modify the structure of MS; to optimize the properties. For example, Tour’s group reported

sponge-like edge-oriented MoS: films via facile reaction of sulfur vapor. The obtained material

delivered excellent HER performance along with superior durability.®’ In addition to tailor the edge
surface, creating the number of active sites is another method. Cui et.al prepared a MoS; ultra small
film perpendicularly grown on a horizontal plate. The obtained MoS; catalyst with rich edges
showed superior HER catalytic performance.®!

Besides of Mo/W, Ni and Fe are cheaper and more abundant and logically the related sulfides
have been extensively researched to improve electrochemical property. For example, three-
dimensional porous NizS; designed on porous Cu films exhibited outstanding HER property in a
wide pH range a superior durability.®? Additionally, the unique architecture accelerated the mass
transport and favored more efficient utilization of active sites. For instance, 3D porous
MoS2/Ni3S; foam electrocatalyst with truncated, hexagonal, sheet-like morphology showed
excellent HER performance.®* Fe-based sulfides also unveil excellent behavior as HER, OER and
ORR electrocatalysts. For instance, iron-nickel sulfide nanosheets converted from a OH™ precursor
presented remarkable overpotential of 105 mV in HER.* Another interesting Fe-Ni-S material was
designed and reported by Yu’s group.®> They synthesized two-dimensional FeNiS, nanosheets and
used them as bifunctional oxygen catalysts. The nanosheets revealed a low overpotential of 310
mV in OER and a higher onset potential of 0.78 V. Although the transition metal sulfides exhibited
excellent performance, they still suffer from low conductivity and phase transformation during the
electrocatalytic process. Hence, effective structure modification and various composition is

demanded to optimize the properties.
2.2.2.3. Transition Metal Phosphides

Transition metal phosphides (TMPs) also have intensively researched possibilities owing to
outstanding electrochemical behaviors and economic expense, and robust stability towards HER in
acidic and basic as well as neutral electrolytes. The superior of performance is also mainly due to
the feature of P. Similarly, as S atom, P atoms in metal phosphides can draw the electron from the
metal because of their remarkable electronegativity. As a result, phosphide atom with negative

electrons can attract positive charge. For this reason, metal phosphides with an increased relative
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P content usually showed improvement in the catalytic performance.’® For the same metal
phosphides, increasing the P atomic contentment within an appropriate range is effective for the
improvement of their HER activity. In addition, chemical compositions and stoichiometric ratios
also have a diverse set of structural, electrical, magnetic, and physicochemical properties. In this
regard, in contrast to abundant P-P bonds in phosphorus-rich TMPs, enriched metal-metal and
metal-phosphorus bonds in metal-rich phosphides can contribute to prompted thermal and
electronic conductivity as well as chemical stability.” Hence, TMPs' morphology and
physicochemical properties may be tweaked and improved by adjusting their corresponding
compositions.

Single transition metal phosphides such as Co,P), Ni,P,, Fe,P,, Mo.P, are the most reported and
exhibited surprising performance toward HER in alkaline solution.®®*° Based on the theoretical
calculation and experimental practice, (001) surface of NioP have a favourable AGy+ for HER,
showing the outstanding HER activity.”! Due to the synergistic effect of multi-compounds,
composition modification indeed could change the morphology, structure and electrochemical
feature of TMPs. For instance, Sun’s group reported a hollow CoP nanostructure with nitrogen-
doped carbon framework contributing to high water splitting activity.”? Liu’s team synthesized
Ni.P, micro-spheres with different ratio of Ni and P, among them, NigoP1o exhibited the most
suitable AGu= for excellent HER property.

Bimetallic phosphides outperform single transition metal phosphides in terms of HER activity
in alkaline media. The superior performance may ascribes from the synergistic effects of bimetallic
active sites with tunable electron arrangement and architectural versatility.”> For instance,
bimetallic Ni,.xCoxP/N-doped carbon nanofibers were reported by Gao’s group which shown the
excellent HER in base, acidic or neutral electrolytes.”* In addition, different morphology design
such as CoFeP nanosheets,” NiFeP/CoP nanosheets/nanowires,”® MoNiP nanoparticles,”” CosNi P
nanocubes,”® CoFeP hollow microspheres,” have been wide-ranging reported these years by
modulating the morphologies and structures.

Up-to-now, there are plentiful strategies to construct the architectures. Among them, doping
including metal/ non-metal is an productive approach to prompt the property of TMPs. The
electronic configuration, morphology, and surface area of TMPs are significantly influenced by
metal doping, resulting in improved catalytic efficiency. Hence, atomic level change or more

favorable crystal plane modification of the catalyst can optimize catalytic performance of HER
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process. For example, Zhang et al. synthesized Fe-doped Co2P nanorod bundles which could be
used for HER in a wide-pH range.!”” The Fe doping supplied the favorable electronic
configurations, lattice distortion, and special environment accommodation, resulting in the
enhancing of HER. Li’s group introduced Cu-doped CoP nanorods achieve remarkable
performance towards HER with an overpotential of 44 mV at 10 mA cm™ in acidic and 81 mV in
basic and 137 mV in neutral media, which further confirm the importance of metal doping.'®!
Besides, nonmetal doping especially heteroatom doping can create the synergistic effect withing
the heteroatom and P atom and further effect the electrochemical properties. In this regard, Chai’s
group synthesized nitrogen-decorated ion phosphide nanorods as excellent electrocatalysts towards
overall water splitting.'®? Zhang’s group introduced the V/N co-doped into CoP nanoleaf resulted
in improved catalytic kinetics and charge transfer due the subtle lattice distortion and extra active
sites.!® Although there are abundant strategies to synthesize the transition metal phosphides, the
most convenient two methods are utilization Na2HPO4-2H>O in the synthesis process or calcination
step. However, it’s hard to identify the amount of P in the final product and if the metal phosphides
are successfully produced. Another challenge for metal phosphides is its working mechanism.
Extensive hypotheses are proposed but it’s difficult to illustrate thoroughly the mechanism. Hence,
it’s necessary to study deeply their structure and mechanism to construct the high effective

electrocatalyst rationally.

2.3. Electrodes for Energy Storage

Intensive research has been conducted to develop new, superb performance electrodes for energy
storage devices. The ideal design for LIBs and SCs should have the following features: superior
energy density, remarkable cycling ability, acceptable rate capacity, portable shape, trustable
security, cheap, and recyclability.!®* Hence, extensive research focus on the structure modification
and configuration. Here, we will discuss the electrode materials for the Li-ion battery and

supercapacitors separately.

2.3.1. Anode Electrode for Li-ion Batteries

As we discussed above, there are two approaches enhancing the performance of LIBs. One is
designing high voltage cathode materials; another is exploring excellent anode/cathode materials

with high energy density. In this thesis, we mainly discuss the anode materials for Li-ion batteries.
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For designing the suitable electrode materials, the follow requirements are: (1) The composite must
contain non-atomic-weight elements or compounds, have a low density, and be able to hold
significant quantities of lithium. (2) The materials should be stable, electrically conductive, long
cycling life and chemical reversibility. (3) Anode materials should have an ability to operate the
battery in normal, safe conditions when it’s assembled with cathode materials with a high potential.
(4) It’s requiring that anode materials should be chemically stable in electrolyte and can not react
with the solvent. (5) Lastly, the material should be low cost, environmentally friendly, safe.
Therefore, there have been numerous developments in nanostructured anode materials. In
comparison with bulk compositions, they display diverse characteristics in batteries, including
tunable morphology and structure, high surface area and conductivity, featured architectures, and
low resistance.

In this thesis, we mainly focus on the state of the art in anode materials for LIBs, along with
three classifications based on their reaction mechanism for Li-ion batteries as below:

(a) Intercalation/de-intercalation materials especially carbon-based materials, such as carbon
nanotubes, graphene, titanium dioxide.!% % During the charging and discharge, Li ions are
inserted into their crystalline structure without changing the crystal structure of the hosts. They
have been broadly utilized and explored due to their excellent Li ion intercalation reversibility,
richness, cheapness, chemical tolerance.!®” Nanostructured carbon materials are combined with
other materials eschewing side reactions both in the electrode and electrolyte and delivering high
particular capacities as anode-active materials. Hard carbon possesses a remarkable capacity up to
600 mAh g! in lower voltage range.!*® For example, Ai et al. reported chemically prelithiated hard-
carbon anode displaying high performance Li-ion intercalation.!®® Besides, Eli’s group introduced
packed and condensed carbon nanotubes framework as anode current collectors which achieved
lowest irreversible capacity.!!® However, the major drawbacks for pure carbon-based materials are
surface erosion or degradation during the electrochemical process, forming a thick non-reactive
shell covering electrode which is called a solid electrolyte interface (SEI).!!! Therefore, they suffer
from unfavorable initial coulombic efficiency which hinder wide-ranging utilizations as active
anode materials for LIBs. TiO2 is also widely applied as an intercalation-type material because of
superb intrinsic features, like negligible volume change and excellent duribility. On the contrary,

they are hindered by the non-acceptable theoretical capacity (175 mAh g!) and poor electronic
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conductivity ( ~10 -13 S cm™) in broadly implementation.!!? Thus, intensive work has focused on
modified morphology and structure to optimize the electrochemical properties.

(b) Alloy/de-alloy materials such as silicon, tin (IV) oxide, germanium etc.!'> !'* These type of
materials have high theoretical specific capacitance such as SnO: with 783 mAh g! and Si with
4211 mAh g'), which are promising candidates for high capacitor batteries.'!'> !'® However, they
suffer from large volume change and adverse structure expansion and multiple irreversible
reactions in the first charge/discharge cycle, contributing to the poor cycling feature and low
coulombic efficiency.? So to solve above drawbacks, diverse methods have been proposed, such as
downsizing composites to nanoscale, and combining both lithium active and inactive material in
one composite in which inactive material working as buffer array in order to avoid the large volume
change; modifying the morphology like nanotube, nanowires to obtain favorable energy density
and remarkable cycling stability.!'”- 18 For example, Cui’s team fabricated silicon nanotubes and
nanowires, displaying reversible capacity over 2000 mAh g™ with remarkable cycling property.'!’
Ren’s group introduce Si@SiO2@C nanocomposites with a coral double-shell in which the carbon
layer modified the volume expansion during the cycling performance.!?’ In addition, SnO> with
high specific capacity is already applied in industrial. However, its severe electrode degradation
can be found because of increasing volume expansion by 200% upon cycling. Hence, multiple
porous architectures like nanotube, nanocomposites, nanoparticles are designed to solve the
problems. For instance, Ramesha’s team reported porous SnO> hollow microspheres displaying
discharge capacity of 800 mA h g! and low resistance. Such excellent performance ascribed from
the porous structure accommodating volume expansion and synergistic effect of the binders.'?!
Xia’s group also reported that multi-walled carbon nanotubes coated with SnO; films take the fully
advantage of the two types of materials showed high charge capacitance and outstanding resistance
in Li-ion battery.'?? On account of the significant finding in the Li-ion battery, further development
should also be devoted to deal with the problems of alloying materials.

(c) Conversion-type materials like transition metal oxides'?®> (Co304, NiO, FexOy, etc.), metal
sulfides'?*, metal phosphides'?® and metal nitrides'?®, which we mainly focus on these type of
materials in our thesis. The electrochemical reaction mechanisms of these materials involve the
chemical redox reactions of transition metal and composition of lithium materials.'?” When it’s

applied as anode materials, they can reveal high reversible capacities in the range of 500-1000 mAh
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g’! owing to multiple involved electrons in the chemical reactions.!?® The redox reaction of
transition metal materials is written as below:

M,N,+zLi" +ze” > Li,N,+xM (M=Fe, Co,Ni, etc;N=0,S,P,N) (18)
Besides metal oxides, recently metal sulfides and phosphides are widely explored as anode
materials due to their high capacities. In addition, metal sulfides and phosphide have strong ability
of electron attraction, preventing the oxidation and forming powerful a covalent relationship with
metal-S/P bond. Another advantage is structural variation of metal sulfides and lower reaction
voltage of metal phosphide than their oxide counterparts. On the contrary, the major disadvantages
of these materials are unacceptable electrical conductivity, unfavorable volume changes, corrosion,
and particle agglomeration.'? 3 Currently, much research focuses on tuning the morphology of
material like nanosheet, nanorod and nanotube or modifying the electronic configuration to
enhance the conductivity."*!"!3* For instance, Wang’s group introduced o-Fe>O3 hollow spheres
obtaining outstanding reversibility and excellent capacity up to 700 mAh g'.!3* Zhang’s group
introduced ZnS microspheres modified with nitrogen-decorated carbon as anode materials for both
lithium and sodium-ion battery.'*> In addition, Park’s team reported CoP/C nano-compounds with
different element ratios revealing the remarkable initial capacitance of 531 mAh g! and high
cycling ability and Yan et al. synthesized two-dimensional NiPS; nanosheets as anode material
with a favorable reversible capacity of 796.2 mAh g!.!3 137 Along with the above anode

nanostructures, more efforts are encouraged to construct high performance anode materials.

2.3.2. Electrode Materials for Supercapacitors

As discussed above, energy capacity and cycling performance of SCs are mainly dependent on the
electrode materials. Hence, development novel materials with high capacitance and excellent
reversibility is exceedingly required to solve this problem. The high-performance electrode
materials should meet the following requirements. First, the electrode surface area and pore size
has a significant influence on the property of SCs. Since not all the surface area is available,
electrochemically active surface area is very important in contacting the electrolyte. Researcher
found that the mesopores and macropores are favorable for the ion transport while micropores are
similar to the ion size of electrolyte, contributing to the higher double-layer capacitance. Second,
the materials with high conductivity are favorable for charge transfers enhancing faradaic reaction

capacitance. Third, temperature accommodation, different electrolyte adjustment, durability and
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superior corrosion resistance are also the important factors enabling a long-life span for SCs. Based

on the varieties of SCs, the electrode material can also be divided into two classifications as below:
2.3.2.1. Carbon-Based Materials

Carbon-based materials are thought to be auspicious for EDLC supercapacitors because of their
abundance, cheapness, large surface area, superior electric conduction, thermal resistance, and low-
toxicity. Diverse carbon-based materials, including activated carbons (AC), carbon nanotubes
(CNTs), graphene, are widely utilized as anode materials for EDLCs recently years. Herein, we
briefly introduce these types of EDLCs.

Because of its economic feature and high specific surface area (2000 m? g!), activated carbon is
a promising electrode material, delivering capacities of 200 F g! and 100 F g! in inorganic and
organic solutions, respectively.>> Owing to various pore sizes, activated carbon materials present a
nonlinear specific capacitance. Especially, electrolyte ions fail to penetrate into the ultra small
micropores less than around 0.6 nm, which limits the ion transfer speed in the porous pathways
further impeding the energy density of EDLCs, particularly in the organic electrolytes. Hence,
researchers have modified the morphology and structure of AC to improve the performance. For
instance, Ye’s team reported porous active carbon fibers via KOH activation generating of ultra-
micropores and abundant mesopores. Such nanofibers display remarkable specific capacitance of
225 F ¢! at small current density.'*® Jiang’s group synthesized microporous active carbon from
biowaste with hydrophilic behavior and the appropriate electrical conductance yielding the
ultrahigh energy density.!®

Carbon nanotubes (CNTs) have been regarded as attractive materials for SCs due to acceptable
ingrained electrical conduction and chemically durability. Nevertheless, low surface area restricts
the enhancement of capacitance in organic solutions. However, it’s possible to obtain high
performance materials by formation of various nanostructures controlled by their crystalline order.
For instance, Shanov et.al reported N-doped CNTs)on CNT fibers achieved stable specific capacity
of 144 mAhg! at 5C."*° Except this, other morphology like 2D nanosheets,'*! leaf-like interwoven
carbon nanosheet/nanotube'*?, 3D carbon nanosheet'*, 3D CNT sponge!** are also further
explored.

Graphene made of a one-atom thick sheet possessing high surface area of 2675 m? g’!, low

electrical resistance, and favorable thermal conductivity, has been estimated as another auspicious
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material for SCs. Supercapacitors assembled with graphene-type materials with inorganic media
were claimed to have a specific capacitance of 80 F g™ and an energy density of 32 Wh kg™!. For
instance, Zhang’s group prepared graphene networks decorated with nickel oxide forming the
porous ion transport channel, yield excellent specific capacitance of about 816 F g™ and durability
performance.'* Wei’s group introduced graphene nanosheet/carbon black composites by an in situ
reduction method exhibiting the specific capacitance of 175.0 F g! at low scan rate.'*® Fan’s group
synthesized three-dimensional graphene fabricated on carbon nanofiber with remarkable surface

area and low resistance.'#’

2.3.2.2. RuO;

Ruthenium oxide (RuO:) was reported as the first material to demonstrate pseudocapacitance.
Its plentiful merits such as favorable practical specific capacitance of around 900 Fg!
(theoretically 1358 Fg™') and high electric conduction of 300Q" ¢cm™!, multiple valence states,
excellent thermic steadiness, durable cycling behavior enable to high performance energy
supercapacitor.'*® RuQ, displays the high performance both in alkaline and acidic electrolyte due
to the following reason: (1) large specific surface area. (Since the performance of RuO: is largely
decided by surface reactions, larger surface area and ample active site enable the redox reactions
occur sufficiently, donating higher specific capacity); (2) water combining ability. It’s reported that
the RuO; involving five water molecules prompts ion diffusion in electrolyte.'** However, RuO,
with good crystallinity bears structure expansion, which fends off the proton permeation the inside
bulk electrode and results in diffusion restriction. In consequence, high speed reversible faradaic
reactions are stopped. In addition, the high price and scarcity hinder the development of RuO» in a
large scale. Hence, more and more research has focused on designing transition metal-based

materials as an alternative for SCs.

2.3.2.3. Transition Metal-Based Materials

Transition metal oxides have recently emerged as a feasible option as an electrode material for
performance SCs on account of high specific capacity and electrical conduction, various structures,
and low cost.** Faradic redox reactions and ions sorption and transportation between electrolyte
and electrode make a great contribution to enhancing pseudocapacitance of metal oxides.

Consequently, compared with carbon-based materials, transition metal oxides demonstrate
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remarkable property for pseudo-capacitors. The most common and reported metal oxides are MnO,
NixOy, and CoxOy. They are earth-abundant and possess different valence states and high
theoretical capacitance. Extensive work has been put into developing high-functioning electrodes.
For instance, Ma et al. reported three dimensional MnO> nanostructures exhibiting specific capacity
of 120 F g! and lower ion diffusion resistance.'>’ Qian’s group introduced flower-like mesoporous
Co304 nanostructures revealing outstanding rate competences, and remained 93 % of the initial
capacity at 5 mA cm™>.!>! Kang’s group synthesized loose-packed NiO nanoflakes by a facile
chemical precipitation method displaying excellent specific and rate capability.'*> However, metal
oxides suffer from poor conductivity like MnO,, dissipation in different solution, and structural
collapse, all these obstacles restrain ion and electron transfer behavior and cycling feature. Hence,
morphology design, composition variation, structure modification are of significance to prompt the
properties of these materials.

Besides oxides, transition metal sulfides are gradually widely applied as electrode materials for
pseudo supercapacitors because of appropriate electrical conduction, various stoichiometric
chemistry in comparison of metal oxides, active electrochemical reactions.*® Similar to metal
oxides, transition metal sulfides work as battery-type materials yielding capacity feature via
changeable surface redox reactions, distinctly in alkaline media. Much research have been
published up to this point. For instance, Zhang’s team synthesized porous well-ranged NiCo,S4 and
CoS> nanoarrays presenting a extraordinary energy density of 55.8 W h/kg at 695.2 W/kg.!>
Zardkhoshoui et al. synthesized petal-like FeS> on a NF substrate as a supercapacitor electrode.
The petal-like FeS> had a largest specific capacity of 321.30 F g'! in alkaline solution.!™* or
example, Wang et al. reported hollow MoS, nanospheres, when it’s applied as a supercapacitor, it
exhibited 142 F gl at 0.59 A ¢! and it preserved 92.9% of its initial capacity after one thousand
cycles.!> However, one major drawback of metal sulfides is the phase transformation and structure
collapsing during the electrochemical process leading to the poor cycling performance. Despite
current advances in metal sulfides, more studies into their working mechanisms are requested and
optimization and tailoring of materials structure are extensively needed to prompt their behavior in
SCs.

Encouraged sulfides’ superior behavior, transition metal phosphides have also been scrutinized
for SCs utilization. Due to lower electronegativity and larger atomic radius than S and O, transition

metal phosphides display diverse physical or chemical characteristics in contrast with sulfide and
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oxide equivalents.*® Most phosphides are also battery-type materials, involving redox reactions for
charge storage. Fu’s group reported porous NiCoP nanosheets with 216.39 m? g™! presenting high
capacitance and outstanding rate performance.!®® Ji’s group reported that hierarchically
mesoporous micro/nanostructured CoP nanowire can reach up to superior energy density of
23.4WhKg'at 274 WKg'." Liu etal reported CoP nanocrystals supported on carbon
nanofibers forming crépe-like morphology presenting marvelous specific capacitance 748 F g! at
2 A g and exceptional cycling behavior.!>® However, metal phosphides also face problems such
as low conductivity, unclear reaction mechanism and complicated synthesis method which limit

the further application in SCs. Hence, more strategies should also be explored in the future.

2.4. Research Gap and Limitations

As the electrocatalysts for oxygen reactions and water splitting, we reviewed that the precious-
metal based materials with high intrinsic activity, favorable electrical conductivity, low valences
could overcome the sluggish kinetics of ORR/OER/HER. However, they still suffer from easy
dissolution, instability, and expensiveness. Hence, we explore the transitional metal-based
materials as an alternative to realize the design of high performance bifunctional electrocatalysts
due to their relatively low cost, variable valences states and structure diversity, controllable
morphologies, and facile synthesis method. The most widely used transition metal-based materials
are metal oxide, sulfides, and phosphides. However, they also suffer from some obstacles, such as
unstable structures during electrochemical process, easy to be oxidized or corrosion, poor electrical
conductivity and lack of active sites and low surface areas.

For the energy storage devices, we discussed the common anode materials for Li-ion battery,
such as carbon-based material, alloy materials and transition metal-based materials based on their
working mechanisms. Each type shows excellent performance for Li-ion battery, but they still have
disadvantages. For instance, carbon-based materials has low specific capacity and low-rate
capacity. Low conductivity and large volume expensive limit the development of alloy/de-alloy
materials. Also, transition metal-based materials suffer from aggregation and volume change
resulting in the low columbic efficiency and low cycling rate. For the electrode materials in
supercapacitors, we introduced three classifications, like carbon-based materials for EDLC, RuO>
and transition metal-based materials for pseudo-capacitors. Notwithstanding, carbon-based

materials are hindered by structure changes and low cycling performance, RuO- is too expensive
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and scarce limit their broad application, while transition metal-based materials also have poor
conductivity, poor structural stability, and unclear reaction mechanisms, requiring the more novel
design for supercapacitors.

From the above, it’s easy to be found that transitional metal-based materials are utilized in both
energy conversion and storage devices because of their cheapness feature, tunable valence states
and morphologies, high capacitance. However, there are still some limitations for them into large
practical application. For the energy conversion, lacking the novelty and concepts to design of
these nanomaterials for each particular utilization. For example, how to design the materials by
controlling morphologies, dimensional structure, improving the electrical conductivity. Second,
lacks a mechanism study of integrated relationship between structure and electrochemical
performance. Third, rational design of structure to protect the materials from collapsing and volume
changing is required. For the energy storage, the choice of novel electrode for different
functionalities is still limited. In addition, systematic investigations of experimental procedures are
still needed to be optimized. Right now, most synthesis methods for designing the anode materials
are too complex and require complicated conditions which is hard to realize to large practical
application for the future. The mechanism and functionality of different heteroatoms (N,S,P) or
other composition is not clear. Furthermore, there is lack of mechanism studies of integrated
relationship between structure and electrochemical performance. Last is lacking the novelty and
concepts for design of one nanomaterial for different applications. Thus, facile and easy synthesis

method is of high demand and opens a venue for the future utilization.
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Chapter 3 Theoretical and Experimental Design of Transition
Metal-based Nanomaterials for Energy Conversion and

Storage

In this chapter, we present the methodologies from design, synthesis, to electrochemical
measurement. It’s divided into three parts. First, we will propose different materials design
strategies so that we have a better understanding about how to design high-performance
nanomaterials theoretically. Next, we will introduce our experimental design methods including
synthesis, characterization, and electrochemical performance. The first part introduces different
synthesis method. The second part displays the characterization method, including SEM, TEM,
XRD, XPS and BET. The third part is the equipment and electrochemical measurement. Hence,
based on these, we have a comprehensive understanding of the design of the testing procedure of

transition metal-based materials for energy conversion and storage.

3.1. Rational Design Strategies for Transition Metal-Based

Nanomaterials

Nowadays, researchers have devoted many efforts to design the high-performance transition metal-
based nanomaterials for both energy conversion and storage by tailoring the structure and
engineering, especially the nano-structuring which has been considered as promising way for
realizing high-performance electrochemical energy conversion and storage. Hence, we introduce
some strategies about how to design the high-performance nanomaterials for both energy
conversion and storage.

First is creating more active sites on the surface of nanomaterials where the electrochemical
reactions occurs. Recently, constructing atomic metal-nitrogen moieties in carbon matrix to form
a M-N-C structure to create the plentiful defective sites serving as vacancies, demonstrating not
only good atomic stability but also high catalytic activities toward electrochemical reactions. For
example, Li’s group prepared single atomic cobalt active sites on hollow N-doped carbon spheres,

donating exhibits excellent ORR activity in acid media. Another approach is NHj3 treatment in
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which nitrogen groups form in the NH3 possessing much stronger basicity, demonstrating the high
electrocatalytic performance. For instance, Guo’s group reported the effective surface-adsorbed N
control in nitrogen-doped TizCoTx MXene can improve the electrocatalytic performance
extensively.!>

The second strategy is by designing the nanostructured materials which possess distinct features
differing from their bulk material counterparts. A large number of nanostructures have been
fabricated by constructing more dimensional like 0D, 1D, 2D, and 3D nanostructures. Electrons in
different dimensional structures could move along with the crystal plan which facilitates the
electron transfer. Tuning the size of particles could effectively optimize the surface-to-volume
ratios of nanostructures so that more atoms could be exposed on the structure surface. Besides, the
geometrical shape variation is also capable of exerting significant influence upon the chemical and
physical properties of a nanostructure. Finally, controlling the spatial arrangement of the arrayed
nanostructures like directions and spacing of arrayed nano units is proved to be favorable to utilize
collective interunit coupling to enhance the overall performance of the nanostructure ensemble for
energy conversion and storage.

The third strategy is optimizing the electronic configuration of nanomaterials. Since the
electrochemical reactions involve the adsorption and desorption on the surface of nanomaterials,
introducing the foreign species such as metallic dopants and heteroatoms could be effective
methods to realize the modulation of electronic configuration of electrocatalysts followed by tuning
the absorption properties. Hence, the first one is a metallic dopant by introducing doping or alloying
with metal elements in monophase catalysts to tune the electronic structures and optimize the
intermediates absorption energy of materials, and thus substantially improved intrinsic catalytic
properties of nanomaterials. For example, Jaramillo et al. reported the introducing of Co in FexP
alloying compounds and found that different element ratio could tune the electronic structure and
further improve the HER/OER performance.'®® Another way is to introduce the heteroatom doping
including oxygen, sulfur, nitrogen and phosphide, which modulate the electron configuration and
further enhance the electrocatalytic activities.!”> For example, Qiao’s group studied the different
doping atoms related with the HER property. It’s found that dual doping (N,P) could manipulate
doping modes, revealing the best HER performance.'®!

The last strategy is to design the multicomponent hybrids which combines all advantages

discussed before. The different components/phases in close contact present unique interfacial
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interactions which alter the physicochemical properties of the interface and create the synergistic
effect. It’s reported that heterogeneous structures is favorable for both energy storage and
conversion properties.

Based on these design strategies, we could design the heterogenous structure with various pores

or active sites for different applications in both energy conversion and storage.

3.2. Experimental Setup

Here, we introduce the three steps of experimental setup to designing the nanomaterials, including
different synthesis methods, different characterizations, and electrochemical measurements. So
that we could confirm if the nanomaterials are synthesized successfully and if the design strategies

are effective or not. We will discuss them and their mechanisms in different sections.

3.2.1. Synthesis

In this research, there are two major synthesis procedures for design the transition metal-based
nanomaterials. One is synthesizing materials by hydrothermal process or precipitating method,
which is facile and controllable. Another procedure is calcination or sulfurization which convert
the materials into carbon-based/ sulfide materials. We will discuss all of them.

The hydrothermal method is a facile and potent tool for optimizing or modifying nanostructure,
controlling grain size, crystalline phase and improving product performance. It requires combining
precursors to a solvent that allows the synthesis of a crystalline nanostructure in a sufficient
proportion. Then the mixed solvent is poured into the Teflon container with different volumes
assembled with stainless steel autoclave and heated at particular temperature and time. The
temperature and volume of solution decide the internal pressure inside the autoclave. In this process,
crystals are grown in an autoclave that contains both materials dissolved in water. A temperature
incline is created within the contrasting sides of autoclave chamber. Materials dissolved at high
temperature are deposited on the seed crystals at the colder end, resulting in the growth of desired
crystals with high quality.!®?> The merit of the hydrothermal process is that majority of materials
could be dissolved in a suitable solvent by changing temperature and time; the distilled water is
used as a primary solvent instead of an organic solvent which is much facile than the solvothermal
method. In addition, this process has potential to contribute industrially due to its simple approach.

However, it’s impossible to detect crystals growth.!®? This method has a relatively low yield of
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products in comparison with the coprecipitation methods. The cost of equipment is also high. The

stainless-steel autoclave and inner Teflon reaction chamber in the lab is shown as Figure 3.1.
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Figure 3.1 Stainless-steel autoclave and inner Teflon reaction chamber.

The precipitation synthesis method is another simple technique to synthesize the materials. It
includes the concurrent phenomenon of nucleation, maturation, coarsening, agglomeration steps.
It possesses serval characteristics: (1) the process can generate insoluble species of high saturation.
(2) Nucleation produces huge amounts of tiny particles. (3) agglomeration determines the shape,
morphology, and construction of products. (4) The supersaturation environments are significant for
producing precipitation resulting of a chemical reaction.!®® There are several merits of precipitation
method. First, it’s a simple and rapid preparation. Second, the composition and size can be
controlled. Third, it usually just occurs at room temperature and it’s economic and energy efficient.
However, it still has some disadvantages, such as time-consuming, impurities may also get
precipitated with the product and reproducibility problem. It can be utilized to get the metal oxide,
metal-organic framework, metal sulfides.

Calcination is the process of heating a material in a controlled atmosphere and at a regulated
temperature, the purpose of removing volatile substances. In general calcination is used to
thermally decompose sparingly soluble precursors to obtain metal carbides, metal oxides, etc.
Different gases such as nitrogen or argon are filled in the furnace tube and materials is calcinated
at different temperatures. The major advantage of calcination is that the products from different
calcination temperatures will exhibit different crystallinities, BET surface areas, and
morphological characteristics. However, sometimes the products are easily contaminated by the
porcelain boat reacted with different materials. For the sulfurization, it has the similar process
which sulfur powder is placed the up stream which the materials are put in the down stream in the

same porcelain boat. The equipment of calcination is displayed as Figure 3.2.
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Figure 3.2 Furnace with tube for calcination.

3.2.2. Characterization

After synthesis the materials, it’s importance to identify the morphology, structure, and valence
states by different characterization methods. Here, we will introduce several investigations,
including scanning electron microscope (SEM), transmission electron microscopy (TEM), X-ray
diffraction analysis (XRD), X-ray photoelectron spectroscopy (XPS), and BET surface area
analysis & BJH pore size.

Scanning electron microscope (SEM) intends to evaluate surface morphology like roughness,
homogeneity of dispersion and structure of materials. SEM portrays the exterior of sample by
scanning with a directed electronic beam. The primary electron beam is examined the surface of a
sample in vacuum condition. Continuous signals are created as electrons striking the material, then
a picture is formed along with its elemental distribution utilizing energy dispersive X-rays
(EDX).!%* Although the sample preparation is simple, the electron beam can cause degradation of
some materials thus it is limited to specific materials.

Transmission-electron-microscopy (TEM) is another approach and broadly employed to
characterize material by providing the information of morphology, structure, porosity, and element
distributions. Similar with SEM, TEM applies electrons instead of photons to produce pictures. But
the electron beam of TEM is penetrating and passing through the whole sample rather than just
scanning the surface, thus sometimes it damages the material and generate defects. The
distinguishing feature of TEM is its ability to form images of atomic arrangements and detect the
interface between the structure. TEM is composed by the electron emitting part, condenser system,
image-creation setup, and picture-capturing setup. The electron gun uses a high accelerating
voltage (100-300 kV) to generate the electrons. The high energy electrons travel through vacuum

system and interconnect with the material. The emitted electrons are transferred to light and create
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a picture by striking the sample. The sample must normally be very thin (5-10 nm thick) in order
for the beam to pass through it.!®> To obtain the better-quality images, high resolution transmission
electron microscopy (HRTEM) is utilized to capture the details of material. HRTEM can be
manipulated at an atomic level to achieve the atomic configuration, defects, and lattice spacing
parameters. Hence, it’s an important technique to measure the detailed information of materials.

X-ray diffraction analysis (XRD) is a significant methodology for investigating crystalline
materials by yielding information on composition, crystal growth directions, average grain size,
and crystal defects. The consistent X-ray beam emitted in a particular angle corresponding to
special lattice planes and strike with the material then procedure the images. Atomic placement
determines the peak intensities. As a result, the XRD pattern serves as a fingerprint of periodic
atomic arrangements in a substance.'®® XRD is suitable for wide-ranging materials such as carbon,
transition metal-based materials and polymer. XRD is followed by Bragg’s equation that associates
the wavelength of the X-rays with interfacial spacing to calculate average grain size and other
parameters, which is given by the following equation:

n\ = 2dsin6 (23)

where d denotes the perpendicular distance within two neighbouring planes, 0 is Bragg angle, A is
the wavelength of the electron beam, and n is an integer number and the direction difference
between waves scatterd by surrounding planes of atoms regarding with the wavelength.

X-ray photoelectron spectroscopy (XPS) is a quantifiable approach to examine the elemental
dispersion of materials as well as elemental binding energy. In this technique, the sample is
irradiated with X-rays under ultra-high vacuum leading to the emission of photoelectrons from the
top 1-10 nm of the sample surface. Different binding energies of the photoelectrons are determined
by an electron energy analyzer, demonstrating the different valence states of particular elements.
The proportion of each element is associated with the quantity of photoelectrons. Depending on
binding energy and strength of a photoelectron signal, material composition, quantity, and chemical
state are determined.'®” XPS yield substantial information such as the overall elements percentage
in one sample by a low-resolution scan and elements existence by a survey scan. By analysing
different element spectra, we can conclude the valence states and have a comprehensive

understanding of chemical reactions during an electrochemical procedure.
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Brunauer-Emmett-Teller (BET) surface area measurement donates specific surface area of
materials by nitrogen sorption under specific pressure, while Barrett-Joyner-Halenda (BJH) pore
size and volume measurement determines pore area and specific pore volume by sorption and
methods. Because of the particle size of each material, this technique determines pore size
dispersion regardless of external field. By different adsorption and desorption mechanism, there
are four types of hysteresis loops (types H1- H4) given by International Union of Pure and Applied
Chemistry (IUPAC) which is correlated the with the texture of adsorbent and is showed as below
(Figure 3.3):

H3 H4

Amount adsorbed ———»

Relative pressure —

Figure 3.3 IUPAC classification of hysteresis loop.

H1 presents narrow dispersion pores like cylindrical formation; H2 emphasizes complicated pores
effecting by blocking or percolation phenomena; H3 displays non-rigid aggregates of plate-like
particles; H4 usually exists in material with micro and mesopores.'®® Different pores like

micropores, mesopores, and macropores can also be obtained by the measurement.

3.2.3. Electrochemical Measurement

The electrochemical performances of oxygen reactions, water splitting and supercapacitors are
measured by a three-electrode system, which can be shown in Figure 3.4. It consists of a working

electrode, reference electrode and counter electrode employed in the same electrolyte.
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Figure 3.4 Three-electrode system.
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The potentiostat station cable can be connected with a three-electrode system to perform the
experiments. During the electrochemical experiments, charge, and ion transport between the
working electrode and the counter electrode while voltage of testing material is investigated
regarding to the reference electrode.

Generally, Pt wire is used as a counter electrode due to its high resistance in all electrolytes,
saturated calomel electrode (SCE), Hg/HgO electrode or saturated Ag/AgCl electrode are utilized
as reference electrode. Different electrodes have different potential with respect to standard
hydrogen electrode. For example, potential of SCE is 0.241 V. Usually, we convert all the voltages
to reversible hydrogen electrode (RHE), the converting equation can be described as below:'®

E (RHE) = E (reference electrode) +0.0591 * pH (24)

Besides, cyclic voltammetry is one of the most common techniques in electrochemistry. This type
of voltammetry is useful for electrochemical behaviour studies (chemical redox process) of the
species in which the potential applied to working electrode is swept linearly between the anodic
and cathodic peak potentials. By monitoring the current as a function of potential, special current-
potential voltammograms can be obtained to the system. Usually, there are two conventions used

to report the data, as shown in Figure 3.5:!7°
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Box 1. IUPAC or US convention?

Two conventions are commonly used to
report CV data: the US convention, used
herein, and the IUPAC convention. Visually,
data reported in the two conventions will
appear to be rotated by 180°.

US Convention IUPAC Convention
~ . ~
Reduction - Oxidation
T c
8| — £ -
5 3
o Oxidation o Reduction
NS NS
High V) Low Low v) High
Potentials Potentials Potentials Potentials

Figure 3.5 Two conversion of CV curves.

The difference of these two types is mainly dependent on the sweep direction and potential range.
Both of them are applicable in electrochemical testing. When a pH-dependent redox couple is
changed, the concentration of one of the redox couples’ changes, resulting in a shift in redox
potential and a cyclic voltammogram. CV is commonly used for the electrocatalytic reaction which
can reveal the information about catalysts, such as electrochemical behavior of electrocatalysts, the
correlation with electrolyte and kinetic performance of materials. It’s utilized in wide-ranging
testing such as electrocatalysis, batteries performance and supercapacitor behaviors and reflect
different information. Linear sweep voltammetry (LSV) is another voltametric technique for
studying redox reactions of organic and inorganic species. For ORR, LSV was performed related
with electrode rotating rate and limiting current density can be observed. It further reveals the
kinetics of catalysts. Besides these, the electrochemical active surface areas, resistance, and other

performance should also be measured to investigate the properties of electrocatalysts.
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Chapter 4 Design of Transition Metal-based Nanomaterials

for Energy Conversion

Based on the above literature review, we know that transition metal-based nanomaterials are widely
applied to energy conversion and there are some limitations. This chapter introduces three types of
transition metal-based nanomaterials for oxygen reactions and water splitting. They are synthesized
either by a hydrothermal process or precipitation method followed by calcination, which is
regarded as the economic and facile strategies. We will discuss each type in separate sections. By
designing these high-performance materials, we pave the way of exploring the transition metal-

based nanomaterials for wide application.

4.1. Bimetallic CoNi Alloy Nanoparticles Embedded in Pomegranate-
Like Nitrogen-Doped Carbon Spheres for Electrocatalytic Oxygen

Reduction and Evolution

As discussed before, transition metal alloy is widely used as electrocatalyst in metal-air battery due
to its high performance. Modifying transition alloy through combing the carbon is considered as
another strategy to further improve electrocatalytic performance. Herein, a composite
electrocatalyst with bimetallic CoNi alloy nanocrystals embedded within nitrogen-doped highly
graphitic carbon spheres (N-CoNi/PCS) for oxygen reactions is design in this report. Owing to the
efficient design strategy, such a composite electrocatalyst exhibits a unique pomegranate-like
morphology and microstructure, which delivers a low half-wave potential of 0.80 V toward ORR
and overpotential of 540 mV toward OER with excellent durability.

The outcome of this research is published in “ACS Applied Nano Materials” (Chen, L.; Xu, Z.;
Han, W.; Zhang, Q.; Bai, Z.; Chen, Z.; Li, G.; Wang, X., Bimetallic CoNi Alloy Nanoparticles
Embedded in Pomegranate-like Nitrogen-Doped Carbon Spheres for Electrocatalytic Oxygen
Reduction and Evolution. ACS Appl. Nano Mater. 2020, 3 (2), 1354-1362.)
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4.1.1. Introduction

Rechargeable batteries have been extensively studied and developed as power sources for clean
energy generation, storage, and utilization, addressing challenges of rapid consumption of fossil
fuels triggering serious degradation of environment and climate changing.!”! In many regards,
metal-air batteries are held in high esteem owing to the high theoretical specific capacity and
energy density (>1000 Wh kg' vs 150-200 Wh kg™!' of lithium-ion batteries), based on the
electrocatalytic oxygen redox reactions on the air cathode.!”> ' However, the large
implementation of metal-air batteries toward stationary energy conversion, storage, and automobile
applications is still impeded by the sluggish kinetics of the oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR),!7#17® leading to not only a high overpotential but also low
efficiency and inadequate durability.!”” Therefore, it is necessary to seek and investigate highly
efficient and active electrocatalysts to facilitate both OER and ORR in the progression of high-
performance metal-air batteries.

Precious metals, especially platinum (Pt), iridium (Ir), and ruthenium (Ru), along with their
alloys and oxides are the most commonly known electrocatalysts and have been broadly adopted
due to the exceptionally efficient electrocatalytic activities.’” 178189 Specifically, Pt alone and Pt-
based electrocatalysts are widely used to catalyze ORR due to its unparalleled electrocatalytic
capability; while IrO; is widely recognized as the best OER electrocatalyst. Researchers have also
been devoting much attention to the development of nanostructured precious metal electrocatalysts
to further enhance their electrocatalytic activities via improving the exposure of active sites.
However, the limited probable reserves of precious metals lead to not only high cost but also
unsustainability that slows down the broad implementation of affordable devices. Moreover,
nanosized precious metal electrocatalysts are very vulnerable to agglomeration and poisoning,
resulting in fast performance decay and poor durability. On the other hand, it is also challenging to
integrate ORR and OER catalytic activities when precious metals are used due to the
incompatibility.'®!

Nowadays, non-precious metal-based electrocatalysts have been extensively explored and
proposed addressing the cost and sustainability concerns.!®? Various morphologies, compositions,
as well as microstructures are finely tuned and engineered to enable comparable electrocatalytic

capability to that of precious metals.!®? Particularly, carbon materials have been regarded as
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superiorly active for ORR owing to the unique electronic configuration which makes dopants
surrounding carbon atoms and forming C-dopants bond, serving as host of active sites or working
as active sites directly. It is also believed that graphitic carbon component is not only highly
conductive providing efficient electron transfer pathways but also robust ensuring a structural
stability.* Meanwhile, carbon materials can further boost ORR in combination of heteroatoms
doping, such as N, P, S, and so on.'®*!88 For example, a polyaniline-derived N-doped carbon
nanotubes (N-doped CNTs) exhibit a low half-wave potential of 0.84 V (vs. RHE).'* Chen et al.
has studied that 3D carbon hybrid N-doped NiCo-CNT shows the high ORR activity with high
onset potential (0.89 V) and current density (5.48 mA cm 2 at 0.4 V) which outperforms the one
without metal alloy or the CoNi-NCNT alone, indicating advantages of the 3D carbon hybrid
improving ORR activities.'*

Recently, transition metal-based materials such as oxides, alloys are much more suitable for
OER due to their low-cost and various abilities with different valence states and extra active
sites.!”! For example, previous work reports that the lower overpotential of Fe;C/Fe;O3@NGNs
heterostructure towards OER performance is ascribed to interior Fe;O3 active sites and the
protection of N-doped graphene layer.!”?> Wu et al. displays Co-N-C species produced by Co3O4
nanoparticles cooperated with nitrogen atoms act as a bond bridge to link the Co30O4 nanoparticles
and N-doped carbon lattice, introducing the extra active sites for OER.'”> Among the many,
transition metal alloys, such as CoFe,!** %> CoNi,'*® MnCo,!” have been attracting much attention
due to the superior activity to the individual component and corresponding oxide. Particularly,
bimetallic CoNi alloy is a potential candidate among various bimetallic alloys because of its earth
abundance instinct and are more conductive and stable than Fe as well as its cost effectiveness.'®
199 Due to the synergistic effect, CoNi alloy not only provides rich valence state changes with a
strong electron coupling but also intrigues the surface properties alternation and the intrinsic
polarity shift in the process of oxygen reactions.*> 7% 2% Bifunctional electrocatalysts combined
with bimetallic CoNi alloy and doped carbon enable the kinetic promotion of both OER and ORR.
For example, Chen et al. demonstrates that a bamboo-like structure carbon hybrid encapsulated
with CoNi alloy (N-G@CoNi/BCNT) yields onset potential of 0.06 V (vs. Ag/AgCl) and displays
high current density (6.7 A m™") in the application of fuel cells.** N-doped CoNi alloy nanoparticles
decorated on carbon nanofiber exhibits half-wave potential (0.81 V) towards ORR and

overpotential of 530 mV towards OER, showing superior electrocatalytic activities.*’ Nevertheless,
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efficiently integrating bimetallic CoNi alloys with doped carbon exhibiting outstanding catalytic
performance towards both ORR and OER is still greatly challenging due to the lack of nano-
architectural design and synergistic effect. Besides, the uneven distribution of bimetallic alloy
elements and phase separation often occur during the integration.

Herein, we demonstrate a novel bifunctional electrocatalyst with bimetallic CoNi alloy
nanocrystals embedded within N-doped highly graphitic carbon spheres (N-CoNi/PCS). Such a
composite electrocatalyst possesses a unique pomegranate-like nanoarchitecture that exhibits
several key features favoring both OER and ORR processes: (i) bimetallic CoNi alloy nanocrystals
with small size serving as seeds homogenously distributed in the porous carbon spheres provide
not only abundant active sites but also efficient ion transport channels for fast access and
electrocatalytic reactions; (ii) highly graphitic carbon within the composite sphere shell enables
chemically/electrochemically stable carbon structures protecting the alloy from oxidation and
conductive networks facilitating electron transfer; (iii) the effective nitrogen-doping contributes to
the higher surface area, while the integration of two types of electrocatalysts provides synergistic
effect for superior catalytic activities. Such electrocatalysts show outstanding electrocatalytic
performance. The optimized electrocatalyst delivers best OER activity with a low overpotential of
504 mV and half-wave potential (0.80 V) for ORR, which is comparable to the commercial RuO»
and Pt/C electrocatalysts. The novel composite material design forwards the field of the progression
of electrocatalysts; while such bimetallic alloy based electrocatalyst holds great promise towards

high-performance metal-air batteries.

4.1.2. Experimental Section

4.1.2.1. Chemicals

Cobalt(Il) nitrate hexahydrate (Co(NO3)-6H>O, ACS reagent, = 98%), nickel(Il) nitrate
hexahydrate (Ni(NO3)2- 6H,0, ACS reagent, =98%) and alcohol (C2HeO, 95%) were purchased
from Fisher Scientific. Glycerol (C3HsO3, 99.5%), isopropyl alcohol (CsHsO, ACS reagent, =

99.5%), glucose (C¢H1206, ACS reagent) and urea (NH2CONH2, ACS reagent, 99.0-100.5%) were
purchased from Sigma-Aldrich. DI water was purified with a Millipore Milli-Q system.
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4.1.2.2. Preparation of CoNi Precursor

In a typical preparation, Co(NO3)2-6H20 (0.165 g), Ni(NO3)2-6H>0 (0.055 g) and glycerol (16 mL)
were dissolved in isopropanol (80 mL) to form a pink solution; the solution was transferred to four
50 mL Teflon-lined stainless-steel autoclaves and kept at 180 °C for 6 h; the light pink powder
CoNi precursor was separated by centrifugation and washed by ethanol several times then dried

under vacuum at 80 °C.
4.1.2.3. Synthesis of N-CoNi/PCS

In a typical synthesis, CoNi precursor powder (400 mg) was well dispersed in isopropanol (80 mL)
with ultrasonication followed by the addition of glucose solution (1.0 M, 8.0 mL), urea (0.960 g)
and glycerol (16 mL) in sequence. The homogeneous solution was transferred to four 50 mL
Teflon-lined stainless-steel autoclaves and kept at 180 °C for 4h. The precipitate was separated by
centrifugation and washed by ethanol and water several times. The fine dark brown powder
obtained after drying at 80 °C was annealed under Ar atmosphere at 700 °C for 200 min with a
ramp rate of 1 °C per min and under NH3 atmosphere at 700 °C for 15 min to get the final product.
N-Co/PCS and N-Ni/PCS were synthesised using the same method but without adding cobalt
hexahydrate or nickel hexahydrate. Also, CoNi/PCS without nitrogen-doping was annealing under

Ar atmosphere in the same condition.

4.1.2.4. Structural Characterization

The morphology of the materials was carried out by Germany Zeiss SUPRA40 field emission
scanning electron microscopy (FESEM). Transmission electron microscopy (TEM) was performed
with a JEOL 100CX TEM/STEM operated at 150 KV. X-ray photoelectron spectroscopy (XPS)
was characterized by a PHI 5000C ESCA system. The pore structure was analyzed with nitrogen
adsorption-desorption measurement by a Brunauer, Emmett and Teller surface analyzer
(Quantachrome Instruments QuadraSorb SI4) and pore size distribution was measured by a Barrett-
Joyner-Halenda (BJH) model. The crystal structure was characterized by a Bruker D8 advanced
X-ray diffraction (XRD).
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4.1.2.5. Electrochemical Measurements

All electrochemical tests were measured in 0.1 M KOH electrolyte by an electrochemical
potentiostat workstation (Biologic VSP300) using a standard three-electrode system. The working
electrode is a glassy carbon (GC) electrode with surface area of 0.196 cm?; a platinum wire was
utilized as the counter electrode; and a standard calomel electrode (SCE) was employed as
reference electrode. For the preparation of working electrode, 2 mg of as-synthesized
electrocatalyst and 2 mg of Vulcan Carbon (VC) were well dispersed in 0.5 mL Nafion solution
(0.2 wt%) under ultrasonication for 30 min to obtain a homogeneous slurry.15 pL of slurry were
casted on the glassy carbon electrode and dried at room temperature. Linear sweep voltammetry
(LSV) was applied at a scan rate of 10 mV s™\. ORR electrocatalytic performance was observed
from 0.1 to -1.0 V (vs. SCE) at a scan rate of 10 mVs™! with a rotating speed from 400 rpm to 2500
rpm; OER electrocatalytic activity was recorded from -0.1 to 0.8 V (vs. SCE) at a scan rate of 10
mV s with the same rotating speed. N-Co/PCS, N-Ni/PCS and CoNi/PCS were also measured for

comparison.

4.1.3. Results and Discussion

The pomegranate-like N-CoNi/PCS composite spheres were prepared through a two-step synthesis
followed by an annealing process. As shown in Scheme 4.1, the bimetallic CoNi alloy seeds is
synthesized via a facile solvothermal reaction (Figure S4.1); the addition of glucose and
ammonium treatment facilitate the formation of highly graphitic carbon networks catalyzed by
CoNi alloy.?*! The morphological and structural properties of the electrocatalysts were determined
by scanning electron microscopy (SEM). Figure 4.1A displays a typical SEM image of N-
CoNi/PCS composite spheres with an average size of 400 nm. Different from the CoNi precursor
with a smooth surface, N-CoNi/PCS possesses a relatively rough surface resulted from the
formation of partially graphitic carbon catalyzed by CoNi alloy (Figure 4.1B). The pomegranate-
like structure was analyzed by transmission electron microscopy (TEM), where seeds encapsulated
within carbon framework can be clearly revealed in a representative TEM image of a single N-
CoNi/PCS composite sphere (Figure 4.1C). It is worth mentioning that a similar pomegranate-like
morphology and microstructure can also form when either a Ni or Co precursor is present alone
(denoted as N-Ni/PCS and N-Co/PCS, respectively, Figure S4.2 and Figure S4.3). However, their

performances are inferior to that of N-CoNi/PCS, which will be discussed later.
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Scheme 4.1 Schematic diagram of the synthesis process of N-CoNi/PCS.

The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image (Figure 4.1D) and corresponding energy-dispersive X-ray spectroscopy (EDS) element
mapping (Figure 4.1E) confirm the presence of Co, Ni, C and N. Obviously, the Co and Ni are
present together, implying the formation of CoNi alloy and its homogeneous dispersion within the
carbon sphere. Element N exists and distributes along with element C, indicating the successful
nitrogen-doping to a relatively high level of 4.20% (Figure S4.4). Figure 4.1F shows high-
resolution TEM (HRTEM) images of randomly selected two areas of N-CoNi/PCS composites.
The clear fringe with lattice spacing of 0.341 nm indicates the carbon is highly graphitized, not
only on the carbon shell but also among all the carbon spheres forming a highly conductive network
facilitating electrons transfer. Nevertheless, the composite spheres are still porous, making the
active sites are fast accessible. The CoNi seeds are highly crystalline, with lattice parameter of
0.197, 0.104, and 0.202 nm, respectively, corresponding to (200), (311), and (111) planes, which
can be indexed to ColNil with a cubic structure (ICSD NO. 187983). The lattice parameters are
between pure Co (ICSD No. 622442) and pure Ni (ICSD No. 260172), further confirming the
formation of CoNi alloy (Table S4.1).
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Figure 4.1 (A) SEM image of N-CoNi/PCS; (B) high-magnification SEM image of a single N-
CoNi/PCS sphere; (C) TEM image and (D) HAADF-STEM image of a single N-CoNi/PCS sphere;
and (E) the corresponding EDS element mapping spectrum of Co, Ni, C and N; (F) HRTEM image

images of the selected areas of N-CoNi/PCS composite spheres.

The crystal structure was further revealed by X-ray diffraction (XRD). As exhibited in Figure
4.2A, N-CoNi/PCS shares the same XRD pattern with pure Co and Ni with a cubic structure, with
the peaks centering between those of pure Co and Ni (Figure 4.2A, insert). The domain size was
calculated to be ~50 nm depending on Scherrer’s equation, consistent with the TEM observations.
The pore structure of pomegranate-like N-CoNi/PCS composite spheres was investigated by
nitrogen adsorption-desorption technique. Figure 4.2B shows the typical nitrogen adsorption-
desorption isotherms with a type IV hysteresis loop (narrow slit-like pores) at a relative pressure
ranging between 0.5 and 1, indicating hollow spheres and a hierarchically porous structure with
micropores and mesopores. The Brunauer-Emmett-Teller (BET) surface area and the Barrett-
Joyner-Halenda (BJH) pore volume of N-CoNi/PCS with NH3 treatment are 235.60 m? g'! and

0.342 cm® g'!, which are much larger than those of the CoNi/PCS composite (186.52 m? g'! and
52



0.133 cm?® g'!, Figure S4.5). This observation can be attributed to the activation of carbon network
by NH3 and the release of volatile compounds.?’> 2% Meanwhile, N-dopants take place of carbon
atoms, which not only creates more pores resulting in higher surface area, but also interacts with
metal atoms forming metal-N complex structure.?** The pore size of N-CoNi/PCS centers at 50 nm
with macropores contribution (Figure 4.2B, inset), which aligns with the TEM observation.

The composition and valence states of elements in N-CoNi/PCS were further characterized by
X-ray photoelectron spectroscopy (XPS). The survey-level scan XPS spectra (Figure S4.6)
confirms the presence of element C, N, Co, and Ni. The N-doping level is around 4.77 %, while
the ratio Co/Ni is close to 1.8 (Table S4.2), which is consistent with the element mapping result.
Figure 4.2C exhibits the core-level scan spectrum of element C, where four peaks at 284.8, 285.6,
286.5 and 289.1 eV can be assigned to C=C, C=N, C-N, and O-C-O, respectively.?*> To further
understand how N atoms exist, a core-level scan was also performed on element N, where four N
species can be interpreted, including pyridinic-N (398.7 eV), pyrrolic-N (400.3 eV), graphitic-N
(401.4 eV), and oxidized-N (406.0 e¢V) (Figure 4.2D). Pyridinic-N and graphitic-N play a vital
role during the ORR/OER process, prompting oxygen adsorption while decreasing the
overpotential due to their superior electron-accepting capability.?’® 2°7 Figure 4.2E and 4.2F
display the core-level scan spectrum of element Co and Ni, respectively. A low-energy band at
778.6 €V and a high-energy band at 793.3 eV corresponding to Co 2p 3 and Co 2p ;> along with
two satellites can be attributed to metallic Co. A small portion of oxide state of the Co** can also
be found at 780.7 and 796.6 eV, mainly due to the surface oxidation and existence of CoOx species,
which has been widely reported in literatures.”® 9% 2% The same situation happens to metallic Ni,
where Ni 2p 3 peak is located at 853.3 eV and Ni 2p ;> peak is determined at 870.0 eV 196,208
The presence of Ni** at 855.2 and 872.8 eV results from surface oxidation of the metal.?® It is
reported that surface defect sites with low oxygen coordination attributes to the enhancement of
OER process for CoNi alloy nanoparticles and to the configuration and the presence of synergistic

effect in CoNi alloy.!?®
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Figure 4.2 (A) Powder XRD patterns of N-CoNi/PCS (inset: Powder XRD patterns of N-
CoNi/PCS); (B) N2 sorption isotherms of N-CoNi/PCS (inset: BJH pore size distribution); High-
resolution XPS spectrum of (C) C 1s; (D) N 1s; (E) Co 2p; and (F) Ni 2p of the N-CoNi/PCS.

The pomegranate-like N-CoNi/PCS composite possesses a novel morphology and unique
architecture that favors electrochemical catalytic oxygen reactions. The electrocatalytic behavior

of N-CoNi/PCS composites towards ORR process is investigated by linear sweep voltammetry



(LSV) technique in 0.1M KOH solution. Figure 4.3A presents that the N-CoNi/PCS composite
shows highly active ORR performance with an onset potential of 0.91 V (vs. reversible hydrogen
electrode, RHE) and limit current density of -5.2 mA cm™ at a scan rate of 10 mV s™! and a rotation
speed of 1600 rpm. By comparison, N-Ni/PCS only exhibits a low onset potential of 0.85 V (vs.
RHE) and a steep limited current curve, indicating both inferior catalytic activity and ion diffusion.
Although N-Co/PCS delivers a similar onset potential of 0.92 V (vs. RHE), the low diffusion-
limited current density of only -4.8 mA cm™ is not satisfactory. A single metallic Ni composite
doesn’t display good ORR performance which is consistent with the previous work.?!? It can be
explained that O* and OH* species are adhered with Ni species intensively, which leads to the
strong activation of proton-transfer steps and therefore inhibits the rate.?!! Thus, current plateau
exhibits increasingly inclined with slowly electrocatalytic reaction and ununiformed modification
of active sites.?!? It suggests that the presence of CoNi alloy within the graphitic carbon structure
attributes to the synergistic catalysis toward ORR activity, which facilitates the electron
transportation from the bimetallic alloy to the carbon shell, contributing to a structure modification
on the carbon surface.?% In addition, N-CoNi/PCS composite electrocatalyst with NH3 treatment
also shows superior performance to its counterpart, CoNi/PCS. A half-wave potential difference of
80 mV as well as significantly improved limited current density can be clearly observed from N-
CoNi/PCS to CoNi/PCS. It’s reported that NHj3 treatment prompts the formation of graphitic N and
pyridinic N species.®® Furthermore, the performance of electrocatalyst was associated with the
graphitic N content. Graphitic N atoms attract more electrons from neighbouring C nuclei while N
donates electrons, which facilitates electrons transfer from the C to N atoms. Therefore, O is
dissociated from the surface of C atoms and it forms the intensive binding between O and C.2!3-216
This result shows that the improved electrocatalytic ORR performance is dependent to a complex
synergy of higher surface area, graphitic N and pyridinic N. Note that bimetallic CoNi alloy and
few NiO,/CoO, coordinating active sites can change the electronic configuration on the surface
dictate binding site, and further prompts the oxygenation of intermediate molecular species on the
surface in the electrocatalytic process. The results prove advantages of the pomegranate-like
architecture with N-doped graphitic carbon shell and encapsulated CoNi alloy on improving ORR
activities: the improved electrocatalyst activity is attributed to the easy access to the active sites
while highly graphitic porous carbon structures speed up fast electron transportation/donation;

CoNi alloy creates extra active sties inside the carbon shell and exhibits the excellent electronic
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conductivity, which further boosts the electron transportation during electrocatalysis. These
mechanisms explain why N-CoNi/PCS electrocatalyst possesses high electrocatalytic activity
comparable to commercial Pt/C electrocatalyst (Figure S4.7A).

Smaller Tafel slope of N-CoNi/PCS (85.1 mV dec™!) further confirms the high ORR performance
compared with that of N-Co/PCS (92.4 mV decade!), N-Ni/PCS (88.2 mV decade!) and
CoNi/PCS (94.7 mV decade™) (Figure 4.3B). To further clarify the ORR kinetics of N-CoNi/PCS
towards ORR, the composite electrocatalyst was further scanned by LSV at a rotation speed from
2500 to 400 rpm (Figure 4.3C). The electron transfer number per oxygen molecule (n) for ORR
via these polarization LSV curves can be determined from the Koutechy-Levich (K-L) equation.
Figure 4.3D displays the K-L plot where j/ and w™? (j is the limit current density and  is the
electrode rotating speed) show a linear relationship at different potentials (0.45, 0.50, 0.55, and
0.60 V vs. RHE). The electron transfer number n was determined to be 3.96 which is higher relative
to those reference electrocatalysts ( n values are 3.75, 3.41 and 3.69 for N-Co/PCS, N-Ni/PCS and
CoNi/PCS, respectively) (Figure S4.8), suggesting a four-electron transfer pathway in ORR
process, which further confirms and explains the excellent kinetics of N-CoNi/PCS.

In order to explore the bifunctionality of N-CoNi/PCS composite electrocatalyst, the OER
catalytic activity were also investigated in the 0.1 M KOH electrolyte. Figure 4.3E compares the
LSV polarization curve of as-prepared N-CoNi/PCS with those of N-Co/PCS and N-Ni/PCS
composite electrocatalysts in the voltage window ranging from 1.00 to 1.85 V (vs. RHE) at a scan
rate of 10 mV s and a rotation speed of 1600 rpm. Obviously, N-CoNi/PCS possesses an onset
potential 1.60 V (vs. RHE), much lower than N-Co/PCS and N-Ni/PCS at 1.62 V and 1.63 V (vs.
RHE), respectively. Although the response current shows a steep increase for all samples, only N-
CoNi/PCS’s increase is the most significant and it reaches 10 mA cm™ at 1.77 V (vs. RHE),
indicating the lowest overpotential of 540 mV and the best OER catalytic activity among the three.
Moreover, N-CoNi/PCS also shows better performance than its counterpart CoN1/PCS without N-
doping. This phenomenon further confirms that N-doping not only contributes to facilitating ORR
process but also provides synergistic effect together with CoNi bimetallic alloy for better OER
catalytic activity.?!” It further confirms that the OER performance of N-CoNi/PCS is superior to
the commercial RuO; in Figure S4.7B. As displayed in Figure 4.3F, the lower Tafel slope value
for N-CoNi/PCS (204.1 mV dec™) indicates its more preferential reaction kinetics compared to

those of N-Co/PCS (243.9 mV dec™!), N-Ni/PCS (219.1 mV dec™') and CoNi/PCS (232.6 mV dec
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1. The significantly improved OER performance is also ascribed to the unique pomegranate-like

composite architecture of the composite electrocatalysts. The high surface area originate from

hierarchical pores ensures not only the large exposure of active sites (micropores) but also the fast

access to them (mesopores).?!8
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Figure 4.3 (A) Comparison of ORR polarization curves of N-CoNi/PCS, N-Co/PCS, N-Ni/PCS

and CoNi/PCS electrocatalysts; (B) The corresponding Tafel plots in ORR process of four

electrocatalysts; (C) ORR polarization curves of N-CoNi/PCS at different rotating speeds (400 to
2500 rpm); (D) K-L plot of N-CoN1/PCS; (E) OER polarization curves of N-CoNi/PCS, N-Co/PCS,
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N-Ni/PCS and CoNi/PCS electrocatalysts at 1600 rpm rotating speed; (F) The corresponding Tafel

plots in OER process of four electrocatalysts.

Moreover, the electrochemical double-layer capacitance (Cu) and electrochemical active surface
area (ECSA) for the four electrocatalysts have also been calculated from CV curves in the potential
range of 0.92 V-1.1 V (vs. RHE). As shown in Figure S4.9, the Cs of N-CoNi/PCS is estimated
to be 32.52 mF cm, higher than those of N-Co/PCS (19.50 mF cm2), N-Ni/PCS (30.02 mF cm™),
and CoNi/PCS (10.16 mF cm™). This result indicates more exposed CoNi sites in N-CoNi/PCS is
attributed to N-doped carbon structure and is also consistent with BET method. To investigate the
electrocatalytic kinetics, electrochemical impedance spectroscopy (EIS) measurements for N-
CoNi/PCS, N-Co/PCS, N-Ni/PCS and CoNi/PCS are examined at a potential of 1.65 V (vs. RHE).
The profile of EIS at high frequency and low frequency refers to charge transfer and surface
processes, respectively. As the Figure 4.4A shown, N-CoNi/PCS displays the smallest resistance
among the four electrocatalyst, which further confirms its porous pomegranate architecture,
synergistic effect of CoNi alloy nanoparticles and the decoration of nitrogen doping. Figure 4.4B
displays chronoamperometric responses for ORR process of N-CoNi/PCS as well as N-Co/PCS,
N-Ni/PCS, and CoNi/PCS at 0.51 V (vs. RHE) in Oz-saturated 0.1M KOH electrolyte. Obviously,
N-CoNi/PCS exhibits the best durability with larger current density up to 60,000 seconds, whereas
Pt/C catalyst electrode shows much higher current loss of 33.3%. Furthermore, stability test of
OER process for N-CoNi/PCS and the commercial RuO: were also examined at 1.71 V (vs. RHE)
in the same condition, and the results are displayed in Figure 4.4C. After 60000s, the current
density of N-CoNi/PCS still keeps at 2.2 mA cm which is superior to the current density of RuO»
(1.2 mA cm™). The above results have revealed that N-CoNi/PCS exhibits superior stability, which
can be explained by the following reasons. First, larger specific surface area of N-CoNi/PCS
generates easy access to active sites which is confirmed by the ESCA results. Second, the
bimetallic CoNi alloy creates special bonding effect which establish intrinsic polarity that leads to
an electronic alternation and optimizes reaction pathways. The special bimetallic alloy uniformed
decoration and intimate contact between CoNi alloy and carbon framework effectively protects the
active sites preventing nanocrystals from agglomeration and corrosion, further providing good

durability. Third, the highly graphitic carbon through the whole composite sphere forming highly
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conductive networks not only facilitates fast electron transfer but also possesses both chemical and
electrochemical stability which significantly contributes to the durability of the composite
electrocatalyst. The combined effects of the exclusive morphology of such a pomegranate structure,
strong coupling between graphitic sphere and N-doing/CoNi alloy-encapsulated structural

contribute to the outstanding electrochemical performance.
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Figure 4.4 (A) Electrochemical impedance spectra (EIS) of N-CoNi/PCS tested in 0.1M KOH; (B)
Chronoamperometric responses for ORR process at 0.51 V (vs. RHE); (C) Chronoamperometric

responses for OER process at 1.71 V (vs. RHE).

4.1.4. Conclusion

In conclusion, we have designed and successfully developed a novel bifunctional electrocatalyst
towards ORR and OER processes based on a pomegranate-like composite architecture. The highly
active CoNi bimetallic alloy are synergistically integrated into nitrogen-doped highly graphitic
carbon spheres. Such unique architecture enables the composite electrocatalyst with excellent
electrocatalytic activity for both ORR and OER, where a half-wave potential of 0.80 V (vs. RHE)
and a limit current density of -5.2 mA cm™ can be achieved for ORR while a low overpotential of
540 mV for OER with excellent durability. This work paves an avenue to design advanced metal
alloy nanocomposites electrocatalysts as a replacement of previous metals for reversible

electrochemical energy storage devices and conversion technologies such as metal-air batteries and

fuel cells.
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4.2. Bimetallic Metal-Organic Framework Derived Doped Carbon
Nanostructures as High-Performance FElectrocatalyst Towards

Oxygen Reactions

Besides CoNi alloy-based nanomaterials, transition metal sulfides are also widely explored as
electrocatalysts for oxygen reactions as we discussed in section 2.2. Here, a high-performance
electrocatalyst of cobalt and zinc sulfides nanocrystals embedded within nitrogen and sulfur co-
doped porous carbon is successfully designed and derived from bimetallic metal-organic
frameworks of cobalt and zinc containing zeolitic imidazolate frameworks. The unique
nanostructure contains abundant electrocatalytic active sites of sulfides nanocrystals and nitrogen
and sulfur dopants which can be fast accessed through highly porous structure originate from both
zinc vaporization and sulfurization processes. Such bifunctional electrocatalyst delivers a superior
half-wave potential of 0.86 V towards oxygen reduction reaction and overpotential of 350 mV
towards oxygen evolution reaction, as well as excellent durability owing to the highly stable carbon
framework with a great graphitized portion.

The outcome of this research is published in “Nano Research” (Chen, L.; Chen, Z.; Liu, X.;
Wang, X., Bimetallic Metal-Organic Framework Derived Doped Carbon Nanostructures as High-
Performance Electrocatalyst Towards Oxygen Reactions. Nano Res. 2020, 14 (5), 1533-1540.)

4.2.1. Introduction

An exponential growth of energy consumption results in the fast depletion of fossil fuels and severe
deterioration of environment, which in turn stimulates the discovery and development of renewable
and sustainable energy technologies.?!” Over the past decades, electrochemical energy storage and
conversion systems have been emerging as the most promising candidate in renewable energy
sector, including fuel cells, rechargeable lithium-ion batteries (LIBs) and supercapacitors, etc.?*
Particularly, metal-air batteries are widely believed to be the next-generation power source due to
their high theoretical energy density often a magnitude greater than that of LIBs, abundant feed
(air), as well as reliable and safe operations.??! However, their implementation towards electric

vehicles and grid storage applications is still hindered by the inherently sluggish kinetics and

consequent high overpotential and complex multiple reactions.””> More specifically,
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electrochemical oxygen redox reactions (i.e., oxygen reduction reaction (ORR) and oxygen

evolution reactions (OER)) need significantly improved.??*-?%> So far, noble-metal based materials,

226 180 227
)s )s

such as ruthenium oxide (RuO- iridium oxide (IrO» and platinum (Pt)“~’ are found to be the
most efficient OER and ORR electrocatalysts. Unfortunately, their limited reserves and uneven
distribution resulted high price, easy aggregation and deactivation resulted poor stability place a
major hurdle to the broad commercialization.??*>** Hence, replacement of these noble-metal based
electrocatalysts in metal-air batteries with low-cost and high-performance electrocatalyst is the key
to the next-generation electrochemical energy technologies.

To date, many transition metal compounds including oxides (e.g., C0o304), sulfides (e.g., MoS>),
phosphides (e.g., NiP), and carbon-based materials (e.g., N-doped graphene) have been extensively
investigated for OER and ORR, respectively; while efficient combination of ORR and OER
electrocatalysts facilitates the fabrication and integration of metal-air battery devices.?*!">*3 For
example, Co30s nanocrystals embedded porous carbon spheres with a pomegranate-like
architecture exhibit both ORR and OER electrocatalytic behavior, and such bifunctional
electrocatalyst-based zinc-air battery prototype shows excellent device performance.’® Generally,
a high-performance oxygen electrocatalyst should possess several key features: 1) abundant highly
active sites for oxygen redox; ii) fast access to active sites for reactants and conductive networks
for efficient electron transfer; ii1) stable material structure and well-defined interfaces for durability.

Recently, metal organic frameworks (MOFs) have been reported promising for electrocatalysts
as either precursors or sacrificial templates due to their highly porous feature, various morphologies,
tunable compositions by engineering different metal ions and organic ligands.'*>%** MOFs derived
nanostructures are expected to possess all desired features that favor electrocatalytic oxygen
reactions.>*>%%7 As a representative in MOFs family, zeolitic imidazolate frameworks (ZIFs) with
its special structure where metal atoms and other elements are integrated into carbon skeleton have
been already studied to fabricate nano-scale porous carbon materials for oxygen
electrocatalysts.>**2*! For example, Zhang et al. synthesized NiFe-LDH/Co,N-CNF composites
which displayed an OER overpotential of 0.312 V at 10 mA ¢m™ and an ORR half-wave potential
0f 0.790 V;?** while Co@NC-x/y was derived from pyrolysis of Co/Zn-ZIF and showed the superb
ORR activity with onset potential of 1.15 V and half wave potential of 0.93 V.2** Ma et al. reported
a ZIF-67/PAN fiber that exhibited excellent bifunctional electrocatalytic activity.?** Although

performance improvement has been achieved, MOFs, especially ZIFs-derived electrocatalysts are
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still hard to outperform those noble metals for ORR and OER.2#5.246 On the other hand, systematic
study of catalytic mechanisms originated from element doping and change of local electronic
structure of transition metals is insufficient.?*” Heteroatoms doping in carbon-based materials
including S,*® P,>* and B*° enables extra active sites, improved conductivity and tunable
structure.”>"> 252 For instance, Fe/N/S-CNTs derived from ZIF-8 exhibited superior ORR
performance, which was ascribed to sulfate ions creating C-S-C bonds by reaction with carbon at
a high temperature.”>! CusP@NPPC with uniformed N and P doping synthesized from Cu-based
MOFs showed excellent ORR performance due to synergistic effects between CusP and doped
carbon.?*? Nevertheless, further creation and understanding of such synergistic effect at molecular
level are strongly in demand.

Herein, we demonstrate a unique nanostructure of N and S codoped porous carbon (N,S-Co/Zn-
ZIF) derived from bimetallic ZIFs. As shown in Scheme 4.2, Co/Zn containing a ZIF-67 (Co/Zn-
ZIF-67) precursor is prepared by a simple precipitation method where cobalt and zinc ions can
coordinate with ligand links; while a facile one-step calcination and sulfurization directly converts
Co/Zn-ZIF-67 precursor into N,S-Co/Zn-ZIF. Such electrocatalyst possesses a well-defined porous
dodecahedron morphology and exhibits outstanding OER and ORR electrocatalytic performance.
The bimetallic ZIFs provide more interactions between transition metals with doped N and S atoms
and consequently create more synergistic catalytic effects. Moreover, existence of both Co and Zn
protects rhombic dodecahedron morphology from decomposing after calcination. In addition,
coordination effects between carbon matrix and Co/Zn compounds nanoclusters improve the
contact between the nanostructure and the electrolyte, leading to an excellent OER performance
with overpotential of 350 mV and ORR activity with half-wave potential of 0.86 V at 1,600 rpm.
The design and realization of such nanostructured material derived from bimetallic ZIFs pave a
new way of development and understanding of bifunctional electrocatalysts towards clean

electrochemical energy technologies.

4.2.2. Experimental Section

4.2.2.1. Chemicals

Cobalt (II) nitrate hexahydrate (Co(NO3)2-6H20, 99%), Zinc (II) nitrate hexahydrate
(Zn(NO3)2:6H20, >/=99%) and methanol (C2HsO, 95%) were purchased from Fisher Scientific; 2-
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methylimidazole (C4HeN2, 99.5%), sulfur (S, 99%), thiourea (CH4N2S, 99%), were purchased from
Sigma-Aldrich.

4.2.2.2. Preparation of Co/Zn-ZIF precursor

In a typical preparation, two solutions of the following substances were prepared separately:
Co(NO3)2:6H20 (0.45 g), Zn(NO3)2-6H>O (0.55 g) were dissolved in methanol (50 mL); 2-
methylimidazole (1.64 g) and thiourea (1.25 g) were dissolved in methanol (50 mL). The two
solutions were then mixed and stirred at room temperature for 24 h. Finally, the resulting light
purple powder Co/Zn-ZIF-67 was separated by centrifugation and washed by methanol for several

times prior to drying in a vacuum oven at 80 °C.
4.2.2.3. Synthesis of N,S-Co/Zn-ZIF

Co/Zn-ZIF-67 precursor powder (400 mg) and sulfur powder (1.2 g) were separately in
downstream and upstream in one boat and were annealed under Ar atmosphere at 400 °C for 60
min with a ramp rate of 2 °C per min and then at 800 °C for 60 min to obtain N,S-Co/Zn-ZIF. N,S-
Co-ZIF and N,S-Zn-ZIF were synthesized using the same method but without adding zinc
hexahydrate or cobalt hexahydrate. Also, Co/Zn-ZIF without adding thiourea was annealing under

Ar atmosphere in the same condition without sulfur.
4.2.2.4. Structural Characterization

The morphology of the electrocatalysts were carried out by FEI Quanta 450 Environmental
Scanning Electron Microscope (FE-ESEM) with EDAX Octane Super 60 mm2 SDD and TEAM
EDS Analysis System. Transmission electron microscopy (TEM) was performed with a Thermo
Scientific Talos F200X G2 S/TEM operated at 150 KV. The X-ray diffraction (XRD)
measurements were carried out using a monochromatic Bruker D8 advance diffractometer with Cu
Ka radiation. The study of the surface composition was recorded on a Thermo Scientific K-Alpha
X-ray photoelectron spectroscopy (XPS). N2 sorption measurements of the various samples at 77
K were carried out using Quantachrome Autosorb-01 to determine the Brunauer-Emmert-Teller
(BET) specific surface area, pore volume and pore size distribution. High-resolution transmission
electron microscopy (HRTEM) has been used to define in detail the structures of the obtained

materials.
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4.2.2.5. Electrochemical Measurements

All the electrocatalytic tests were performed using electrochemical potentiostat workstation
(Biologic VSP300) via a standard three-electrode system. The working electrode was glassy carbon
(GC) electrode with surface area of 0.196 cm? loading electrocatalyst; a platinum wire was
employed as the counter electrode; and a standard calomel electrode (SCE) was utilized as
reference electrode. To prepare the working electrode, 2 mg of synthesized electrocatalyst and 2
mg of Vulcan Carbon (VC) were well dispersed in 400uL Nafion solution (0.5 wt%) under
ultrasonication for 2 h to form a homogeneous slurry. 7 puL of slurry were casted on the glassy
carbon electrode and dried at room temperature. Linear sweep voltammetry (LSV) was applied at
a scan rate of 10 mV s, Catalytic activity towards the ORR was recorded from 0.1 to -1.0 V (vs.
SCE) at a scan rate of 10 mV s™! with a rotating speed from 400 rpm to 2500 rpm in 0.1M KOH
electrolyte; catalytic activity towards the OER was recorded from -0.1 to 0.8 V (vs. SCE) at a scan
rate of 10 mV s in 1M KOH electrolyte. N,S-Co-ZIF, N,S-Zn-ZIF and Co/Zn-ZIF were also

measured in the same condition for comparison.

4.2.3. Results and Discussion
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Scheme 4.2 Schematic of the synthetic process of N,S-Co/Zn-ZIF.

Highly porous N,S-Co/Zn-ZIF was successfully synthesized from bimetallic Co/Zn containing
ZIF-67 (Co/Zn-ZIF-67) precursor which also possesses a rhombic dodecahedron morphology with
smooth surface and a particle size of around 500 nm (Figure S4.10). After one-step calcination
and sulfurization treatment, the nanostructured electrocatalyst of N,S-Co/Zn-ZIF was achieved
(Scheme 4.2). The morphology and structure of N,S-Co/Zn-ZIF are characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure

4.5A nanostructured N,S-Co/Zn-ZIF maintains the same rhombic dodecahedron morphology as
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Co/Zn-ZIF-67 but exhibits a rough surface after the calcination and sulfurization (Figure 4.5B).
The existence of bimetallic Co and Zn plays an important role in maintaining the morphology and
developing porous structure of N,S-Co/Zn-ZIF. Although N,S-Co-ZIF still shows a rhombic
dodecahedron morphology (Figure S4.11A and S4.11B), the existence of single metal results in
the morphology decomposition. Also, the existence of only Zn leads to nanospheres with an
average size of around 100 nm (Figure S4.11C and S4.11D). Moreover, due to its low boiling
point, Zn containing compounds evaporate during calcination at high temperature, forming porous
structure that can be reflected by the rough surface.?>® Thus, more active sites are created and
exposed that facilitate electrocatalytic process. In addition, without sulfurization, nanofibers are
inevitably formed, while the rhombic dodecahedron morphology is also hard to be defined (Figure
S4.11E and S4.11F).
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Figure 4.5 (A) Low and (B) high magnification SEM images of as-synthesized N,S-Co/Zn-ZIF;
(C) TEM image of N,S-Co/Zn-ZIF nanoparticles; (D) TEM image of a single N,S-Co/Zn-ZIF
nanoparticle (inset: HRTEM images of two selected areas); (E) The corresponding SAED patten
recorded from a single nanoparticle; (F) HAADF-STEM image of a single N,S-Co/Zn-ZIF; and (G)
the corresponding EDS element mapping spectra of element Zn, Co, S, C and N.

The highly porous nanostructure of N,S-Co/Zn-ZIF is clearly revealed by the TEM images in
Figure 4.5C. The nanostructure is composed of nanoparticles implying the conversion of
bimetallic Co and Zn precursors into their compounds embedded within the derived porous carbon.
The high-resolution TEM (HRTEM) images in Figure 4.5D confirm the existence of metal sulfides
with an average size of 25 nm, which is consistent with the selected area electron diffraction (SAED)
observation in Figure 4.5E. Moreover, the carbon nanostructure is highly graphitized with an inter-

lattice spacing of 0.34 nm, forming a highly conductive network for fast electron transfer. The
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lattice fringes with an inter-planar spacing of 0.31 and 0.16 nm can be perfectly indexed to (111)
and (311) crystal planes of the Zno.76C00.24S, while the lattice spacings of 0.19 and 0.24 nm are
ascribed to the (110) and (101) planes of ZnS and Co1..S,, respectively. The presence of bimetallic
sulfide nanoparticles embedded within derived carbon nanostructure is further confirmed by high-
angle annular dark-field (HAADF)-scanning transmission electron microscopy (STEM) image in
Figure 4.5F. All of the elements Co, Zn, C, N, and S are uniformly distributed in the dodecahedra
cluster in Figure 4.5G.

The crystal structures of transition metal compounds were analyzed by X-ray diffraction (XRD)
technique. The Rietveld refinement of N,S-Co/Zn-ZIF can be perfectly fitted to the diffraction
pattern with excellent agreement factors (Rwp = 3.90%, Rp = 7.91%) (Figure 4.6A). It
demonstrates a dominant cubic system of Zno.76C00.24S (JCPDS No. 47-1656) in N,S-Co/Zn-ZIF
with a high phase content of 85.3 wt.%, while a small amount of ZnS (11.1 wt.%, JCPDS No. 36-
1450) and Co1Sx (3.6 wt.%, JCPDS No. 42-0826) coexist. By comparison, as-synthesized N,S-
Co-ZIF, N,S-Zn-ZIF and Co/Zn-ZIF show different phases (Figure S4.12), where the
crystallographic parameters are illustrated in Table S4.3. Such XRD results are in good agreement
with the HRTEM observations where ultrafine Zno.76C0024S nanocrystals are dominantly
embedded in ZIF-derived porous carbon. The porous structure of N,S-Co/Zn-ZIF nanostructure
was investigated by nitrogen adsorption/desorption isotherms. Type IV isotherms can be obtained
with an identifiable hysteresis loop (Figure 4.6B), which indicates a dominant mesoporous
structure with a high Brunauer-Emmett-Teller (BET) surface area of 197.8 m?g!. The pore size
distribution 1s calculated by the Barrett-Joyner-Halenda (BJH) method, which describes the
majority of mesopores of 24.5 nm. It can be concluded that the synthesis transforms bimetallic
Co/Zn-ZIF-67 into a hierarchically porous structure with abundant pore channels, which facilitates
the ion and molecule transportation.>>

The elemental composition and electronic structure of N,S-Co/Zn-ZIF nanostructure were
investigated by X-ray photoelectron spectroscopy (XPS) analysis. The complete survey spectrum
demonstrates the existence of Zn, Co, S, C, and N (Figure S4.13). The elemental ratios measured
by XPS spectroscopy agree well with the results of energy dispersive X-ray (EDX) spectrum
(Table S4.4). From the Zn 2p region exhibited in Figure 4.6C, the two main peaks observed at
1,044.84 and 1,021.74 eV belong to Zn 2p1,» and Zn 2p3., respectively, which corresponds to the
Zn*" 27 As for the Co 2p spectrum in Figure 4.6D, the main peaks at 780.48, 796.48 eV and 778.38,
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793.38 eV demonstrate the co-existence of Co®" and Co’", which is consistence with XRD and
HRTEM analysis. In addition to the binding energy of C=0 at 288.15 EV and C-C at 284.71 eV,*>
256 C-N at 285.78 eV and C-S peak located at 286.25 eV in C 1s spectrum (Figure 4.6E) confirm
the S and N doping in the C matrix. This indicates that N is distributed almost entirely on the carbon
surface, which verifies the incorporation of N in the carbon matrix.?>’ As depicts in Tables S4.4
and S4.5, the amount of N element is higher in N,S-Co/Zn-ZIF (= 11.25 at.%) than Co/Zn-ZIF (=
9.55 at.%), owing to the thiourea in the precursor and thermal decomposition during pyrolysis. N
Is spectrum proves the existence of the pyridinic N (398.78 eV), pyrrolic N (400.01 eV), graphitic
N (400.88 eV), and oxide N (402.68 eV), as shown in Figure 4.6F.%3% 2% It is reported that graphite
and pyridine N are considered playing an essential role in prompting the catalytic ability for ORR
and OER. In S 2p spectrum (Figure 4.6G), the two peaks located at 162.28 and 163.88 eV are
ascribed to the S 2pi12and S 2p32 of Zn-S bond, while the other two peaks at 162.88 and 161.58 eV
can be attributed to the S 2pi12 and S 2p3.2 of the Co-S bond, which indicating the successful
sulfurization on the Co/Zn-ZIF-67 precursor.’*” 2®! The S element are both from thiourea and S
powder from the vulcanization process. However, thiourea can be easily decomposed into gas
during pyrolysis which favors the formation of porous structure, S powder can offer sufficient
sulfur source. The excessive S element exists not only in the Zno76C0024S, ZnS and Coi-.S«
nanoparticles but also on the carbon surface, demonstrating the chemical contact between metal
sulfur nanoparticles and the graphitized carbon layer which would greatly benefit to electrons
transfer. Noted that excessive sulfur may also lead to a defect which is favorable to the

enhancement of the electrocatalytic performance.?%?
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Figure 4.6 (A) XRD pattern and Rietveld refinement of N,S-Co/Zn-ZIF; (B) N» adsorption-
desorption isotherms of N,S-Co/Zn-ZIF (inset: BJH pore size distribution profile); High-resolution
XPS spectrum of (C) Zn 2p, (D) Co 2p, (E) C 1s, (F) N 1s; and (G) S 2p of the N,S-Co/Zn-ZIF,

along with their corresponding fitting curves.
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The bimetallic ZIF-67 derived N,S-codoped porous carbon material N,S-Co/Zn-ZIF was used
as an electrocatalyst and investigated for electrochemical oxygen reactions. It was firstly
characterized using linear sweep voltammetry (LSV) technique in KOH solution with a standard
calomel electrode (SCE) as the reference. As shown by LSV profiles in Figure 4.7A, N,S-Co/Zn-
ZIF exhibits a more positive onset potential of 0.96 V (vs. reversible hydrogen electrode, RHE),
along with a significantly higher half-wave potential (E12) of 0.86 V than those of any other
materials for comparison, including N,S-Co-ZIF (E12=0.76 V), N,S-Zn-ZIF (E12=0.62 V), and
Co/Zn-ZIF (E12= 0.73 V), for ORR process. Moreover, N,S-Co/Zn-ZIF exhibits comparable or
even better ORR performance than commercial Pt/C electrocatalyst (Fig. S4.14B) in terms of half-
wave potential. It is believed that the existence of bimetallic Co and Zn leads to the formation of
more hierarchical pores during high-temperature calcination, bringing more active sites for
sulfurization and prompt the formation of rough surfaces, as confirmed by N> sorption analysis and
the XRD patterns of Zno76Co024S and CoiSy. Moreover, S doping into the N-doped carbon
alternates the surrounding electron density and hence increases the ORR activity of the
electrocatalyst. In addition, electrocatalytic activity is greatly enhanced due to the high content of
pyridine N and graphite N, where these defects are created to provide abundant active sites.?*® This
result shows that the improved electrocatalytic ORR activity is dependent on a complex synergistic
effect of higher and rougher surface area, graphitic N and pyridinic N. The notable ORR
performance of N,S-Co/Zn-ZIF is further confirmed by the smaller Tafel slope of 103.9 mV dec!
at low overpotentials compared to that of N,S-Co-ZIF (242.4 mV dec!), N,S-Zn-ZIF (391.1 mV
dec!) and Co/Zn-ZIF (297.1 mV dec™!) (Figure 4.7B).

In order to further study the kinetic behavior, N,S-Co/Zn-ZIF was tested using the LSV
technique with the electrode at various rotating speeds (Figure 4.7C). It can be clearly seen that as
the rotating speed increases, the onset potential of N,S-Co/Zn-ZIF remains unchanged, while the
current density increases sharply due to the improvement of mass transport and shortened diffusion
distance. The electron transfer number per oxygen molecule (n) for ORR is determined from the
LSV curves according to the Koutechy-Levich (K-L) equation. The K-L curves (Figure 4.7D)

"'and o (where ji is the kinetic current and o is the

display linear relationships between jk -
electrode rotating rate), from which n was determined to be 3.94, suggesting a preferable four-

electron pathway for ORR. By comparison, » values are calculated to be 3.78, 3.43 and 3.66 for
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N,S-Co-ZIF, N,S-Zn-ZIF and Co/Zn-ZIF, respectively (Figure S4.15), suggesting a two-electron

and four electron mixed transfer pathway in ORR process.
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Figure 4.7 (A) Comparison of ORR polarization curves of N,S-Co/Zn-ZIF, N,S-Co-ZIF, N,S-Zn-
ZIF and Co/Zn-ZIF electrocatalysts; (B) Corresponding Tafel plots of ORR with four
electrocatalyst; (C) ORR polarization curves of N,S-Co/Zn-ZIF at different rotating speeds (400 to
2,500 rpm); (D) K-L plot of N,S-Co/Zn-ZIF; (E) OER polarization curves of N,S-Co/Zn-ZIF, N,S-
Co-ZIF, N,S-Zn-ZIF and Co/Zn-ZIF electrocatalysts; (F) Corresponding Tafel plots of OER

process with the four electrocatalysts.

71



In order to explore its bifunctional electrocatalytic behavior, the N,S-Co/Zn-ZIF and reference
electrocatalysts are also investigated using the LSV technique in the OER process. LSV curves
were obtained and compared at the rotating speed of 1,600 rpm at a scan rate of 10 mV s, As
displayed in Figure 4.7E, N,S-Co/ Zn-ZIF presents a significantly low onset potential (1.55 V)
compared to N,S-Co-ZIF (1.56 V), N,S-Zn-ZIF (1.63 V) and Co/Zn-ZIF (1.65 V). Remarkably,
N,S-Co/Zn-ZIF is found to possess the lowest overpotential (350 mV) and the best OER catalytic
performance as it reaches 1.58 V at a current density of 10 mA c¢cm™ after ZIR-correction (Figure
S4.14A). This finding confirms that the OER performance of N,S-Co/Zn-ZIF is superior to that of
the commercial RuO; electrocatalyst (Figure S4.14C). The corresponding Tafel plots of OER
process for the various catalysts are shown in Figure 4.7F. The lower Tafel slope value of N,S-
Co/Zn-ZIF (76.0 mV dec-1) indicates that its reaction is more kinetically favorable than N,S-Co-
ZIF (105.7 mV dec-1), N,S-Zn-ZIF (230.4 mV dec) and Co/Zn-ZIF (126.4 mV dec!) (Figure
S4.15). The enhancement in OER performance can be ascribed to the ternary metal sulfides
nanocrystals embedded in a highly porous N and S co-doped carbon matrix. The hierarchical pores
not only ensure a high surface area with exposed active sites but also open up transport channels

facilitating fast access to them.
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Figure 4.8 (A) Nyquist plots of N,S-Co/Zn-ZIF, N,S-Co-ZIF, N,S-Zn-ZIF and Co/Zn-ZIF
electrocatalysts obtained in 0.1 M KOH; (B) Comparison of chronoamperometric responses for
ORR process between N,S-Co/Zn-ZIF and Pt/C at 0.51 V in 0.1 M KOH (vs. RHE); (C)
Comparison of chronoamperometric responses for OER process between N,S-Co/Zn-ZIF and

RuO; at 1.71 V in IM KOH (vs. RHE).
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To further understand such superior electrocatalytic performance of N,S-Co/Zn-ZIF, the
electrochemical double-layer capacitance (Cai) and electrochemical active surface area (ECSA)
were estimated via cyclic voltammetry (CV) curves in the potential range of 0.968-1.068 V (vs.
RHE) (Figure S4.16). The Ca of N,S-Co/ Zn-ZIF is determined to be 56.5734 mF cm™, higher
than that of N,S-Co-ZIF (55.8482 mF cm?), N,S-Zn-ZIF (43.8338 mF cm™), and Co/Zn-ZIF
(47.2634 mF cm2). This result is consistent with the N sorption isotherms and reveals the presence
of more exposed active sites in N,S-Co/Zn-ZIF which can be attributed to the N,S-doped carbon
matrix. Furthermore, electrochemical impedance spectroscopy (EIS) measurements at a potential
of 1.65 V (vs. RHE) is carried out for the discovery of the electrochemical kinetics and the internal
resistance of different electrocatalytic materials. As can be seen in Figure 4.8A, N,S-Co/Zn-ZIF
exhibits the smallest semi-circle, indicating the lowest resistance of electrolyte diffusion, the
intrinsic resistance of the materials and the contact resistance between substrate and electrode
materials.?®® This observation can be also explained by the open morphology, high specific surface
area, abundant transport channels and active site of the N,S-Co/ Zn-ZIF nanostructure, which are
in favor of the electrolyte diffusion during the electrochemical reaction processes. The N,S-Co/Zn-
ZIF electrocatalyst was also tested at 0.51 V (vs. RHE) in O-saturated electrolyte for 60,000 s to
measure the durability. Apparently, N,S-Co/Zn-ZIF displays a more stable performance with larger
current density at -2.7 mA m, whereas Pt/C catalyst electrode shows much higher current loss of
33.3% (Figure 4.8B). Notably, after 60,000 s, the ORR performance of the N,S-Co/Zn-ZIF shows
only a 5 mV decrease in half-wave potential which the limiting current stays constant with a value
of -5 mA cm™ (Figure S4.17A). Long-term stability for OER process of N,S-Co/Zn-ZIF and the
commercial RuO; is also tested at 1.71 V (vs. RHE) (Figure 4.8C). N,S-Co/Zn-ZIF retains current
density at 4.8 mA cm™ after 60,000 s which is much superior to the current density of RuO> (0.2
mA cm?). The Figure S4.17B further confirms that after 60,000 s, the overpotential of N,S-Co/Zn-
ZIF almost remain the same and the potential only increased 13 mV at a limit current density of 50
mA cm™. Obviously, N,S-Co/Zn-ZIF has excellent durability for electrochemical oxygen redox
processes. First, high OER activity is likely dominated by metal-based species. Since Zn species is
inactive in both OER and ORR, it creates more defects, and thus it provides active and coordination
sites during volatilization in high temperature. Second, the higher surface content of pyridinic N is

favorable to afford the higher ORR mass and specific activities. Furthermore, the heteroatom sulfur
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doping on the carbon skeleton leads to an increase in charge population and density, acting as the

extra active sites for ORR.

4.2.4. Conclusion

In conclusion, a novel nitrogen and sulfur atom co-doped porous carbon nanostructure has been
successfully achieved which is derived from bimetallic Co and Zn containing ZIF-67 structure.
Such nanostructure possesses high surface area, highly porous feature, and excellent stable
structure. When applied for electrochemical oxygen redox processes, it exhibits bifunctional
catalytic behavior and outstanding electrocatalytic activity for both ORR and OER, where a high
half-wave potential of 0.86 V (vs. RHE) and a limiting current density of -4.8 mA cm™ are achieved
for ORR and a low overpotential of 350 mV is obtained in OER. Such excellent electrocatalytic
performance is mainly due to the unique morphology and nanostructure. The material design is
expected to open new directions in the synthesis and exploration of novel low cost and efficient
electrocatalysts and it would further promote their wider applications in energy storage and

conversion systems.

4.3. NioSs/MoS2 Nanosheets Decorated NiMoOs Nanorods

Heterostructure for Enhanced Water Splitting

We already discussed two types of transition metal-based materials for oxygen reactions. Both of
them exhibit the superior performance which lay the solid foundation to explore their properties.
Encouraged by the above results, we further design NigSs/MoS, nanosheets decorated NiMoO4
nanorods heterostructure as high-performance electrocatalysts for water splitting which is
developed via a facile hydrothermal process followed by a direct sulfurization. The resulting
hierarchical nanoarchitecture with outer NigSg/MoS: nanoflakes shell on the inner NiMoOj4 core
supplies affordable active sites and plentiful charge transportation channels in continuous
heterointerfaces. When it’s applied for water splitting, the obtained nanomaterial only needs low
overpotentials of 190 and 360 mV to enable a 10 mA cm current density for HER and OER in

alkaline solution, respectively.
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4.3.1. Introduction

Faced with the increasing environmental challenges, the development of renewable and sustainable
energy conversion and storage devices is highly in demand.**> Among them, water electrolysis is
regarded as an ideal candidate due to its output of green hydrogen with zero CO, emissions *!. In
general, water electrolysis can decoupled to hydrogen and oxygen evolution reaction (HER, OER),
theoretically requiring 1.23 V to drive the reaction.?é* 2% However, due to the unfavorable kinetics
and adverse thermodynamic process of the OER and HER, the demanded potential for splitting
water far exceeds 1.23 V (e.g., 1.61V 2%). As such, electrocatalysts should be utilized to facilitate
the reaction and reduce the overpotential for the energy conversion. Although precious metal-based
electrocatalysts, including platinum for HER and iridium/ruthenium for OER, show outstanding
catalytic activity, their expensive price and scarcity hindered the wide application.¢2% Hence, it’s
compulsory to explore cost-effective, highly efficient, and long-life catalysts based on non-
precious metals.?’

Recently, transition metal-based electrocatalysts including transition-metal nitride, phosphides,
and oxides have been widely used for water splitting.”>* Transition metal sulfides including both
layered MS; (such as MoS2, WS2) and non-layered M.S, (such as Co9Ss, ZnS) are at the cutting
edge of material science owing to their structural diversity, electrical activity, and superior
electrocatalytic performance. 2270 Particularly, molybdenum sulfide (MoS:), possessing two-
dimensional structure, stable physical and chemical properties, showed good activity towards HER
in both acidic and alkaline media.?’":?"> However, the HER performance of layered MoS, materials
still fails to surpass the Pt-based electrocatalysts due to poor conductivity and unexposed active
sites.*>* To overcome these shortcomings, hybriding MoS: with other active composites with high
electrical conductivity to build hetero-structure is a promising strategy, which exhibit
synergistically promoted kinetics and tune the electron configuration and possess diverse active
sites.?” For instance, nickel sulfide (Ni,S,) not only display good conductivity, but also are active
for OER.**27* Therefore, designing a heterostructure combined MoS with nickel sulfides could
significantly prompt the HER performance, even it provides a considerable solution to synthesize
bifunctional electrocatalysts for water splitting.?”> 2 Many reports have illustrated that
hybridizing two or more metal sulfides into a composite can significantly prompt the HER

performance, even it provides a considerable solution to construct electrocatalysts for water
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splitting. *> The promoted performance for such binary nanostructure could be primarily ascribed
to their abundant reactive redox sites, synergistic interfaces, and customized conductivity.?”” 278
For example, Liu et al. reported the yolk-shell MoS,/NiS-based electrocatalyst for water splitting
only requiring an voltage of 1.64 V in the base solution to reach the current density of 10 mA cm”
227 Feng et al. constructed MoS2/Ni3Sy heterostructures on nickel foam generating ample
interfaces.?®” Zhai et al. reported NiS2/CoS>/MoS; nanosheets arrays vertically grown on Ni foam
by two facile procedures.?®! Nonetheless, the scarcity of inherent conductivity hindered these
bifunctional nanohybrids to be the best replacement for precious-metal based electrocatalysts.>?
Consequently, structural construction and optimization associated with conductivity and
performance is significant to attain advanced binary hybrids.

The construction of two-dimensional (2D) heterostructures with other 2D or 1D building blocks
with special electronic features forming the core-shell or yolk-shell structures have been
demonstrated exhibiting superior electrocatalytic performances to the individual constitutional 2D
nanomaterials. It’s found that high tempertature solid-state reaction processes such as sulfuriztion
and carbonizing are the simplest method to fabricate the such heterostructures bonded by weak van
de Waals forces.”®® For example, TiO»/g-C3Ns 2D-2D heterostructure is fabriacated by in-situ
grown method with strong interlayer charge transfer and coupling within the layers, endowing
much enhanced catalytic activities.!””! Yamauchi et. al reported the self-assembly of uniform Ni-
Co phosphate nanoplates into porous 1D chainlike particles synthesized by solvethermal process
followed by facile calcination. Such special self-stacking strcuture with intimate contact between
layers displayed lower overpotential of 310 mV for OER performance. According to previous
reports, there are lots of advantages of heterostructures such as more exposed active sites donating
from surface area and defects; tuned the electronic structure to optimize electrocatalytic reaction
pathways; an interconnected open space with accessible channels and highly conductive networks
for the fast transport of ions and electrons in the electrolyte, thus further leading to fast reaction
kinetics. For example, Zheng et al. designed aligned NiS2/MoS; on Ti foil via the hydrothermal
method in which NiS; interlaced with MoS» fed ample active edge sites while MoO3 cores fastened
electron transport.?®> Wang et al. also reported MoS: nanosheets-stacked nanowires with
decoration of NiS and MoOs. Such architecture delivered a method to simultaneously enhance the
density of active edge sites and provide more electron transfer pathway.?®¢ Inspired by this, we

wonder if the 2D nanosheets congregated with a 1D nanorod can be achieved through facile
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synthesis method to avoid the aggregation of 2D nanosheets instead of creating plentiful active
sites and creating synergistic effect, further facilitating the electrocatalytic properties of the
materials.

Herein, we developed a 3D hierarchical core-shell architecture in which NiMoO4 nanorods as
the core is wrapped with oriented NioSg and MoS: nanosheets as the shell, giving rise to
NioSs/MoS2@NiMoQy4, through a simple sulfurization treatment of the Ni-Mo precursor. This
unique structure synchronously provides ample active site and improve the conductivity for
electron transportation. Due to synergistic effect of its special multiple interfacial heterostructure,
fast ion/mass transportation in its porous structure and abundant electron transfer trails within the
2D nanosheets and 1D inner NiMoOs nanorods, the NioSz/MoS:@NiMoOs displays low
overpotentials of 190 and 360 mV to deliver a current density of 10 mA ¢cm™ for alkaline HER and
OER, respectively. Furthermore, this study enlightens a simple strategy to synthesize economic

and active electrocatalysts with heterostructures.

4.3.2. Experimental Section

4.3.2.1. Chemicals

Sodium molybdate dihydrate (Na2MoQO4-2H>0), nickel (I) nitrate hexahydrate (Ni(NO3)2-:6H20),
sulfur (S), potassium hydroxide (KOH) were purchased from Sigma-Aldrich.

4.3.2.2. Synthesis of Ni-Mo Precursor

Ni-Mo precursors were prepared by a facile hydrothermal method and followed with calcination
process. In a typical case, NaxMoOs - 2H>0 (0.2 g) and Ni(NO3)2.6H>0(0.2 g) were dissolved in
deionized water (60 mL) and under ultrasonication for 3 min. Then the green transparent solution
was poured into a 100 mL Teflon autoclave and the hydrothermal reaction took place at 180 °C for
12 h. The final product was washed with copious water for several times and dried at 50 °C

overnight, giving rise to Ni-Mo precursor.
4.3.2.3. Synthesis of NisSs/MoS@NiMoO4

Powdery Ni-Mo precursor and sulfur with a mass ratio of 1:3 was put in one porcelain boat with

the downstream and upstream side and annealed at 350°C for 2 h under flowing Ar. The as-prepared
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sample was identified as NioSs/MoS2@NiMoOs. For comparison, NiMoOs was also synthesized

by calcining Ni-Mo precursor without sulfur under the same calcination condition.

4.3.2.4. Structural Characterization

The micro/nano-structure of samples were observed by Environmental Scanning Electron
Microscope (ESEM, FEI Quanta 450) with EDAX Octane Super 60 mm? SDD and TEAM EDS
Analysis System. Transmission electron microscopy (TEM, Thermo Scientific Talos F200X G2
S/TEM) was employed to obtain inner structures and crystalline information at an accelerating
voltage of 150 KV. The X-ray diffraction (XRD) measurements were performed by a
monochromatic Bruker D8 advance diffractometer with Cu Ka radiation. The composition and
valence states were tested on a Thermo Scientific K-Alpha X-ray photoelectron spectroscopy
(XPS). N2 sorption measurements were performed using Micromeritics 3Flex Surface

Characterization Analyzer with N> as the adsorbent.
4.3.2.5. Electrochemical Measurements

All electrocatalytic tests were conducted on the Biologic VMP300 electrochemical workstation in
1.0 M KOH with the three-electrode equipment including the glassy carbon (GC) electrode (area:
0.196 cm?) as the working electrode, platinum wire as the counter electrode and the saturated
calomel electrode (SCE) as the reference electrode. To prepare the electrode slurry, 3 mg of
samples and 3 mg of Vulcan carbon were added into 400 puLL Nafion solution (1 wt%) and the
mixture was ultrasonicated for 2 h to form a homogeneous slurry. Then, 8.5 pL of slurry was drop
coated onto the GC electrode to serve as the working electrode. Linear sweep voltammetry (LSV)
was performed at a scan rate of 10 mV s™!. Electrocatalytic activity towards OER was tested from
-0.1 to 0.8 V (vs. SCE) while the HER performance was evaluated in the range from 0.1 to -0.6 V
(vs. SCE). Meanwhile, the electrochemical active surface area (ECSA) was estimated by using Ca.
The ECSA can be calculated by the following equation: ECSA = Cu/Cs, where C; is the specific
capacitance of the electrocatalyst under an identical electrolyte condition. Usually, Cs = 0.04 mF

in 1.0 M KOH.
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4.3.3. Results and Discussion
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Scheme 4.3 Scheme of fabrication for core-shell structural NigSs/MoS>@NiMoO4 nanorods.

The core-shell NigSg/MoS>@NiMoO4 hetero-structured nanorods were fabricated by a simple
thermal treatment of the Ni-Mo precursor in the presence of sulfur, as shown in Scheme 4.3.
Figure 4.9A showed the representative scanning electron microscope (SEM) image of the Ni-Mo
precursor, demonstrating a nanorod-like morphology with smooth surface and a diameter of 130
nm. The in-situ sulfurization method converted the surface of 1D Ni-Mo nanorod precursor to
NigSs/MoS; with 2D ultrathin nanoflakes, forming the shell densely decorated an NiMoO4 core
(Figure 4.9B). While the NiMoO4 nanorods in Figure S4.18 still kept the same morphology with
smooth surface without sulfurization and some of the nanorod were broken, which further
confirmed that sulfurization could protect the structure from collapsing. Figure 4.9C showed that
the diameters of the nanorods were around 180-200 nm with increased surface area which
generated a hierarchical porous structure which further confirmed the formation of NigoSs/MoS..
This morphology and porous structure were beneficial for enhanced electrocatalytic performance

due to rapid charge transfer pathways and ample exposed active sites.?®’
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Figure 4.9 (A) SEM images of Ni-Mo precursor; (B-C) SEM images of NigSs/MoS>@NiMoO4
nanorods; (D) TEM image of NioSg/MoS>@NiMoO4 nanorods; (E) TEM image of a single
NioSs/MoS2@NiMoO4 nanorod; (F-G) HRTEM images of selected area of NigSs/MoS>@NiMoO4
nanorod; (H) HAADF-STEM image of a single NigSs/MoS>@NiMoO4 nanorod; and (I) the

corresponding EDS element mapping spectra of element Mo, Ni, S and O.

The detailed morphology of the NigSs/MoS:@NiMoO4 nanorods was further observed via
transmission electron microscope (TEM). Figure 4.9D confirmed the formation of core-shell

structure composed of 1D NiMoOs nanorods (core) and ultrathin 2D NigSg/MoS; nanosheets
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(shell). Coherent heterointerfaces existed in the entire nanorod between the outside metal sulfides
and the inner metal oxide core, which could form abundant charge transfer channels. The high-
resolution TEM images of Ni9Ss/MoS@NiMoOs are presented in Figure 4.9E-G in which Figure
4.9F displays crystalline spacings of 0.42 nm, 0.30 nm, and 0.25 nm, corresponding to the (201)
plane of NioSs, (004) plane of MoS; and (-231) plane of NiMoOs, respectively, confirming the
composition of ternary components while Figure 4.9G demonstrated the existence of abundant

288 Furthermore, elemental mapping manifest the

interfaces between these components.
homogeneous distribution of Mo, Ni and S elements (Figure 4.9H-I) in the outer shell structure,
revealing the binary compound of NigSs/MoS; in the shell. It should be mentioned that most of Mo
and O element concentrates in the core center, which further confirmed NiMoQO4 nanorods as the

core material in the hetero-structured composites.
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Figure 4.10 (A) N2 sorption isotherm of NisSs/MoS2@NiMoOs (inset: pore size distribution plot

derived from BJH method); High-resolution XPS spectrum of (B) Mo 3d, (C) Ni 2p, and (D) S 2p

of NioSs/MoS2@NiMoOs.

The phase and crystalline configuration of NigSs/MoS2@NiMoO4 nanorods were measured by the
XRD investigation, presented in Figure S4.19A. Typical characteristic peaks located at 27.21°,
31.30°, 42.59°, 50.81° and 53.40° corresponded to the (202), (222), (332), (153) and (261) planes
of Ni9Sg (JCPDS No. 22-1193) respectively, and peaks located at 33.48°, 35.81°, 44.10°, 49.72°,
55.98° and 58.30° corresponded to the (101), (102), (006), (105), (106) and (110) planes of MoS»
(JCPDS No. 37-1492), respectively. Additional typical (-121), (220), (211), (040), (-204) and other
diffraction peaks of a-NiMoO4 (JCPDS No. 33-0948) were at 23.91°, 28.83°, 29.71°, 41.20° and
47.46°. Figure S4.19B showed the XRD patten of NiMoO4 without sulfurization, confirming the
synthesis of f-NiMoOs (JCPDS No. 45-1042). Combining with XRD and morphology patten Ni-

Mo precursor in Figure S4.19C and Figure 4.9A, it can be observed that the ternary compositions
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of Ni-Mo precursor with smooth surface area after hydrothermal process converted the 2D
NioSs/MoS; nanosheets with 1D NiMoOys inner core after the sulfurization treatment while f-
NiMoOs (JCPDS No. 12-0348) in Ni-Mo precursor formed another crystal NiMoQOs via annealing
process, which further confirmed the previous results. It should be mentioned that both a-
NiMoOs and f-NiMoOs4 phases belonged to monoclinic crystal structure system and the most
important difference between both phases was different coordination for the molybdenum ions in
the crystal structure. It’s reported that transformation between the «a-NiMoOs and f-
NiMoOs phases not only depended on temperature but also related with heteroatom doping, which
effected structural and electronic order-disorder in the lattice and tuned the -electronic
configurations of composites, further effecting electrochemical performance discussed later.
Figure 4.10A exhibited the N> sorption isotherm of NigSs/MoS2@NiMoO4 with a VI-type curve
of a hysteresis loop, revealing the presence of mesopores. The calculated specific surface area was
34.4038 m* g, which was larger than that of the untreated NiMoO4 (20.5 m* g'!). The pore size
distribution plot (inset in Figure 4.10A) showed that NioSs/MoS>@NiMoQO4 possesses pores
mostly located around 4 nm, in agreement with isotherm curve.?*° The elemental states and material
compositions of NigSs/MoS2@NiMoO4 and were NiMoO4 conducted through X-ray spectroscopy.
In the Figure S4.20A, distinct peaks placed at 856.10, 532.57, 285.01, 231.49 and 161.04 eV
corresponding to Ni 2p, O 1s, C 1s, Mo 3d and S 2p, respectively. Compared with it, the much
stronger Ni 2p (854.98 eV) and O 1s peaks (528.66 eV) and missing S 2p peak of NiMoOj4 further
proved the successful synthesis of nickel molybdate without sulfurization (Figure S4.20C). In
spectra of Mo 3d (Figure 4.10B), the peaks at bind energy of 235.66 and 232.14 eV were credited
to Mo ion (VI) of nickel molybdate, and typical peaks placed at binding energy at 232.68 and
228.89 eV corresponding to Mo 3ds» and 3ds» of Mo ion (IV), respectively.?® Obvious signal at
226.20 eV also agreed to the S 2s peak of metal-sulfur bond (Mo-S), respectively.?’! While for the
Mo 3d spectrum of NiMoOQg, typical signals at 235.44 and 232.28 eV corresponded to Mo 3ds/2 and
3ds of Mo ion (VI) of nickel molybdate (Figure S4.20D). Figure 4.10C showed two spin-orbit
doublets with its satellites of Ni 2p. The 2p1/2 and 2ps.2 of nickel ion (II) could be found at binding
energy signal at 871.33 and 854.22 eV and the signals at 874.10 and 856.18 eV were in accordance
with the 2p1/2 and 2p3» of nickel ion (III), respectively.?’* 2’ In Figure S4.20E, the four binding
energy peaks at 855.84, 873.58, 862.11, and 879.91 eV are assigned to 2ps32 and Ni 2,12 with

satellite peaks, respectively, which confirmed the successfully synthesis of NiMoO4. As presented
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of S 2p spectrum in Figure 4.10D, the binding energy signals at 163.31 and 161.70 eV were
allocated with the 2p12 and 2p3/2 of nickel-sulfur bonding, and the peaks at 163.92 and 162.73 eV
were assigned to the molybdenum-sulfur bonding (2pi2and 2psn), respectively.?> 23
Also, typical peak of the sulfur-oxygen bond with oxidation state appeared at signal 168.55 eV.2%*
2% Figure S4.20B revealed the two deconvoluted peaks of O 1s spectra. The signals located 530.55
and 531.76 eV corresponding to metal-oxygen (M-O) bond in nickel molybdate and oxygen
vacancy of composites, respectively.??®2°7 The O 1s spectra of nickel molybdate only showed the
metal-oxygen single at 530.67 eV (Figure S4.20F). The above results further confirmed the

successful synthesis of two different composites through different calcination process.
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Figure 4.11 The electrocatalytic HER test in 1.0 M KOH: (A) Polarization curves conducted at a
scan rate of 10 mV s-1 for NigSs/MoS2@NiMoOs, NiMoO4 and Pt/C with iR-correction; (B) the
corresponding Tafel plots of obtained sample for HER; (C) the histogram of the overpotential at
different current density; The electrocatalytic OER test in 1.0 M KOH: (D) Polarization curves of
NioSs/MoS2@NiMoO4, NiMoO4 and RuO» with iR-correction; (E) the corresponding Tafel plots
of obtained sample for OER; (F) the histogram of the overpotential at different current density.
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The electrocatalytic activity of NisSs/MoS2@NiMoO4 towards HER was tested in 1.0 M KOH
solution via the three-electrode configuration. For comparison, NiMoO4 and commercial Pt/C was
tested under the same condition. Polarization curves show that Ni9Ss/MoS>@NiMoO4 exhibit high
HER activity reaching the current density of 10 mV cm™ at a small overpotential of 190 mV (vs.
RHE, Figure 4.11A and Figure S4.21A, which was much lower than that of NiMoO4 (434 mV).
Although the overpotential of NigSs/MoS2@NiMoO4 nanorod was higher than Pt/C (86.3 mV) at
10 mV cm?, it exhibited lower overpotentials at high current densities surpassing 70 mV cm™
compared with those of Pt/C. In order to further reveal the kinetics, Tafel plots of
NigSs/MoS2@NiMoO4, NiM0O4 and Pt/C electrocatalysts were calculated to 134.6,215.9 and 62.7
mV per decade, respectively (Figure 4.11B). This improved HER activity of nanorods could credit
to the synergistic effects from the interfaces between metal sulfide and metal oxide. Noting that
the electronic interaction at the interfacial area could devitalize the adsorption of H-containing
species, which could modify H chemisorption to facilitate the Volmer-Heyrovsky process.?% 2%
The performance of other electrocatalysts were listed in Table 4.1. A histogram with the
overpotential of all electrocatalysts was shown in Figure 4.11C, providing clear evidence of the
high HER efficiency of NigSs/MoS:@NiMoO4. Obviously, NiMoO4 all displayed the highest
overpotential at different current densities. Although NigSs/MoS:@NiMoO4 exhibited higher
overpotential than Pt/C at current density of 10, 20 mA cm™, it showed the similar overpotential
with Pt/C when the current density reached 40 mA cm™. Accordingly, for the interfacial area of
NioSg and MoS;, the strong correlation of MoS; with H and NigSg with OH may simultaneously
prompted the dissociation of H-O bonds of the H>O molecule. Thus, the interlayer of NigSg and
MoS: took a significant character in improving the electrocatalytic performance.?®’” The OER
performance of Ni9gSs/MoS>@NiMoO4 nanorods was further tested in the same electrolyte. In order
to display the synergistic effect of metal sulfide and NiMoO4, bare NiMoOs and commercial
RuO> were utilized for comparison. Figure 4.11D displayed the LSV curves of all materials. The
LSV curve of the NigSs/MoS2@NiMoO4 and NiMoO4 revealed two special properties, an obvious
peak related with the Ni*" oxidation presented at 1.41 V and the current density goes sharply after
voltage at 1.52 V together the presence of bubbles on the surface of electrode, which demonstrating
that proceeding of the OER.?”> Dramatically, the NigSs/MoS>@NiMoOs nanorods exhibited a
remarkable OER activity with iR-correction (Figure S4.21B). The required overpotential 719 of the
NigSs/MoS2@NiMoO4 nanorods was 360 mV, which was much lower than those of NiMoO4 (410
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mV), and commercial RuO; (500 mV) after iR-correction. The calculated Tafel slope (Figure
4.11E) for NigSs/MoS>@NiMoO4 (49.8 mV dec') was respectable lower than that of NiMoOs
(215.9 mV dec!) and even better than that of RuO2 (65.2 mV dec™!), suggesting the favorable
catalytic kinetics of NigSs/MoS>@NiMoOs during the OER. For comparison, other electrocatalysts
were listed in Table 4.1, which revealed that our nanorod catalyst was very competitive in alkaline
medium. A histogram in Figure 4.11F further confirmed that the overpotential of
NioSs/MoS2@NiMoO4 was much lower than others at different current density. Furthermore, the
NiMoOs and RuO; even couldn’t reach the higher current density. Furthermore, the NiMoO4 and
RuO: even couldn’t reach the higher current density. This outstanding HER/OER activity were
attributed to many different factors. First, 2D NigSs/MoS> nanosheets in situ transferred from the
Ni-Mo precursor with ample defects could create more active sites for electrochemical process for
improving the electrocatalytic properties. According to the previous results, interlayers of
NioSg and MoS; could create synergistic effect. For on hand, it’s reported that the powerful
correlation of MoS: with hydrogen and NigSg with hydroxide might simultaneously prompt the
dissociation of hydrogen-oxygen bonds of water molecule, indicating that MoS: was considered to
be more effective for the HER while NioSg was rather favorable for the OER. On the other hand,
the existence of MoS» and introduce of sulfur could change the binding energy of Ni 2p which was
consistence with XPS results and optimized electron density of NioSs, resulting in enhancing the
binding with OH atoms, facilitating the kinetics of the OER/HER pathways, and the improved
OER/HER activity. Furthermore, the multiple heterointerfaces, especially the long assistant
interfaces between the outside metal sulfides and core NiMoOs, providing electron transfer
pathways, revealing the synergistic effect of NiMoOs, NigSg, and MoS». As we explained before,
introduce of sulfur during annealing process created structural and electronic order-disorder effects.
Specificlly, transformation from f-NiMoO4 phase in Ni-Mo precusor to a-NiMoOs phase caused
the distortion between these complex clusters leading to polarization and/or difference in charge
density in the local structure while it could also optimize the coordination of electrons to the central
Ni atoms and efficiently promoted electron transfer improving the electrocatalytic acvitity.
Therefore, combining the merits of bimetallic sulfide, the enhanced eletrochemical performances
were accociated with a complex system of such core-shell hierarchical nanostructure with
kinetically favorable abundant open mesopores would reduce diffusion distance for ion/electron

transportation during electrochemical process.?”’
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Figure 4.12 (A) EIS plots for NigSs/MoS@NiMoO4 and NiMoO4 before stability test (insert: the

equivalent circuit model); (B) The fitting curve of the different current density ( potential at 0.90 V

vs. RHE) verse scan rate to analyze Cq; (B) Polarization curves of NigoSs/MoS:@NiMoO4 with

initial and after durability of HER (inset: chronopotentiometric curve of NigSs/MoS2@NiMoO4 in
1.0 M KOH after 60,000s); (D) Polarization curves of Ni9Ss/MoS2@NiMoO4 with initial and after

durability of OER (inset:

NigSs/MoS2@NiMoO4 in 1.0 M KOH after 60,000s).
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Table 4.1 Comparison of HER and OER Activities for Different Catalysts.

. 510 Tafel slope
Catalyst Electrolyte Reaction Ref
(mV) (mV dec )
NigSs/MoS2@NiMoO4 HER 190 134.6
1.0 M KOH This work
nanorods OER 360 49.8
. HER 139.9 106.7
Co-NiS@MoS; 1.0 M KOH 300
OER 170.6 136.5
MoS2/NiS yolk-shell HER 244 97
1.0 M KOH 279
microspheres OER 350 108
NiS2/MoS: yolk-shell HER 135 82
1.0 M KOH 301
NSs OER 293 102.3
MoS:-NiS,/graphene HER 141 94
S 1.0 M KOH 273
nanohybrids OER 320 135
HER 92 124
271 (15
MoS»/NiS NCs 1.0 M KOH 294
OER mA 60
cm?)
HER 81 118.38
a-MoS>-Ni3So/NF 1.0 M KOH 150 ( 100 295
OER 91.1
mA cm?)
MoS2/NiS: HER 62 93.7
1.0 M KOH 288
Nanosheets OER 278 128
HER 99 71
pP-MoS2/Ni3S2/NF 1.0 M KOH 27
OER 185 46
HER 117 88.7
Fe-CQDs/NiMoO4/NF 1.0 M KOH 302
OER 336 71.8
HER 150 122.3
NiS/MoO3/NF 1.0 M KOH 221 (50 303
OER 70.9
mA cm?)
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To better understand study the kinetics and inherent resistance properties. the EIS measurements
were conducted at overpotential of 134 mV in alkaline solution. The Nyquist plot was shown
in Figure 4.12A and the inset of the equivalent circuit model. All the curves exhibited
distinguishable semicircles, and the equivalent electronic circuit was utilized to fit the charge-
transfer resistance (R;) of the composites. R, values of NigSs/MoS>@NiMoOs showed a lower
value of 13 Q compared to NiMoO4 (31 Q) before stability testing, which is correlated with electron
transfer kinetics of redox reactions near the surface of electrolyte and electrode. Based on previous
reports, such low charge transfer resistance contributed from sufficient active sites and micropores
of the binary NigSg/MoS: shell and interplayed with mass transport during the charge transport
process. In addition, NigSs/MoS; shell formed flexible space preventing the decomposition of
structure resulted from the different electronegativity of sulfur and oxygen atom, providing fast
electron transfer channels. After stability testing, the Ret values of NioSg/MoS2@NiMoOs4 (22 Q)
was still lower than that of NiMoO4 (50 Q) in Figure S4.21C. It clearly demonstrated that coherent
interfaces between the outside sulfides and inner core were favorable for the fast charge
transportation between outside layer and inside core by the intermediate sulfur in the composite.
In addition, hierarchical core-shell structure prompted the fast ion transport during the
electrocatalytic process, resulting in the enhancement of the HER/OER performance. Furthermore,
the electrochemically active surface area (ECSA) was a significant factor to measure
electrocatalysts, which was conducted by measuring the CV in the potential range of 0.85-0.95 V at
different scan rates.’®* The CV curves of NioSs/MoS:@NiMoOs and NiMoO4 were shown in
Figure S4.22A-B. As shown in Figure 4.12B, the double-layer capacitance of
NioSs/MoS:@NiMoO4 was 3.79 mF cm™ , which was higher than that of NiMoO4 (1.58 mF cm™).
Accordingly, the calculated ECSA of NigSs/MoS:@NiMoOs was 94.75 cm™ which was much
higher than that of NiMoOs (39.5 cm™), demonstrating more plentiful catalytic active sites.
Furthermore, we obtained the ECSA-normalized LSV curves of HER and OER (Figure S4.22C-
D), NigSs/MoS@NiMoOs exhibited the higher current density of -0.026 mA cm™ compared to
NiMoOys at potential of 200 mV which NigSs/MoS2@NiMoO4 presented lower current density at
potential of 1.35 V. With respect to the above results, it can be concluded that the
NioSs/MoS2@NiMoO4 nanorods had the largely exposed surface area, and NioSg/MoS; can

produce abundant active sites from interlayer, leading that more electrons can be kept and
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transferred faster from surface to inner core, resulting to the improved the electrocatalytic
performance.

Stability is also meaningful to evaluate the performance of electrocatalysts. The long-term
stability for HER performance of the NigSs/MoS>@NiMoO4 nanorods was assessed by performing
at 0.866 V (vs. RHE) for 60,000s in the base solution. Figure 4.12C displayed the assessment of
the polarization curves of the nanorods at initial and after 60,000 s, respectively. It’s suggested that
a negligible difference of the LSV curves and tiny loss of current density from the insert Figure
4.12C demonstrating the outstanding stability of Ni9Ss/MoS2@NiMoOs. However, the compared
NiMoOs exhibited low current density for durability testing and the overpotential increased largely
after testing in Figure S4.22E. Similarly, the long-term stability for OER performance of the
NigSs/MoS2@NiMoO4 nanorods was assessed by performing at 1.5 V (vs. RHE) for 60,000 s at the
same condition. It could be observed that the current density exhibited no clear degradation after
60,000 s and the difference of the LSV curves before and after 60,000 s was not considerable, and
the current density remained almost the same, which indicated its excellent electrochemical
stability, as shown in Figure 4.12D. Also, the current density decayed intensively of compared
NiMoOs after durability testing and overpotential increased to 470 mV at current density at 10 mA
cm (Figure S4.22F).
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Figure 4.13 (A) LSV curves of the as-prepared samples in two-electrode system used as both the
cathode and anode in 1.0 M KOH; (B) Chronopotentiometric curve at a voltage at 1.65 V for
60,000s.
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Encouraged by the notable HER and OER activities, we further investigated the achievability of
utilizing Ni9Ss/MoS>@NiMoOs as a bifunctional electrocatalyst for overall water splitting (Figure
4.13A). It was noted that a sharp signal located at around 1.58 V associated with the oxidation of
Ni%** corresponded to the previous OER testing. Impressively, the catalytic activity of
NigSs/MoS2@NiMoO4 were competitive with most previously reported catalysts. (Table 4.2). At
a current density of 20 mA cm™ for NigSs/MoS2@NiMoOs4 || NioSs/MoS@NiMoOs cell was
delivered at a voltage of 1.78 V, surpassing those of electrocatalysts composed with RuO> || Pt/C
(1.84 V). Over a 60,000 s a constant voltage at 1.60 V of the NioSs/MoS2@NiMoO4 nanorods
showed a superior stability without obvious current degradation compared RuO> || Pt/C
(Figure 4.13B). Based on the above measurements, the reasons of the excellent electrocatalytic
performance of NigSs/MoS2@NiMoO4 can be concluded as follows: (i) the outer NioSg/MoS;
nanosheets after sulfurization produced plentiful active sites in the surface of the material; (i) the
strong interaction between numerous NigSs/MoS; interfaces and inner core NiMoO4 exhibited a
synergistic effect with NiMoOs4, NioSg, and MoS, which modified the electronic interactions and
prompted dissociation of water molecules; (iii) the hierarchical core-sell hereto-structure with
kinetically favorable abundant pores endowed ion transfer pathways for fast ion diffusion during

electrocatalysis and provide open area for the generation and release of the O»/Ha.
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Table 4.2 Comparison on the overall water splitting performance of the electrocatalysts.

Overall water

n10 splitting cell
Catalyst Electrolyte Ref
(mV) voltage (V, at
10 mA-cm™)
NioSs/MoS2@NiMoO4 550 20 mA This
1.0 M KOH 1.78 (20 mA cm™)
nanorods cm?) work
310 (50 mA
Co-NiS@MoS» 1.0 M KOH y 1.54 V (50 mA cm™) 300
cm’
MoS,/NiS yolk-shell
. 1.0 M KOH 410 1.64 27
microspheres
NiS2/MoS: yolk-shell
1.0 M KOH 350 1.58 301
NSs
MoS,-NiS,/graphene
ISP 1.0 M KOH 610 1.84 275
nanohybrids
MoS»/NiS NCs 1.0 M KOH 380 1.61 294
310 (100 mA
a-Mo0S,-Ni3S2/NF 1.0 M KOH ) 1.54 (100 mA cm?) 295
cm’
MoS2/NiS;
1.0 M KOH 360 1.59 288
Nanosheets
p-MoS2/Ni3S2/NF 1.0 M KOH 270 1.50 27
NiS/MoOs3/NF 1.0 M KOH 330 1.56 303
b-NiMoO4/NF
1.0 M KOH 320 1.55 303
nanosheets
MoS2/NiS»/CC 1.0 M KOH 400 1.63 306

92



4.3.4. Conclusion

In summary, a core-shell NigSg/MoS>@NiMoOs heterostructured nanorods with hierarchical
porous architecture was fabricated by a facile sulfurization method, which works as a bifunctional
electrocatalyst for overall water splitting. The nanorods composite structure exhibited extremely
low overpotential of 190 mV for HER and 360 mV for OER at 10 mA cm™, respectively. The
electrocatalytic result displayed that the synergistic effect from the outer NigSs/MoS> 2D
nanoflakes and inner NiMoO4 1D nanorod with high surface area and electrical conductivity can
greatly improve electrocatalytic activity. Furthermore, the hierarchical core-shell structure offers
ion transport pathways for fast ion diffusion during electrocatalysis. This work demonstrates a
facile and inexpensiveness method for the making of efficient and cost-effective transition metal-
based catalysts for overall water splitting, which hold great promise for the development of green

hydrogen energy.

Above all, we have successfully synthesized three types of nanomaterials including transition
metal alloy-based, transition metal sulfides-based materials for oxygen reactions and water
splitting with excellent electrochemical properties. By studying the morphology and structure, we
have an understanding about relationship of structure control and electrochemical performance and
know how to optimize the materials. The excellent performance encourage to exploring their
properties in the energy storage area in order to further explore their electrochemical possibility in

wide applications.
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Chapter S Design Transition Metal-based Nanomaterials for

Energy Storage

Based on the above results, we know that three types of transition metal-based nanomaterials show
excellent performance in energy conversion area. The novel structure designs attribute to the
excellent electrochemical performance. In addition, according to the literature, transition metal
sulfides are reported to exhibit the superior properties as electrode materials in energy storage.
Hence, in this chapter, we will further explore the above two types of transition metal sulfide
nanomaterials as electrode materials for energy storage to confirm if they still exhibit the excellent
electrochemical performance. The first one is N,S-codoped hollow carbon dodecahedron/sulfides
composites as anode material for Li-ion intercalation, which we will present in section 5.1. Actually,
it’s the same nanomaterial as electrocatalyst for oxygen reactions and synthesized by the same
method as N,S-Co/Zn-ZIF in section 4.2 of chapter 4. The section 5.2 is discussing core-shell
NiMoO4@Ni9Ss/MoS: nanorods as an electrode material for supercapacitor which is also the same
as NigSs/MoS:@ NiMoOs in section 4.3 of chapter 4. Both of them still display the excellent
performance for energy storage and realize our research objective, achieve our goal of “one type

of material for multiapplication”.

5.1. N,S-Codoped Hollow Carbon Dodecahedron/Sulfides

Composites Enabling High-Performance Lithium-Ion Intercalation

The unique porous composite structure of N,S-codoped carbon dodecahedron/transition metal
sulfides (N,S-Co/Zn@CN) is synthesized by the same method as the electrocatalyst in section 4.2
of chapter 4. This type of anode electrode constructed with cobalt and zinc sulfides nanocrystals
embedded within a nitrogen and sulfur co-doped porous carbon is successfully designed bimetal-
organic frameworks as the precursor. Benefiting from synergistic effects of bimetal sulfides, the
unique rhombohedral dodecahedral nanostructure with rough surface area and N,S-codoped carbon
matrix, such an anode material presents superior initial reversible capacity of 938.2 mA h g™! with
a high-capacity retention of 65.6% after 100 cycles at 150mA g'. The effective nanostructure
design is expected to open a venue to construct high-performance materials.
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for energy and environment applications.
The outcome of this research is published as a research paper in " Electrochemical Science

Advances" (Chen, L.; Chen, Z.; Liu, X.; Ye, Z.; Wang, X., N,S-Codoped Hollow Carbon

Dodecahedron/Sulfides Composites Enabling High - Performance Lithium - ion Intercalation.

Electrochemical Science Advances 2021, €2100001.)

5.1.1. Introduction

To date, the requirements of sustainable energy storage devices are urgent for various applications,
ranging from smart electric grids to electric vehicles.’”” As promising energy storage candidates,
lithitum-ion batteries (LIBs) have drawn mass attention due to their high energy density, long cycle
life, outstanding rate capability, and good environmental compatibility.*® 3% However, the
theoretical capacity of the present commercial graphite anode is only 372 mA h g'!, which cannot
fulfill the demands for next-generation LIBs with the desired high energy density and stability.>!®
311" Therefore, numerous research endeavors have been contributed to exploring new high-
performance anode materials for replacement of the conventional graphite anode.*'% 3> Among
various anode materials, transition metal sulfides (TMSs) are regarded as potential candidates
because of their good redox reaction, thermal stability, and high theoretical specific capacity.!3% 314
However, sluggish ion/electron transport kinetics and large volume expansion during the Li*
insertion and extraction processes are the primary causes of the capacity fading of transition metal
sulfide-based anode materials.®'> 3¢ Moreover, the low conductivity of the single metal sulfide
leads to undesirable rate performance and poor cyclic stability.

Many strategies have been explored to address the above issues, such as adjusting the active
material compositions, compounding with other materials, and engineering of unique hierarchical
structures.!'" *!7 Among them, designing bimetallic sulfides consisting of two elements, such as
Co, Ni, Fe, Zn, Mn, and so on can greatly improve the electrical conductivity while retaining the
good redox properties of the materials.>'®32° Due to synergistic effects of the two kinds of metals,
bimetallic sulfides have a lower bandgap energy, resulting in higher specific capacity. It has been
reported that zinc-cobalt sulfide displays lower optical band gap and superior conductivity
compared to their binary sulfide counterparts. Moreover, it is expected that the electrochemical

contributions from Zn or Co ions in ternary sulfides can offer more redox reactivity than those of

the binary sulfides, leading to a better electrochemical performance. Therefore, compared with
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cobalt sulfide or zinc sulfide, improved electrochemical performance with an enhanced capacity
and stability can be achieved in their ternary transition metal sulfide for lithium batteries.!
Another effective solution is designing carbon-based metal sulfide composites to alleviate the
stress changes due to lithium insertion and extraction and accommodate the volume changes of the
active materials.*?? 32* Furthermore, TMSs incorporated into the carbon matrix can suppress the
dissolution of polysulfides into the electrolyte and further extend the cycling life.>* For example,
Cao et al. synthesized a honeycomb-like 3D N/S codoped porous carbon-coated cobalt sulfide
nanostructure, favoring large contact area for electrolyte and ion transport.>”> One dimensional
copper sulfide nanorods as a high-performance anode were found to exhibit excellent capacity
retentions of 92% and 96% after 100 cycles at 100 mA g!.326 Despite the great progress that has
been obtained, there are still some obstacles for TMSs, like structure collapse. Therefore, more
contributions should be devoted to design TMSs with a porous complex micro/nanostructure to
buffer volume changes and increase the contact between the electrolyte and the electrode material.

Metal-organic frameworks (MOFs) are a new class of porous structure constructed with metallic
ions coordinated with electron-donating organic ligands and featured with adjustable pore sizes,
controllable architectures, and large surface areas. They have been regarded as appealing
templates/precursors for construction of hollow/porous transition metal materials.*’**° Hollow
structured MOFs as precursors to derive metal-based porous carbon or related sulfides have
attracted wide attention; some of the resulting materials are considered promising anode materials
for LIBs.**® For example, Chen et al. reported hollow hybrids composed of cobalt sulfides
embedded within porous carbon polyhedra/carbon nanotubes using ZIF-67 as template.>> MOF-
derived hollow Co9Sg nanoparticles embedded in graphitic carbon nanocages with good
mechanical flexibility and pronounced structure stability displayed a very high energy density (707
Wh kg!), superior rate capability in LIBs.**! Wang et al. recently prepared ZnO/ZnS@N-C
heterostructures decorated on carbon nanotubes with metal-organic framework assistance, which
exhibited higher reversible capacity of 1020.6 mA h g' at 100 mA g™ after 200 cycles and excellent
high-cyclability with 386.6mAh g at 1000 mA g retained over 400 cycles.’*? Recently, the
doping of heteroatoms such as N, P, and B into carbon has been demonstrated to enhance the
conductivity of LIBs by providing a charge transport facilitated pathway, improving the
mechanical flexibility and robustness of the active materials, which can prevent their pulverization

and aggregation during lithiation and delithiation processes.’**> Moreover, the N atom doped
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graphitic networks not only protect the morphology and restrain the volume expansion but also
prompt the formation of strong interactions between the Li-ion and the networks, which are
beneficial to Li-ion insertion.*® For example, Chen et al. reported that the interconnected 3D N-
doped carbon framework in bimetallic sulfide CogFeSg/N-C dodecahedral nanocages enhanced
electrical conductivity of composite and kept the integrity of structure which further prompted the
performance in LIBs.*?! Despite the progress achieved to date, the construction of nanosized
hollow MOFs is still relatively less reported. Therefore, in situ synthesis of TMSs/N-doped porous
carbon composites by using MOFs as precursors/templates is a significant work.

Herein, we demonstrate a unique porous composite structure of N,S-codoped carbon
dodecahedron/transition metal sulfides (N,S-Co/Zn@CN) via one-step calcination and
sulfurization of bimetal-organic frameworks as the precursor (Co/Zn-ZIF-67). Due to the
synergistic effects, metallic sulfide nanoclusters on the carbon matrix serving as active sites exhibit
enhanced lithium storage. The porous carbon matrix with a large surface area enlarges
electrode/electrolyte contact area, providing efficient conductive channels for the transport of Li”,
and shortening diffusion length in the nanoparticles for easier ions/electron transfer. In addition,
existences of Co/Zn metal and N,S-codoping protect the rhombic dodecahedron morphology from
decomposing after calcination so that the hollow structure can supply buffer volume for the
conversion reaction and prevent the structural exfoliation from the current collector. N,S-
Co/Zn@CN is explored as an anode material for the Li-ion battery, which delivers initial discharge
and charge capacities are calculated as 1470.3 and 938.2 mA h g!, respectively, with a high-
capacity retention of 65.59% after 100 cycles at 150 mA g

5.1.2. Experimental Section

5.1.2.1. Chemicals

Cobalt (II) nitrate hexahydrate (Co(NOs3)2-6H20, 99%), zinc (II) nitrate hexahydrate
(Zn(NO3)2:6H20, > / = 99%) and methanol (C2HeO, 95%) were purchased from Fisher Scientific;
2-methylimidazole (C4HsN2, 99.5%), sulfur (S, 99%), thiourea (CH4N2S, 99%), LiPF6 electrolyte
solution (I M in mixed ethylene carbonate (EC)/diethyl carbonate (DEC), 1:1, w/w) were
purchased from Sigma-Aldrich; water was purified with a Millipore Milli-Q system.
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5.1.2.2. Preparation of Co/Zn-ZIF-67 Precursor

In a typical preparation, two solutions of the following substances were prepared separately:
Co(NO3)2:6H20 (0.45 g), Zn(NO3)2-6H2O (0.55 g) were dissolved in methanol (50 mL); 2-
methylimidazole (1.64 g) and thiourea (1.25 g) were dissolved in methanol (50 mL). The two
solutions were then mixed and stirred at room temperature for 24 h. Finally, the resulting light
purple powder Co/Zn-ZIF-67 was separated by centrifugation and washed by methanol several

times prior to drying in a vacuum oven at 80°C.
5.1.2.3. Synthesis of N,S-Co/Zn@CN

Co/Zn-ZIF-67 precursor powder (400 mg) and sulfur powder (1.2 g) were separately in
downstream and upstream in one boat and were annealed under Ar atmosphere at 400°C for 60 min
with a ramp rate of 2°C per min and then at 800 °C for 60 min to obtain N,S-Co/Zn@CN.
Co/Zn@CN without adding thiourea was annealing under Ar atmosphere in the same condition

without sulfur.
5.1.2.4. Structural Characterization

The morphology of the electrocatalysts was carried out by FEI Quanta 450 Environmental
Scanning Electron Microscope (FE-ESEM) with EDAX Octane Super 60 mm2 SDD and TEAM
EDS Analysis System. Transmission electron microscopy (TEM) was performed with a Thermo
Scientific Talos F200X G2 S/TEM operated at 150 KV. High resolution transmission electron
microscopy (HRTEM) has been used to define in detail the structures of the obtained materials.
The X-ray diffraction (XRD) measurements were carried out using a monochromatic Bruker D8
advance diffractometer with Cu-Ka radiation. The study of the surface composition was recorded
on a Thermo Scientific K-Alpha X-ray photoelectron spectroscopy (XPS). N> sorption
measurements were performed on a Micromeritics ASAP2020 physisorption analyzer at 77 K to
determine the Brunauer-Emmert-Teller (BET) specific surface area, pore volume, and pore size

distribution.
5.1.2.5. Electrochemical Measurements

To make the electrode, a mixture of N,S-Co/Zn@CN powders, Super-P conducting carbon, and
polyvinylidene difluoride (PVDF) binder at a weight ratio of 60:30:10 was mixed in N-
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methylpyrrolidinone (NMP) solvent to form a homogeneous slurry. Electrodes were prepared by
coating the slurry on carbon-coated Cu foil at the N,S-Co/Zn@CN loading of ~1.5 mg cm?,
followed by drying in an oven at 65 °C for 5 h and then in a vacuum oven at 50 °C for 5 h prior to
use. CR2025-type coin cells were assembled with the N,S-Co/Zn@CN electrodes in an Ar-filled
glove box. The electrolyte contained LiPFs at 1.0 M in a binary solvent of EC and DEC (1:1 in
volume) was employed for 80 pL. A metal foil of lithium was used as the negative electrode and
was physically separated from the electrode with one sheet of Celgard 2500 separators.
Galvanostatic discharge/charge tests of the cells were performed on a battery testing system (Land,
CT2001A, China). Current density and specific capacity were calculated based on the mass of N,S-
Co/Zn@CN in the cathodes. CV measurements were recorded on a Metrohm Autolab
PGSTATI28N electrochemical workstation at a scan rate of 0.02 mV s'. Electrochemical
impedance spectroscopy (EIS) measurements were performed from 100 kHz to 0.01 Hz with a

potentiostatic signal amplitude of 5 mV.

5.1.3. Results and Discussion

) Sulfurization,
Slirrmg 24 h R00 °C

— 100ml
e Calcination

Co/Zn-ZIF-67 N,$-Co/Zn@CN

Scheme 5.1 Schematic of the synthetic process of N,S-Co/Zn@CN.

The synthetic procedure of N,S-Co/Zn@CN is illustrated by Scheme 5.1. Co/Zn-ZIF-67 is
selected as templates to fabricate Co/Zn bimetal sulfide/carbon composites. The original Co/Zn-
ZIF-67 precursor is synthesized by precipitation method that cobalt and zinc ions are coordinated
with ligand links and embedded in carbon layer after calcination. The Co/Zn-ZIF-67 shows a
dodecahedron morphology with a smooth surface and a particle size around 500 nm (appendix
Figure S5.1). After sulfurization treatment, the precursor is finally converted to mesoporous

bimetal sulfide nanoclusters with a N/S-codoped carbon layer (denoted as N,S-Co/Zn@CN).
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Morphological and structural characterizations of N,S-Co/Zn@CN are investigated by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure
5.1A, N,S-Co/Zn@CN maintains the rhombic dodecahedron morphology of Co/Zn-ZIF-67 but
with the rough surface after the calcination and sulfurization (Figure 5.1B). Due to its low boiling
point, Zn-containing compounds evaporate during calcination at high temperature, forming a
porous structure that can be reflected by the rough surface.?’! It confirms that the existence of
bimetallic Co and Zn plays an important role in maintaining the morphology and developing the
porous structure of N,S-Co/Zn@CN. Moreover, without N,S-doping, rhombic dodecahedron
morphology is collapsed instead of forming nanofibers (Figure S5.2).

500 nm

7y 75C0q 245 (200) Co,,S, (101)

Zng.76C0024S (311) / Zns (115)

0.16 nm
5 nm!
g1

100 nm 100 nm

Figure 5.1 (A) Low and (B) high magnification SEM images of as-synthesized N,S-Co/Zn@CN.
(C) TEM image of N,S-Co/Zn@CN nanoparticles. (D) TEM image of a single N,S-Co/Zn@CN
nanoparticle (inset: HRTEM images of two selected areas). (E) The corresponding SAED pattern
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recorded from a single nanoparticle. (F) HAADF-STEM image of a single N,S-Co/Zn@CN; and
(G) the corresponding EDS element mapping spectra of element Co, Zn, C, N, and S.

Figure 5.1C shows a typical TEM image of the synthesized N,S-Co/Zn@CN, the nanostructures
are composed of bimetallic nanoparticles embedded within the derived porous carbon matrix.
According to the HRTEM images (Figure 5.1D), the existence of metal sulfides with an average
size of 15 nm is consistent with the selected area electron diffraction (SAED) observation in Figure
5.1E. Moreover, the carbon is highly graphitized with an interlattice spacing of 0.34 nm, forming
a highly conductive network for fast ion transfer. Well-defined lattice spacings within
nanostructure are measured to be 0.16 nm and 0.27 nm, corresponding to the (311) and (200)
crystalline plane of the Zno76Co00.24S phase. While the lattice spacings of 0.19 and 0.25 nm are
ascribed to the (110) and (101) planes of ZnS and Co1.Sy, respectively.!3: 236307 The presence of
bimetallic sulfides nanoparticles embedded within derived carbon nanostructure is further
confirmed by high-angle annular dark-field (HAADF)-scanning transmission electron microscopy
(STEM) image in Figure 5.1F. Moreover, the energy dispersive spectrometer (EDS) mapping
images in Figure 5.1G confirm that Co, Zn, C, N, and S are uniformly distributed on the
dodecahedra cluster.

The crystal structures of the as-synthesized sample are characterized by XRD, as shown in
Figure 5.2A. The characteristic peaks at 28.6°, 33.2°, 47.6°, 56.5°, and 59.3° observed are in good
agreement with the Zn0.76C00.24S, while the peaks at 26.9°, 39.7°, 56.5°, and 35.2°, 46.7°, 54.4°
can be assigned to ZnS and Co1-S;, respectively. By comparison, Co/Zn@CN without N,S-doping
shows different phases after high-temperature calcination (Figure S5.3). The XRD result is in good
agreement with the TEM image of N,S-Co/Zn@CN composite that is composed of different
bimetal sulfides (Figure 5.1D). N: adsorption/desorption measurements are performed to
characterize the surface area and porous structure of the N,S-Co/Zn@CN. As shown in Figure
5.2B, it exhibits typical type-IV isotherms with an identifiable hysteresis loop, indicating the
porous structure with the high surface area of 120.13 m? g’!. Pore size distribution is calculated by
the Barrett-Joyner-Halenda (BJH) method, which describes that the structure consists of
micro/meso/macropores, the featured mesopore size is around 12.2 nm. It confirms that the

synthesis process transforms bimetallic Co/Zn-ZIF into a hierarchical pore structure with a high
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surface area, which facilitates the transport Li ion and significantly improves the electrocatalytic

performance delivered by the high surface area and low resistance.?>*
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Figure 5.2 (A) XRD pattern of N,S-Co/Zn@CN; (B) N> adsorption-desorption isotherms of N,S-
Co/Zn@CN (inserted BJH pore size distribution profile); (C) The survey-level scan XPS spectrum
of N,S-Co/Zn@CN; High-resolution XPS spectrum of Zn 2p (D), Co 2p (E), Cls (F), N 15 (G),
and S 2p (H) of the N,S-Co/Zn@CN, along with their corresponding fitting curves.
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The surface chemical composition and chemical element valence of the N,S-Co/Zn@CN
composites are further verified by XPS measurement. The full-survey-scan spectrum (Figure 5.2C)
reveals the existence of Co, Zn, C, N, and S elements. The elemental ratios measured by XPS
spectroscopy agree well with the results of EDS collected by SEM (Table S5.1). From the Zn 2p
region exhibited in Figure 5.2D, the two main peaks observed at 1044.84 and 1021.81 eV belong
to Zn 2p12 and Zn 2p32, respectively, which point to the Zn**.33* The Co 2p core-level spectra in
Figure 5.2E exhibit two predominant peaks at 780.00, 795.99 eV and 778.24, 793.35 eV
demonstrating the existence of Co?" and Co>".!3! The four peaks located at 284.63, 285.69, 287.59,
and 288.47 eV in the XPS spectrum of C 1s (Figure 5.2F) are corresponding to the bonds energy
of C-C, C-N, C-S and C=0, respectively, confirming the successful N and S doping in the C
matrix.?>> 2% This implies that N is distributed almost entirely on the carbon surface, which verifies
the incorporation of N in the carbon matrix.!** Compared to the Table S5.2, the amount of N
element is higher in N,S-Co/Zn@CN (= 11.30 at.%) than Co/Zn@CN (= 9.92 at.%), owing to the
thiourea in the precursor and thermal decomposition during calcination.[46] N 1s spectrum proves
the existence of the pyridinic N (398.69 eV), pyrrolic N (400.01 eV), graphitic N (400.90 eV), and
oxide N (403.02 eV) as shown in Figure 5.2G.%% 2° It is reported that the presences of pyridine
N and pyrrolic N result in many defects on the surface of the carbon matrix, which is beneficial to
the formation of ion transport channels for Li* diffusion.!*? 3% In S 2p high-resolution spectrum
(Figure 5.2H), the two peaks located at 162.28 and 163.80 eV are ascribed to the S 2p3, and S
2p12 of Zn-S bond, while the other two peaks at 161.53 and 162.67 eV can be attributed to the S
2psiand S 2pis2 of the Co-S bond,?¢% 26! which indicating the successful sulfurization on the Co/Zn-
ZIF-67 precursor. The S element comes from both thiourea and S powder from the sulfurization
process.**® However, thiourea can be easily decomposed into gas during pyrolysis that favors the
formation of the porous structure, S powder can offer a sufficient sulfur source.>*” The excessive S
element not only combines with transition metal to form Zno76Co0024S, ZnS, and CoixSx
nanoparticles but also on the carbon surface, demonstrating the chemical contact between metal
sulfur nanoparticles and the graphitized carbon layer that improves the conductivity of the
composites.>*®

To demonstrate the superiority of this unique structure, the electrochemical lithium storage
behaviors of obtained N,S-Co/Zn@CN are evaluated. Figure 5.3A shows the consecutive cyclic
voltammetry (CV) curves of the electrode at a scan rate of 0.02mV s from 0.01 to 3.0 V (vs.
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Li'/Li).During the Li" insertion process, the cathodic peaks located at 1.90 and 1.37 V are typically
assigned to the reduction process of Coi.xSy to lithium polysulfides (Li2S,) and further to lithium
sulfide (Li2S).*** The peaks located at 0.97 V involve the reduction process of ZnS and
Z10.76C00.24S to metallic Zn, Co in the associated Li>S matrix while with the formation of the solid
electrolyte interface (SEI) film on the anode surface.!'"** In Li* desertion process, the strong
anodic peak located at 1.59 V corresponds to the electrochemical conversion from metallic Zn and
Li,S back to ZnS, whereas the peak located at 2.04 V represents the conversion of metallic Co, Zn,
and Li>S back to Co1Sy or Zn,Co,S. compounds.**!:3*? Based on the result reported previously,
the reduction peak at 1.90 V and oxidation peak at 2.36V here are identified as the characteristic
peaks corresponding to the mutual transformation between Co1.Sy and Li polysulfides (Li>S,).>*
The weak peak at 2.36 V indicates the absence of this type of electrochemical conversion, which
can be attributed to the fact that N-doped carbon acting as a matrix that prevents the aggregation

of Co1Sy nanoparticles and the formation of polysulfides.**!

Meanwhile, the overlapped CV
curves in the repeated cycles demonstrate the good reversible electrochemical reactions of the
electrode.® For comparison, the CV curves of Co/Zn@CN are provided as Figure S5.4A.
Although the location of the oxidation peak and reduction peak of Co/Zn@CN without
sulfurization are slightly different from that of N,S-Co/Zn@CN composites, there is a continuous
decrease in the peak density of Co/Zn@CN, indicating that the N,S-Co/Zn@CN electrode
possesses the inferior electrochemistry stability compared to Co/Zn@CN composites. In general,
the electrode with a conversion reaction mechanism will endure the large volume expansion and
further result in the rapid capacity fading. The different lithium insertion and extraction voltages
of two metal sulfide species can achieve a synergetic effect, where the inactive component can be
regarded as a buffering material to buffer the large volume change associated with lithium
insertion/extraction in the active component.

In consistence with the CV test, its galvanostatic discharge/charge profile at 30 mA g (Figure
5.3B) displays three distinct discharge plateaus (1.91, 1.42, and 0.95 V) and charge plateaus (1.51,
2.01, and 2.41 V), confirming the electrochemical conversion as we descried. The initial discharge
and charge specific capacities are 1470.3 and 938.2 mA h g!, with a corresponding coulombic
efficiency (CE) of 63.81%. The large irreversible capacity loss of the N,S-Co/Zn@CN electrode
observed during the first discharge process is ascribed to irreversible reactions such as the

decomposition of electrolyte and formation of SEI film. However, the Coulombic efficiencies of
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the second and third cycles reach 95.95% and 94.11%, respectively, indicating the good
reversibility of the subsequent discharge/charge process. According to the literature and results,

the reaction mechanism of N,S-Co/Zn@CN used as an anode for Li-ion battery can be summarized

as follows>+: 344
First discharge:
CoixSx +2x Li" 2 (1-x) Co+x LixS (1.5 t0 1.2 V) (23)
7Z1n0.76C00.24S + 2Li" +2e” > 0.76Zn + 0.24Co + LizS (1.1 t0 0.7 V) (24)
ZnS+ 2Li"+2¢e¢ 2> Zn+LixS (1.1t0 0.7 V) (25)

From first charge to subsequent cycles:

Zn+LibS-2Li"-2¢ > ZnS(1.2t0 1.6 V) (25)
(I-x) Co +x Li2S - 2x Li" - 2x € 2 C01xSx (1.6-2.1 V) (26)
xZn+y Co+zLiS -2z Li* -2z ¢ 2 ZnyCoyS, (1.6-2.1 V) (27)

Although no evidence can support the recovery of Zno.76C00.24S structure currently, it is believed
that the ZnS, Co1.Sy, and a type of Zn.Co,S; phase are responsible for the subsequent reversible
discharge/charge cycles combined with the redox peak couples of 0.97/1.59 V and 1.37/2.04 V in
the CV curves (Figure 5.3A). From the Nyquist plots shown in Figure 5.3C and Figure S5.4B,
although the initial resistance of N,S-Co/Zn@CN and Co/Zn@CN are both large, the N,S-
Co/Zn@CN electrode has a lower equivalent series resistance of only 2.1 Q and a lower charge
transfer resistance of 32.7 Q than that 507 Q of Co/Zn@CN after 100th cycles. Compared to Bode
plots in Supporting Information Figure S5.4C, N,S-Co/Zn@CN has a smaller impedance than
Co/Zn@CN in the low-frequency region that is confirmed with Nyquist plots. This proves that the
incorporation of N,S-codoped carbon can preserve the high conductivity of the composite electrode
and greatly enhance rapid electron transport during the electrochemical lithium insertion/extraction
reaction, resulting in progressive improvement in the electrochemical properties.**> Figure 5.4D
shows typical charge-discharge profiles for N,S-Co/Zn@CN at various current densities. With
increasing current density, the charge and discharge plateaus for N,S-Co/Zn@CN shift to lower
voltages because of kinetic limitations at high current densities. The comparable electrochemical
kinetics of N,S-Co/Zn@CN and Co/Zn@CN electrode are also reflected from their rate

performances at varying discharge/charge current densities (30 to 200 mA g™!). It is obvious that
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the N,S-Co/Zn@CN exhibits better rate performance than Co/Zn@CN. Reversible capacities of
839.1, 815.7, 691.9, 617.3, 556.7, and 512.8 mA h g'are obtained at 30, 50, 80, 100, 150, and 200
mA g, respectively (Figure 5.3E). Upon switching back to 20 mA g, a favorable capacity of
624.1 mAh g’ is recovered without any memory effect. In reference to the value at 50 mA g, the
capacity retention at 200 mA g is 62.9% for N,S-Co/Zn@CN electrode confirming its excellent
rate performance. Besides the enhanced electric contact offered by the N,S-codoped carbon, the
superior rate performance of N,S-Co/Zn@CN electrode also benefits from the abundant large
mesopores of short diffusion lengths of Li" in electrode. Meanwhile, the N,S-doped porous
structure with a large specific surface area offers more active sites that facilitate the redox reaction
kinetics and therefore contribute to fast Li* ion transport. In the long-term cycling test at 150 mA
g! (Figure 5.3F), N,S-Co/Zn@CN electrode shows an outstanding capacity retention of 65.59%
after 100 cycles, with CEs well maintained at around 100% throughout the cycling. The
corresponding capacity decay rate is 0.34% per cycle in reference to the first charge capacity. By
comparison, Co/Zn@CN shows rather lower capacity retention of 34.25% and higher capacity
decay rate is 0.66% after 100 cycles, which is due to the low conductivity and the large volume
change during lithiation-delithiation processes. The excellent cycling performance could be mostly
ascribed to the synergistic effect of bimetallic sulfide with high catalytic activity and relatively low
degree of aggregation, which can help each other to buffer the volume change and guarantee fast
ion and electron transfer compared to one-type metal sulfide.

Above all, the excellent Li-intercalation performances of N,S-Co/Zn@CN, in terms of large
initial capacity, superior cyclability, and excellent rate capability, can be attributed to the porous
structure of ternary metal sulfides/N and S codoped carbon matrix. First, the porous structure
derived from bimetal-organic frameworks precursor offers sufficient void space, which is
beneficial for electrolyte penetration and can effectively mitigate the volume expansion during the
charge/discharge process, resulting in stable electrode structure and cycling properties. On one
hand, the presence of N and S codoped carbon matrix not only can function as the buffer layer to
relieve the volume expansion of its trapped metal sulfide nanoparticles but also can enhance charge
and ion transportation throughout the composite and electrode further improve the structural
integrity. Meanwhile, ternary metal sulfide can achieve enhanced electrical conductivity compared
to one-type metal sulfide. Finally, the interconnected carbon matrix connects individual

Zn9.76C00.24S nanoclusters to obtain a highly electronic conductive network, while efficiently
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alleviate large volume change during cycling and prevent direct contact of the electrolyte with the

intermediate product during the lithiation/delithiation.
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Figure 5.3 (A) Cyclic voltammograms of N,S-Co/Zn@CN electrode at a scanning rate of 0.02 mV
s-1; (B) Galvanostatic charge/discharge curves of N,S-Co/Zn@CN electrode at a current density
of 30 mA g-1 within 0.1 to 3.0 V versus Li+/Li; (C) Nyquist plots of N,S-Co/Zn@CN electrode
tested at open circuit potential initial and after 100 cycles of galvanostatic discharge/charge at 150
mA g! with the inset showing the equivalent circuit; (D) Charge-discharge profiles of N,S-
Co/Zn@CN at different current densities; Rate capability (E) and cycling properties at 150 mA g~
'(F) of N,S-Co/Zn@CN, Co/Zn@CN electrode.
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5.1.4. Conclusion

A novel porous composite structure of N,S-codoped carbon dodecahedron/transition metal sulfides
(N,S-Co/Zn@CN) is successfully developed using sulfurized Co/Zn-ZIF-67 precursor. When it’s
applied as a highly active anode material for LIBs, it delivers excellent electrochemical
performance with a high initial reversible capacity of 938.2 mAh g and an outstanding capacity
retention of 63.6% after 100 cycles at a current density of 150 mA g'. The excellent
electrochemical properties might be contributed to the synergistic effects of metallic sulfide
nanoclusters and carbon matrix with hierarchical porous structure and rough surface area. It is
believed that this strategy would open new directions in the synthesis and exploration of metal

sulfides/carbon-based composites for the application in energy storage and conversion systems.

5.2. Hetero-Architectured Core-Shell NiMoOs@NisSs/MoS2

Nanorods Enabling High-Performance Supercapacitors

Except for the application in Li-ion batteries, transition metal sulfides also present the excellent
behavior as electrodes for supercapacitors. In this section, we will introduce hetero-architectured
core-shell NiMoO4@NigsSg/MoS, nanorods which is synthesized by the same method as
electrocatalysts in section 4.3 in Chapter 4. The resulting hierarchical architecture with outer
NioSg/MoS; nanoflakes shell on the inner NiMoO4 core offers plenty of active sites and ample
charge transfer pathways in continuous heterointerfaces. The obtained NiMoO4@NisSs/MoS> as
an electrode material presents an unsurpassed specific capacity of 373.4F g! at 10A g and
remarkable cycling performance in the base electrolyte. After investigating the performance, it’s
believed that these nanorods show both active performance both in energy conversion and storage,

achieving our goal of multiapplication.

5.2.1. Introduction

Arising markets of high-energy density electronics and various electrical cars have prompted the
production of efficient, cheap, and environmentally benign energy storage technologies and

devices.?*¢

Among them, supercapacitors (SCs) have attracted wide-ranging research
interests because of their outstanding energy density, rating performance and superior cycling
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durability.?” 37 The SCs have filled the storage gap within traditional batteries devices and
capacitors, so that they have been considered as the promising and efficient storage devices.
However, the energy density of supercapacitors still far below the Li-ion batteries which confines
their large-print industrial employments.?’! Normally, supercapacitors are classified as two types
depending on different working principles: electrical double layer capacitors (EDLCs) and faradaic

38 To boost the energy density and superior flexibility, asymmetric

pseudo-capacitors.
supercapacitors (ACS) consisted with the above two electrodes have aroused great interests,
because they could utilize the merits of both batteries and supercapacitors, and thus remarkably
enhance their energy and power densities.*® It’s known that carbon-based materials exhibit the
excellent high conductivity and excellent density as battery-type electrodes. However, they still
fail the expectation for long life durability. Compared to them, pseudo-capacitor materials possess
rich Faradaic redox reactions active sites near the surface area of electrode, giving them excellent
energy storage properties. Typical electrodes for pseudo-capacitors are RuO> and MnO», but their
usages are hindered because of their environmental harmfulness and low conductivity.®% 3¢
Recently, transition-metal based materials, including oxides,’***! sulfides,***3>* and hydroxides®>*
3% have become advanced pseudo-capacitor electrode materials. Because of their abundant
oxidation states and multiple morphology and structure, it’s favorable to facilitate the fast and
reversible Faradaic redox reactions, thus resulting in high theoretical capacities.*® Particularly,
NiMoO4 belonging to the binary oxide family is a good candidate because of its morphology
diversity and outstanding capacitive efficiency.>*® Normally, NiMoOs possesses two stable
structures octahedral or tetrahedral configuration at low or high temperature, respectively.*>’ Also,
NiMoOs is an inexpensive, plentiful, environmentally benign commodity and has significant nickel
atomic capacity and high conductivity (10 S cm™) from the molybdenum atom.*%*%® For instance,
Yun’s group published that gravel-like NiMoO4 grown on carbon cloth produced 970 F g at 2.5
A g3’ Zhang, e.al synthesized hierarchical carbon sphere@NiMoO4 which displayed good
specific capacity of 268.8 F g at 1.0 A g3 Interestingly, Wang’s group designed NiMoOs with
two morphologies (nanospheres and nanorods), both of them showed the excellent specific
capacitance, indicating NiMoOs could be a promising candidate for supercapacitor.’! Frustratingly,
because of the delayed kinetic reaction and intolerant morphology collapse during long
charge/discharge procedure, NiMoO4 impedes the low-rate capacity and poor cycling stabilities.?*

Even, it is still a big challenge to synthesize a NiMoO4 nanomaterials with large specific area and
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high electrical conductivity. Not many reports are related to NiMoOj4 electrode in application of
supercapacitors. Consequently, structural modifications and constructions of NiMoOy related to
capacity and stability are of considerable importance to obtain advanced binary hybrids.

By contrast with metal oxides, transition metal sulfides (TMS) have higher conductivity,
chemical durability or redox kinetics and are regarded as other potential pseudo-capacitance
candidates.*®! Unlike oxygen, sulfur possesses comparatively low electronegativity, favoring for
developing different nanostructures between metal ions and other species.’*® In particular, nickel
sulfides have abundant redox active sites, forceful reducibility and inexpensive advantage
exhibiting the excellent property for supercapacitor. For instance, Zhang’s group synthesized 3D
flower-like nickel sulfide spheres with various morphologies exhibited initial discharge capacity
of 550 mA h g'.3% Osquian et al. reported three-dimensional starfish-like Ni3S4-NiS grown on
graphene oxide with specific capacity of 1578 F g1 at 0.5 A g!.3¢* However, the cycle stability and
rate performance of nickel sulfides still fail to reach the expectation. Wang’s group announced the
provision of high capacitance three-dimensional Ni3Ss nanosheet electrodes but retained only
around 60% capability after 2000 cycles.*** However, another type of molybdenum disulfides
(MoS;) displays superior cycling stability and pseudo-capacitance skills because of graphite-type
layer structure and numerous valence states of Mo atoms, which can store charge between the
different layers.’®> 3¢ In addition, atomic layers of MoS; forms a sandwich structure which
molybdenum layer between two sulfur atomic layers bound together by Van der Waals forces
favoring for ion intercalation and electron transfer.*®” Qi’s group synthesized hierarchical MoS,
nanospheres exhibited a specific capacitance of 142 F g''at 0.59 A g!.!° Kim et al. reported MoS:
spheres displayed capacitance retention of about 93.8% after 1000 cycles.>®® Unfortunately,
chemically formulated MoS> nanosheets are likely to aggregate, reducing surface area and leading
to poor conductive ability. Hence, designing and developing of hetero-structured materials are
necessary to enhance the conductivity, shortening the electron/ ion transfer pathways and permit
for high-rate capability.

One approach is to build hierarchical structures from multiple crystalline species that can
effectively alternate electron configuration so that exhibit the superior electrochemical activity due
to the synergistic effect of the heterostructure. A typical type of hierarchical structures is external
structures which different porous structures such as nanowires, nanoparticles and nanosheets

grown on the surface of the backbones such as nanorods or nanofibers with higher specific surface
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current density and conductivity.*® Hierarchical core-shell with strong interaction between the
shell and core species greatly enhance the chemical and physical properties and offering the various
interlayer.” Up to now, many contributions have been devoted to designing the external
hierarchical structures, by combining of metal sulfides with metal oxides. For instance, Jae Cheo’s
group synthesized core-shell structural Co304@CdS showed 390 Fg™! in symmetric supercapacitor
device.’”! Tang et al. reported homogeneous core/shell NiMoO4-based nanowire arrayed on nickel
foam showed amazing achievements with 47.2 Wh kg™! at high energy density.?”? Hierarchical
core-shell CoMoO4+@NiMoO4 grown on nickel foam was synthesized by Zhang’s group, which
showed a high capacity and excellent stability.”® Qi et al. announced MnCo2S4@CoNi LDH core-
shell heterostructure with high electrical conductivity and ample active sites offered better faradaic
reactions as electrodes for supercapacitors.’’ Therefore, construction of core-shell architecture is
proven to be an effective strategy to utilize the merits of multiple components to the maximum to
realize high-performance supercapacitors.

Herein, we develop a core-shell hierarchical architecture that core NiMoO4 nanorod is wrapped
with NioSg/MoS; nanoflakes, defined as NiMoO4@NisSs/MoS,, which is converted from the
Mo/Ni precursor after sulfurization. This configuration offers mechanical protection and serves as
the bridge connecting the outer metal sulfides and inner core. Due to the synergistic effect of its
special multi-interfacial structure, fast ion/mass transportation in and ample active sites within 2D
nanoflakes and 1D inner NiMoO4 nanorods, NiMoO4@NioSs/MoS> nanorods demonstrated the
excellent specific capacity of 373.4 F gl at 10 A g'! and superior cycling property, implying that
NiMoOs(@N19Ss/MoS> can be a propitious electrode for high-efficiency energy storage system.

5.2.2. Experimental Section

5.2.2.1. Chemicals

Sodium molybdate dihydrate (Na;MoO4-2H20), nickel (II) nitrate hexahydrate (Ni(NO3)2:6H20),
sulfur (S), potassium hydroxide (KOH) were purchased from Sigma-Aldrich.

5.2.2.2. Synthesis of Mo/Ni Precursor

The conventional hydrothermal approach was used to prepare Mo/Ni precursors, followed by
sulfurization. Sodium molybdate dihydrate (0.2 g) and nickel nitrate hexahydrate (0.2 g) were
dissolved in deionized water (70 mL). Then the green transparent solution was moved to a 100 mL
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Telon autoclave and held at 180 °C for 12 hours. The green final material was cleaned with

deionized water and kept at 50 °C overnight, giving rise to Mo/Ni precursor.
5.2.2.3. Synthesis of Nanorods NiMoO4@NisSs/MoS:

The Mo/Ni precursor and sulfur (mass ratio = 1:3) were put in one porcelain boat with the
downstream and upstream side and calcinated at 350°C for 2 h under flowing Ar. The obtained
material was NiMoO4@NioSs/MoS,. For comparison, NiMoO4 was also synthesized by calcining

Mo/Ni precursor without sulfur in the same calcination process.

5.2.2.4. Structural Characterization

FEI Quanta 450 Environmental Scanning Electron Microscope was utilized to examine the
anatomy of materials. Transmission electron microscopy (TEM, Thermo Scientific Talos F200X
G2 S/TEM) was tested to examine the crystal details of the materials. X-ray diffraction (XRD)
measurements were used by a monochromatic Bruker D8 advance diffractometer. The composition
and valence states were performed on a Thermo Scientific X-ray photoelectron spectroscopy. N
sorption measurements were utilized using Micromeritics 3Flex Surface Characterization Analyzer

with N> as the adsorbent.

5.2.2.5. Electrochemical Measurements

All electrocatalytic tests were conducted by Biologic VMP300 electrochemical workstation in 6.0
M KOH with three-electrode equipment including the glassy carbon (GC) electrode (area: 0.196
cm?) as the working electrode, platinum wire as the counter electrode and the saturated calomel
electrode (SCE) as the reference electrode. Working electrode was prepared by adding the active
nanomaterial and super P in 600 pL of 10% polyvinylidene difluoride (PVDF) dissolved in N-
methyl pyrrolidinone (NMP). Then slurry (120 pL) was spread on a clean nickel foam (1x1 cm?)
by drop casting and dried overnight. The dried electrode was then pressed using a hydraulic press
at a pressure of 10 MPa. The mass loading of active material in single nickel foam was about 2 mg.
The CV and GCD were determined within a possible window of -0.3-0.6 V, and the material's
specific capacity was estimated using GCD curves. The specific capacitance, Cs (F g!), were

measured by the equation:
XAt
7 m x AV
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where 7 (A) was the discharge current, At (s) represented the discharge time, AV (V) was the
potential window, v(mV s™!) represented the scan rate and m (g) was the mass of the active

materials.

5.2.3. Results and Discussion

© ¢

o ¢

Mo/Ni Precursor NiMoO,@NiySg/MoS,

Scheme 5.2 Scheme of the formation process of core-shell NiMoO4@NioSs/MoS: hetero-

structured nanorods.

As illustrated in Scheme 5.2, the core-shell NiMoO4@NioSs/MoS: heterostructure was converted
from the Mo/Ni precursor by a simple sulfurization method, as demonstrated in detail in the
experimental section. From the scanning electron microscope (SEM) image in Figure 5.4A, it
could be observed that Mo/Ni precursor possessed nanorod-like morphology with smooth exterior
and a diameter of 130 nm. After the sulfurization method, the shell of Mo/Ni precursor converted
to metal sulfides (Ni9Ss/MoSz) with ultrathin nanoflakes shelling the inner core NiMoOj4 to form a
core-shell structure (Figure 5.4B). By comparison, NiMoO4 nanorods without sulfurization
remained the morphology with the smooth surface even some of the nanorods were broken,
confirming that sulfurization could protect the nanorods from collapsing (Figure S5.5). Figure
5.4C showed the clear structure and morphology of nanorods with a typical diameter of 180-200
nm with ultrathin nanoflakes and generated a hierarchical porous structure which further confirmed
the formation of NioSs/MoSz. Such architecture was favorable for charge transfer and ion
transportation to improve the electrochemical performance.”® The detailed morphology of
nanorods was determined by transmission electron microscopy, which revealed that core-shell

construction was consisted of 2D NigSs/MoS; nanoflakes as outer shell part and 1D nickel
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molybdate nanorods inner core (Figure 5.4D). Coherent heterointerfaces could be observed in the
entire nanorod between the outside metal sulfides and the inner metal oxide core, which could form

the porous structure providing ample charge transfer channels.

Figure 5.4 (A) SEM images of Mo/Ni precursor; (B-C) SEM images of NiMoO4@NioSs/MoS:
nanorods; (D) TEM image of NiMoO4@NigSs/MoS: nanorods.

The high-resolution TEM images of NiMoO4@NioSs/MoS: in Figure 5.5A-C which are selected
from the upper (blue square) and lower part (orange square) from single nanorod. Figure 5.5B
displayed the crystalline spacings of 0.22 nm, 0.36 nm, and 0.27 nm, corresponding to (-411)
crystal lattice of NiMoOs, (022) crystal lattice of NioSg and (101) lattice distance of MoSa,
respectively, demonstrating ternary hybrids?*” 37> while Figure 5.5C showed demonstrated the
existence of abundant interfaces between these components.?’® The uniformed distribution of Mo,

Ni, S and O was shown in Figure 5.5D-E, confirming the binary compound of NigSg/MoS,. It's
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worth mentioning that most Mo and O elements mainly dispersed in the core center, indicating that
the incorporation of NiMoOj inside the composite. XRD was investigated to depict the crystalline
shapes of NiMoO4@Ni9Ss/MoS,, as presented in Figure 5.5F. The characteristic peaks at 23.9°,
28.8°,29.7°, 41.2° and 47.4° confirmed the formation of NiMoO4 (JCPDS No. 33-0948).%® The
five sharp peaks located at 27.2°, 31.3°, 42.6°, 50.8° and 53.4° were attributed to (202), (222),
(332), (153) and (261) planes of NigSs (JCPDS No. 22-1193).2" The typical peaks placed at 33.5°,
35.8°,44.1°,49.7°, 55.9° and 58.3°corresponded to the (101), (102), (006), (105), (106) and (110)
planes of MoS, (JCPDS No. 37-1492), respectively, reinforcing formation of ternary
composites.’”” However, in Figure S5.6A, Mo/Ni without sulfurization formed the nickel
molybdate displayed as the XRD pattern of NiMoOs. Figure 5.5G represented N> sorption
isotherms of NiMoOs@NisSs/MoS, with VI-type curve of a hysteresis loop. The
NiMoO4@NioSs/MoS: surface area was 27.9643 m? g'!, above the NiMoO4 (20.5 m? g!). Pore
distribution profile in Figure 5.5G and Figure S5.6B demonstrated that the main product possesses
pores of 0.6 nm, 3 nm and 10 nm, confirming the existence of micropores from the NioSs/MoS>
nanoflakes and mesopores from the inner core. This porous structure of the main product could
result from the introduction of sulfur during the calcination process under the high temperature,
further creating more active sites and fastening electron transportation during the electrochemical
procedure. The above result confirmed that the formation of metal sulfides and nickel molybdate

with abundant pores which created more active sites and offered more charge transfer channels.
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Figure 5.5 (A) TEM image of a single NiMoO4@Ni9Sg/MoS, nanorod; HRTEM images of (B)
upper part (blue square) and (C) lower part (orange square) of NiMoO4@N19Ss/MoS» nanorod; (D)
HAADF-STEM image of the selected part of NiMoO4@Ni9Ss/MoS:z nanorod; and (E) the EDS
element mapping spectra of element Mo, Ni, S and O; (F) XRD pattern and Rietveld refinement of
NiMoOs@N19Ss/MoS2; (G) N2 sorption isotherms of NiMoO4@NioSs/MoS, (inset: pore size
distribution profile)

The element state analysis of the electrode was conducted through X-ray spectroscopy. In Figure
S5.7, XPS survey spectra revealed co-occurrence of Ni, Mo, S, and O elements in the nanorods.
The Mo 3d XPS spectrum at the core stage could be divided into five peaks. (Figure 5.6A). The
two signals at 235.5 and 232.2 eV were accredited to Mo 3dsz» and 3ds» of molybdate, and signals
at 232.6 and 228.7 eV corresponded to Mo 3dszand 3dsz of molybdenum disulfide,
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respectively.>”” 37® The other signal at binding energy of 226.5 eV also agreed to S 2s orbital of
metal sulfide bond (Mo-S), respectively.*? Figure 5.6B showed the Ni 2p spectra of two spin-orbit
doublets with its satellites. Distinct signals at binding energy of 855.9 and 873.7 eV were credited
to 2p3,2 and 2p12 of nickel ion (II), and the other two peaks at 856.4 and 875.3 eV were associated
with nickel ion (IIT) (2p3/2 and 2p112), respectively.’” As presented of S 2p spectrum in Figure 5.6C,
the binding energy signals at 163.6, 161.5 eV were allocated with the 2p1» and 2p32 of nickel-
sulfur bonding, two signals at163.5 and 161.6 eV were assigned to the molybdenum-sulfur bonding
(2p12 and 2p3n), respectively.?’> 377 Also, a typical peak of the sulfur-oxygen bond with oxidation
state appeared at signal 168.4 eV.?> Ols spectrum was displayed as Figure 5.6D, the signals at
530.6 and 531.9 eV corresponded to metal-oxygen (M-O) bonds in nickel molybdate and oxygen

vacancy of composites, respectively.?%°
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Figure 5.6 High-resolution XPS spectrum of (A) Mo 3d, (B) Ni 2p, (C) S 2p and (D) O Is of
NiMoOs@N19Ss/MoS,.

The electrochemical outputs of all electrodes were delved by three-electrode configuration in
alkaline solution. Figure 5.7A indicated CV curves of NiMoO4@Ni9Sg/MoS; from 5 to 200 mV s
in a voltage window of -0.3- 0.6 V (vs. SCE), respectively. Obviously, two redox summits were
shown in a voltage window of 0.2 V- 0.4V and -0.1 - 0 V, implying the typical valence state change
of Ni?*/Ni** and faradaic redox between Mo*" and Mo®" during the electrochemical process.’”’
Compared to the CV curves of NiMoOg4 (Figure S5.8A), the CV curves of the main product
remained even at high 200 mV s’!, showing outstanding durability of NiMoO4@NisSs/MoS,. In
addition, the sharp peaks slightly changed to a wide voltage window as the enlarging scan rate
indicated fast faradaic reactions. It further verified the synthesis of metal sulfides hybrids and their
typical pseudocapacitive behavior.*®® In Figure 5.7B, CV plots of the main product and compared

materials were illustrated to validate the merits of NiMoO4@NioSs/MoS> nanorods for superior
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electrodes. Compared with NiMoOj electrodes, the NiMoO4@NioSs/MoS: nanorods had higher
current densities and larger area, demonstrating a significant enhancement of capacitance due to
multiple electron transport channels and synergistic effect within the metal sulfides and nickel
molybdate.*®® Furthermore, the current density of the typical peak of NiMoOs@NioSs/MoS2
displayed a more linear and steep response than NiMoOQj4, suggesting larger surface area from the
BET result, higher electrical conductivities, more active sites, and faster ion exchange due to the
porous core-shell shape. Figure 5.7C displayed the GCD plots of NiMoO4@Ni9Ss/MoS, nanorod
with current densities ranging from 1 to 20 A g'!. Compared with NiMoOu (Figure S5.8B),
NiMoO4@NisSs/MoS: nanorod displayed a longer charge/discharge time of 446 sat 2 A g'!. The
corresponding charge-discharge profiles of NiMoO4@NisSs/MoS, and NiMoO4 were further
provided in Figure S5.8C and Figure S5.8D. The obvious voltage plateau of
NiMoO4@Ni9Ss/MoS: confirmed the “battery-type” pseudocapacitive behavior in comparison of
NiMoO4.%! 1t’s reported that the bimetal precursor after sulfurization produced hierarchical
NioSg/MoS, nanoflakes with expanded interlayer spacing, which benefited ion diffusion with
enhanced capacitance.®> The nonlinear shape of GCD plots further depicted the reversible

pseudocapacitive properties which were mainly derived from the chemical conversion in NiMoO4,

NioSs and MoS», which can be represented by the following equations: 3% 384
NiMoO4+ OH™ <> NiMoO4OH + e (28)
NisSs + OH" < NigSsOH + ¢ (29)
MoS, + K" + ¢ <> MoS-SK 30)

Because of the sluggish potential reduction resulted from interior resistance and the faradaic
chemical reaction, the discharge time decreased significantly as the current density increased.’*
More apparent results were presented in Figure 5.7D. At 10 A g'!, the total charge/discharge
duration of NiMoO4@Ni9Ss/MoS: composite was much superior to NiMoOs. Such excellent
performance could be explained by more than one mechanism. First, the core-shell structure
offered plentiful electron transportation pathways and functioned as a bridge connected the outer
metal sulfides shell and inner NiMoO4 core, provided mechanical assistance to prevent the structure
from collapsing and agglomerating during the faradic reaction, resulting in increased electrical

conductivity. Second, the Ni9Ss/MoS; nanoflakes possessed high surface area and plentiful active
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sites. Third, the synergistic effect between NisSg and MoS> contributed to high capacitance in the

energy storage procedure.
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Figure 5.7 (A) CV curves of NiMoOs@Ni9Ss/MoS; at different scan rates; (B) CV curves of
NiMoOs@NisSg/MoS, and NiMoOs at a scan rate of 5mVs'!; (C) GCD plots of
NiMoOs(@N19Ss/MoS> nanorods at various current densities and (D) comparison of two electrodes

at a current density of 10 A g,

Figure 5.8A exhibited the plot of log with peak current and log with a scan speed at 5-200 mV-s™!
based on the CV plots of NiMoO4@NisSs/MoS.. Depending on the power-law:>%¢
i=avh (31)

where a was coefficient, irepresented the maximum current, o represented the scan rate.

And p was the slope of the log (i) and log(v) plots. Accordingly, f=0.5 indicated a diffusion-
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controlled process; =1 implied that the reaction was surface-controlled or had a capacitor-like
feature.’®” Figure 5.8A showed that the value of # was close to 0.55, indicating that the redox
process kinetics were determined by ion diffusion, further verifying the faradaic reaction in the
NiMoOs@Ni9Ss/MoS> electrode. The special capacitances with different current densities
depending on the GCD plot were presented in Figure 5.8B. The specific capacitances of
NiMoO4@NisSs/MoS: electrode were 488.9, 467.6,373.4,240.1,92.0, and 529 F gl at 1,2, 5, 10,
15,and 20 A g, respectively. By comparing with values of NiMoOs, it exhibited the superior rate
performance. The cycling property of two electrodes was exhibited in Figure 5.8C at 10 A g
After 10,000 cycles, the capacity retentiveness of the main product was 81.0% and coulombic
efficiency remained almost at 100%, which is much better than NiMoO4 (40.1%) and other
electrodes in Table 5.1, indicating its excellent cycling stability. The main reason for capacitance
attenuation might be the difficulty of ions/electrons reaching to the thick area of material under 10
A g!. However, the outstanding performance of NiMoOs@NisSs/MoS, nanorods was ascribed to
the core-shell structure which the outer metal sulfide shell protected the structure from collapsing
and limiting fast electron transfer speed leading to the electrode decomposition, further confirming
the merits of this architecture.>>” Figure 5.8D showed the typical EIS spectra of two electrodes
before cycling. Obvious, the charge-transfer resistance of the main product (0.7 Q) was much
smaller than the compared sample (2.41 Q), which is correlated with electron transfer kinetics of
redox reactions near the surface of electrolyte and electrode. According to the previous studies,
such low charge transfer resistance was ascribed to plentiful electrochemical active sites and large
cavities of micropores of the binary NisSs/MoS; shell and interplayed with mass transport during
the charge transport process.>®® It also should be mentioned that due to the lower electronegativity
of sulfur than oxygen, bimetallic sulfides created a flexible space preventing the decomposition of
structure caused by the elongation between atoms and made it easy for electrons to transport in the
structure.*® Consequently, after cycling, the resistance increasement of NiMoO4@NioSs/MoS:
from 0.7 Q to 1.23 Q (Figure S5.8E). By comparison, NiMoO4 displayed the larger charge-transfer
resistance due to the collapsing structure in Figure S5.8F. Depending on the above outcomes, the
remarkable properties of NiMoO4@NisSs/MoS> nanorods were credited to the subsequent
explanations: (i) special core-shell architecture of nanorods protected the structure from collapsing
and corrosion, serving as the bridge for outer metal sulfides and inner core leading to the high

conductivity and supplied sufficient contact area between electrolyte and electrode; (ii) the ultrathin
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nanoflake of NisSg/MoS: provided more active sites and increased surface area and multiple
micro/mesopores which provided the massive ion transport channels; (iii) the synergistic effect of

typical heterostructure also favored the transport of ion and electrons.
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Figure 5.8 (A) Linear fitting plots of NiMoO4@NisSs/MoS> for the log (peak current) and log
(scan rate) for the cathodic and anodic peaks based on CV plots; (B) Specific capacitance of
NiMoO4@Ni9Sg/MoS> and NiMoOs at different current densities; (C) Cycling property and
coulombic efficiency of NiMoO4@NioSs/MoS> and NiMoOy at a current density of 10 A g''; (D)
Comparison of Nyquist plots of NiMoO4@NioSs/MoS: and NiMoOs.
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Table 5.1 Comparison of the performances of this work and other reported work in alkaline

electrolytes.
Specific
‘ capacitance atthe Cycle number and
Electrode material Electrolyte ' _ Ref
given current retention
density
NiMoO4@NisSs/MoS> 373.4F g'at 10 81.0 %, 10,000
6 M KOH This work
nanorods Ag! cyclesat 10 A g!
. 604.4F g1 (10 A 80.1%, 10,000
C@MOSz/N13S4 2M KOH 390
gh cycles at 20 A g’!
‘ 60.7%, 10,000
(N1,Mo0)S2/G 2379 Fglat1 A
] 2M KOH cycles at 100 A g’ 377
composite g'1 .
. 848.2Cg! at 83.1%, 10,000
NiS;@MoS» 6 M KOH 391
1Ag! cyclesat 10 A g!
169.44 mAh g'! at 88.24%, 8000
Ni2Mol 3 M KOH 21
1Ag! cyclesat 10 A g!
2246.7F ¢! at 88.4%, 5000
NiMoOs@MoS> 6 M KOH 392
1Ag! cyclesat 5 A g!
10202 F g'! at 84.1%, 4000
NiS; rods 6 M KOH 383
1Ag! cyclesat2 A g!
108 Fg'at0.5 A 100%, 10,000
NMS/CNT 3 M KOH 37
g’! cyclesat 5 A g!
1-D NiMoO4 1335 F gl at 80.1%, 3000
1.0 M KOH 358
nanostructures 1Ag! cyclesat 5 A g!
1475 F gl at 87.9%, 5000
NiMoOs nanostructure 6 M KOH 384
1Ag! cycles at 20 A g!
. ‘ 97.3%, 10,000
NiMoO4/Ni3S; 1195.7 C g! at
‘ 3 M KOH cycles, at 5 mA 393
nanohybrid 0.5 mA cm™

cm?
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5.2.4. Conclusion

In conclusion, special core-shell NiMoOs@NioSs/MoS; hetero-structured was converted from
Mo/Ni precursor by a facile hydrothermal process and followed by sulfurization, which worked as
an efficient electrode for supercapacitor. It unveiled unsurpassed specific capacity of 373.4 F gl at
10 A g’'. Furthermore, the hybrid electrode remained excellent durability at 81.0 % after 10000
charge/discharge cycles. Such excellent electrochemical property was ascribed to special porous
core-shell structure, increased surface area and ample active sites. This work demonstrated a facile

method to design the hierarchical structure nanomaterials for supercapacitors.

Above all, we further explore the transition metal sulfides-based nanomaterials in energy storage
area and investigate their morphology, structure, and electrochemical performance. It’s found that
all the nanomaterials show excellent performance and there is strong relationship between structure
design and electrochemical performance. The superior performance prove their possibilities to be

utilized in a wide-ranging application.
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Chapter 6 Conclusion and Future Work

6.1. Conclusion and Contributions

In this study of designing transition metal-based nanomaterials for energy conversion and storage.
We have summarized the current limitation and proposed three types of novel nanomaterials for
multi-applications.

In chapter 3, we introduced bimetallic CoNi alloy nanoparticles embedded in pomegranate-like
nitrogen-doped carbon spheres (N-CoNi/PCS) by the facile hydrothermal and calcination process.
By conducting the different characterizations, we know that N-CoNi/PCS forming pomegranate-
like configuration with high surface area is favorable for ion transport. Then we further investigate
its electrochemical behavior, it displays a half-wave potential of 0.80 V (vs. RHE) for ORR with a
limit current density of -5.2 mA ¢cm™ while a low overpotential of 540 mV for OER with excellent
durability. By combining the study of structural characterization and electrochemical investigation,
we have a rough understanding of the importance of structural design associated with the excellent
electrochemical performance. Hence, beside metal alloys, in section 4.2, we also designed a unique
nanostructure of N and S codoped porous carbon (N,S-Co/Zn-ZIF) derived from bimetallic ZIFs
via precipitation and annealing procedure as electrocatalyst for oxygen reactions. Such
electrocatalysts possess a well-defined porous dodecahedron morphology and exhibits outstanding
OER and ORR electrocatalytic performance. Encouraged by the above results, we further
investigated the transitional metal sulfides for water splitting. Hence, in section 4.3, Ni9Sg/MoS,
nanosheets decorated NiMoO4 nanorods heterostructure was developed by hydrothermal and
sulfurization as electrocatalyst for water splitting. By different types of characterization, the
resulting hierarchical nanoarchitecture with outer NioSg/MoS> nanosheets shell on the inner
NiMoOs core forms the rough surface acting as active sites. The porous structure provides plentiful
charge transportation channels in continuous heterointerfaces. It’s found out that such
nanomaterials also present a high performance with low overpotentials of 190 and 360 mV for
HER and OER in alkaline solution. Based on the above results, we have successfully designed the
transition metal-based nanomaterials for energy conversion.

Encouraged by the excellent results, we further investigate the performance of above two types

of materials applied in energy storage. First, we conducted the N,S-codoped carbon
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dodecahedron/transition metal sulfides (N,S-Co/Zn@CN) which is the same material as the
electrocatalyst in section 4.2. Surprisingly, such nanocomposites with rough surface area present
high-performance Li-ion intercalation with superior initial reversible capacity of 938.2 mA h g'!
with a high-capacity retention of 65.6% after 100 cycles at 150mA g!. Based on these, it’s known
that this type of nanomaterial realized the goal of multi-functionalities. It can be used as both
electrocatalysts and anode electrodes for Li-ion batteries based on the different mechanisms. It also
verifies that transition metal sulfides have the ability as electrode for energy storage. Hence, we
further investigate the hetero-architectured core-shell NiMoO4@Ni9sSs/MoS> nanorods as electrode
for supercapacitor. It should be noted that these nanorods are also the same material as
electrocatalysts in section 4.3. By conducting its electrochemical performance, it’s found that the
nanorods unveil unsurpassed specific capacity of 373.4 F gl at 10 A g!. Furthermore, the hybrid
electrode remained excellent durability at 81.0 % after 10000 charge/discharge cycles. Such
excellent electrochemical property was ascribed to a special porous core-shell structure, increased
surface area and ample active sites through different characterizations.

Based on these, we have successfully achieved the research objectives and the contributions in
this research could be listed by the following points:

1. We have designed three types of transition metal-based nanomaterials (bimetallic alloy
nanoparticles embedded in carbon spheres; N,S-codoped carbon dodecahedron/sulfides
composites; NigSs/MoS, nanosheets decorated NiMoO4 nanorods heterostructure) for
five different applications according to the design strategies proposed in methodology
part.

2. By comprehensive study of their morphology and structure such as composition, pores/
surface area and valence state, we have confirmed the successful design and the strategies
are effective. Since all the materials are prepared by hydrothermal process and
calcination process, it proves that we have achieved the goal of economic synthesis.

3. Next, we studied the electrochemical performance of all the materials and all of them
yield excellent performance according to different applications.

4. Then, we investigated the relationship between the morphology and structure and
electrochemical performance. We found that there is a strong correlation between them
and different compositions work differently in each application. For example, porous

structures not only provide active sites for electrocatalyst but also are favorable for Li-
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ion insertion/extraction. More dimensional structures not only enlarge the surface area
but also serve as buffer layer relieving the volume change and collapsing. In addition,
bimetallic doping/heteroatom doping can create the synergistic effect and further
optimize the electronic configuration, contributing to excellent performance both in
energy conversion and storage.

Thus, based on these, we found that our materials can be utilized in different area. We
have accomplished the objective of “one material for multi-applications” and offer an
opportunity for designing the high performance and economic materials for wide

utilizations in the promising future.

6.2. Recommendations for the Further Studies

Based on the findings of this research, the following recommendations can be made to further

design of transition metal-based nanomaterials for energy conversion and storage:

We have conducted the fundamental study of electrochemical performances of transition
metal-based materials. Based on the findings, practical applications such as assembling
with metal-air batteries for electrocatalyst, and supercapacitors for electrode materials
should be encouraged in the future to verify their capabilities for large-scale application.
Although we have studied transition metal alloy, sulfides, unfortunately that we couldn’t
investigate the metal phosphides and other types of materials. The working and structural
mechanism of metal phosphides are still unclear and electrochemical performance of them
are still not satisfied. Hence, more studies should be devoted to improving their
performance.

The deeper study of structure design and morphology control in order to improve
electrochemical performance should be forwarded. By studying their working mechanisms
thorough more powerful characterization techniques combining the theoretical calculations
such as DFT, a more in-depth understanding and design of superior materials could be
achieved.

For energy storage area, we only investigate the performance of electrode materials in Li-

ion batteries and supercapacitors. In the future study, more applications such as Na-ion
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battery, Li-S batteries and K-ion batteries are also recommended as there are still a lot of
challenges in those types of batteries need to be solved.

Although we have attained the goal of “multi-applications”, the electrochemical
performance of materials for energy storage are still not superior and fail the requirement
of high density and capacity. Hence, more studies should be contributed in the future to

improve the performance and obtain the “super material” for multi-applications.
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Appendix

The extra figures and tables are listed below that are mentioned in the thesis.

Figure S4. 2 (A) High-magnification SEM image of as-synthesized N-Ni/PCS; (B) TEM image of
N-Ni/PCS; (C) HRTEM image of the selected area of N-Ni/PCS composites spheres.
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500 nm

Figure S4. 3 (A) High-magnification SEM image of as-synthesized N-Co/PCS; (B) TEM image
of N-Co/PCS; (C) HRTEM image of selected area of N-Co/PCS composites spheres.
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Figure S4. 4 EDX spectrum of N-CoNi/PCS.
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Table S4. 1 The lattice parameters are between pure Co (ICSD No. 622442), pure Ni (ICSD No.
260172) and ColNil (ICSD NO. 187983).

Metal Lattice Spacing (nm)
(111) (200) (311)
Co 0.204 0.177 0.107
Ni 0.203 0.176 0.106
ColNil 0.204 0.177 0.107
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Figure S4. 5 (A) N2 adsorption-desorption isotherms of CoNi/PCS; (B) Barrett-Joyner-Halenda
pore size distribution profile of CoNi/PCS.
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Figure S4. 6 The survey-level scan XPS spectrum of N-CoNi/PCS.

Table S4. 2 Elements distribution from XPS spectrum of N-CoNi/PCS.

Elements Atoms %
Co 2.62
Ni 1.45
N 4.77
C 91.16
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Figure S4.7 (A) ORR curves of N-CoNi/PCS electrocatalysts and Pt/C at 1600 rpm rotating speed,
respectively; (B) OER polarization curves of N-CoNi/PCS electrocatalysts and RuO2 at 1600 rpm

rotating speed, respectively.
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Figure S4. 8 ORR polarization curves of (A) N-Co/PCS, (C) N-Ni/PCS and (E) CoNi/PCS at
different rotating speeds (400 to 2500 rpm); (B), (D) and (F) K-L plot derived from (A), (C) and

(E), respectively.
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Figure S4. 9 CV curves of (A) N-Co/Ni/PCS, (C) N-Co/PCS, (E) N-Ni/PCS and (G) CoNi/PCS at
scan rates of 5, 10, 25, and 50 mV s-1 in 0.1 M KOH aqueous electrolyte; (B), (D), (F) and (H)
current density (taken at the potential of 1.00 V) as a function of scan rate derived from (A), (C),
(E) and (G), respectively.
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Figure S4. 10 (A)-(C) Low- and high-magnification SEM image of as-synthesized Co/Zn-ZIF-67

precursor. The rhombic dodecahedron morphology of Co/Zn-ZIF-67 precursor confirms the

successful synthesis of MOF structure.
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Figure S4. 11 Low- and high-magnification SEM image of as-synthesized (A) and (B) N,S-Co/ZIF,

(C) and (D) N,S-Zn/ZIF, and (E) and (F) Co/Zn-ZIF.
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Figure S4. 12 Powder XRD patterns of N,S-Co-ZIF (A), N,S-Zn-ZIF (B), and Co/Zn-ZIF (C).
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Table S4. 3 Crystal structural parameters of Zno.76C00.24S, Co1.xSx and ZnS.

Crystal
Compounds a(A) b (A) c(A) a By vV (A%

system

Zn0.76C00.24S F-43m 5.3995(1) 5.3995(1) 5.3995(1) 90° 90° 90° 157.42(1)

Co1Sy P63/mmc  3.3800(4) 3.3800(4) 5.1773(1) 90° 90° 120° 51.05(3)
ZnS P63mc 3.8144(9) 3.8144(9) 6.2583(6) 90° 90° 120° 78.87(3)
Zn 2p
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Figure S4. 13 The survey-level scan XPS spectrum of N,S-Co/Zn-ZIF.
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Table S4. 4 Elements distribution from XPS spectrum of N,S-Co/Zn-ZIF.

Elements Atoms %
Co 5.09
Zn 4.35
N 11.25
C 56.97

S 11.78
O 10.57

Table S4. 5 Elements distribution from XPS spectrum of Co/Zn-ZIF.

Elements Atoms %
Co 1.49
Zn 1.44
N 9.55
C 84.55
O 3.02
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Figure S4. 14 (A) OER polarization curves of N,S-Co/Zn-ZIF electrocatalysts with ZIR-
Correction; (B) ORR curves of N,S-Co/Zn-ZIF electrocatalysts and Pt/C in 0.1M KOH at 1600
rpm rotating speed, respectively; (C) OER polarization curves of N,S-Co/Zn-ZIF electrocatalysts
and RuO; in 1M KOH at 1600 rpm rotating speed, respectively.
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Figure S4. 15 (A), (C) and (E) ORR polarization curves of N,S-Co-ZIF, N,S-Zn-ZIF and Co/Zn-
ZIF in 0.1M KOH at different rotating speeds (400 to 2500 rpm); (B), (D) and (F) K-L plot derived

from (A), (C) and (E).
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Figure S4. 16 CV curves of (A), (C), (E) and (G) N,S-Co-ZIF, N,S-Zn-ZIF and Co/Zn-ZIF at scan
rates of 5, 10, 25, and 50 mV s-1 in 0.1M KOH aqueous electrolyte; (B), (D), (F)and (H) current
density (taken at the potential of 1.00 V) as a function of scan rate derived from (A), (C), (E) and

(G).
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Figure S4. 17 (A) Comparison ORR polarization curves of N,S-Co/Zn-ZIF before and after
60,000s; (B) OER polarization curves of N,S-Co/Zn-ZIF before and after 60,000s.
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Figure S4. 18 SEM images of NiMoO4 nanorods.
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Figure S4. 19 XRD pattern of (A) NigSs/MoS2@NiMoOs4, (B) NiMoO4 and (C) Ni-Mo precursor
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Figure S4. 20 XPS survey spectrum (A), and high resolution XPS spectrum of (B) O 1s in
NioSs/MoS2@NiMoOs4; (C) XPS survey spectrum, and high-resolution XPS spectrum of (D) Mo

3d, (E) Ni 2p, and (F) O 2p of NiMoOs.
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Figure S4. 21 (A) HER polarization curves of NigoSs/MoS2@NiMoOQg electrocatalysts with iR-
correction; (B) OER polarization curves of NioSs/MoS:@NiMoO4 electrocatalysts with iR-
correction; (C) EIS curves for NigSs/MoS2@NiMoO4 and NiMoOy after stability test.
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Figure S4. 22 CV curves of (A) and (B) NigSs/MoS2@NiMoO4 and NiMoOy at scan rates of 20,
40, 60, 80 and 100 mV s™' in 1.0 M KOH aqueous electrolyte; ECSA-normalized LSV curves of
(C) HER and (D) OER for different electrocatalysts; (E) Initial and after stability test polarization
curves of NiMoO4 of HER (inset: stability measurement by chronoamperometry in 1.0 M KOH for
the duration of 60,000s); (F) Initial and after stability test polarization curves of NiMoO4 of OER
(inset: stability measurement by chronoamperometry 1.0 M KOH for the duration of 60,000s).
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300 nm

Figure S5. 1 (A)-(C) Low- and high-magnification SEM image of as-synthesized Co/Zn-ZIF-67

precursor.
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Figure SS. 2 Low- and high-magnification SEM image of as-synthesized Co/Zn@CN.
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Figure S5. 3 Powder XRD patterns Co/Zn@CN.
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Figure S5. 4 (A) Cyclic voltammograms of Co/Zn@CN electrode at a scanning rate of 0.02 mV s
I: (B) Nyquist plots of Co/Zn@CN electrode tested at open circuit potential initial and after 100
cycles of galvanostatic discharge/charge at 150 mA g'; (C) Bode plot of N,S-Co/Zn@CN and
Co/Zn@CN.

Table SS. 1 Elements distribution from XPS spectrum of N,S-Co/Zn@CN.

Elements Atoms %
Co 4.62
Zn 4.64
N 11.30
C 55.27
S 13.74
o 10.43

Table S5. 2 Elements distribution from XPS spectrum of Co/Zn@CN.

Elements Atoms %
Co 1.21
Zn 1.45
N 9.92
C 84.55
o 2.86
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Figure SS5. 5 SEM images of NiMoO4 nanorods.
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Figure S5. 6 (A) XRD pattern and Rietveld refinement of NiMoOs; (B) Micropore size distribution
profile of NiMoOs(@NisSs/MoS;.
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Figure S5. 7 XPS survey spectrum, and high resolution XPS spectrum of NiMoO4@NioSs/MoS;.
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Figure S5. 8 (A) CV curves of NiMoOjs at different scan rates; (B) GCD curves of NiMoOg at
various current densities; Charge-discharge profiles of (C) NiMoO4@NisSs/MoS; and (d) NiMoO4
at different current densities; Nyquist plots of (E) NiMoO4@NisSs/MoS: and (F) NiMoOs before

and after cycling.
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