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ABSTRACT

Nowadays, energy and environmental issues have become the top priority among a
series of global issues. Fossil fuels as the dominant source are depleted fast and usually lead
to some environmental problems. Heavy metal pollution has posed a severe threat to
environment and public health. Metal-organic frameworks (MOFs), as a very promising
category of porous materials, have attracted more and more interest in research communities
due to their extremely high surface areas, diverse nanostructures and unique properties. To
meet the ever-increasing energy demand and tackle the heavy metal pollution in water, MOFs
can function as ideal templates to prepare various nanostructured materials for energy and
environmental cleaning applications. The aim of this dissertation is to design and synthesize
metal-organic frameworks (MOFs) derived nanomaterials with desirable structures,
morphologies and compositions for energy applications in Li-ion batteries (LIBs), dye-
sensitized solar cells (DSSCs) and electrocatalytic water splitting and environmental
application in removal of heavy metal from aqueous systems. Their performances are mainly
dependent on the characteristics of nanostructured materials. Briefly, the first two projects are
focused on synthesis of ZIF-8 derived N-doped porous carbon and ZIF-67 derived ultrafine
Co304 nanoparticles/carbon nanotube composites as high-performance anode materials for
Li-ion batteries. The third project concentrates on synthesis of CoNi alloy embedded carbon
nanocages derived from bimetallic organic frameworks for DSSCs. In addition, MOFs-
derived CoNi and CoNx@Co/N-doped carbon tubes are synthesized and evaluated as low-
cost electrocatalysts for efficient oxygen evolution reaction (OER). The last project is
focused on study of ZIF-8 as an efficient absorbent for removal of copper ions from
wastewater.
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CHAPTER 1. INTRODUCTION

1.1 Current Energy and Environmental Issues

Energy and environmental issues have become the top priority among a series of
global issues for the next 50 years. Nowadays, fossil fuels are the dominant source to satisfy
the energy needs of humanity, however, these resources are depleted fast and usually lead to
some environmental problems, such as air pollution and global warming owing to the
emissions of nitrous oxide, methane, carbon dioxide and other gases containing volatile
organic compounds [1,2]. Furthermore, the ever-increasing market of electrical vehicles and
various portable electronics motivates the development of high-energy and high-power
energy storage devices as new power sources [3-5]. In this regard, great efforts have been
made to overcome the above-mentioned challenges by developing new energy storage and
conversion technologies, including rechargeable Li-ion batteries (LIBs), dye-sensitized solar
cells (DSSCs), fuel cells, and so forth.

With the rapid increase of industrial and human activities, dwindling freshwater
caused by severe pollution from industrial wastewater is considered as one of the most
critical global environmental issues. In particular, heavy metal pollution has posed a severe
threat to environment and public health since heavy metals are not biodegradable and prone
to accumulate in the environment. In addition, most of heavy metal ions even with low
concentrations are dangerous and extremely toxic to human health. For example, high
concentration of Cu®" in public drinking water systems will result in serious diseases such as
cramps, diarrhea, gastrointestinal catarrh and damage of liver and kidney [2]. According to
Environmental Protection Agency (EPA) guidelines and World Health Organization (WHO),
the permissible limits of Cu®" for drinking water quality is 1.3 and 2.0 mg L™, respectively.
Therefore, it is crucial to develop suitable methods to efficiently remove trace-level heavy
metal ions from aqueous systems.

1.1.1 Rechargeable Li-ion Batteries (LIBs)"

LIBs have become popular power supplies not only for various portable electronic
devices, but also for EVs, due to their unique advantages such as high energy and high power
density, environmental benignity, long lifetime, as well as no memory effects [6, 7]. Metallic
lithium was initially used as anode for LIBs, owing to its very high theoretical capacity of ~
3840 mAh g ' and low reduction potential [8]. However, the growth of dendrites during the
repeated charge/discharge processes will lead to a short circuit within the LIBs, thereby
resulting in some safety issues. As such, graphite replaced metallic lithium as anode for
commercial LIBs, thanks to its low cost and better safety, although it possesses a much lower
capacity of 372 mAh g ' [9]. The graphite anode can store charges via an insertion
mechanism, in which lithium ions are reversibly inserted into graphite. Nevertheless,
practical capacity and cycle life of graphite anode are usually compromised due to an
unavoidable blockage of insertion sites in the graphite. Figure 1.1 shows the schematic
illustration of a rechargeable lithium ion battery [10]. As we can see that there are three main
components in a lithium ion battery cell: cathode, anode and electrolyte. The cathode and
anode are separated by an electronic insulator but Li' conducting electrolyte. When the
battery is powering an electronic, it undergoes the discharging process, in which the lithium

* Reprinted with permission from Zhiqiang Xie, Wangwang Xu, Xiaodan Cui, and Ying Wang, Recent progress in metal-

organic frameworks and their derived nanostructures for energy and environmental applications” ChemSusChem, 2017, 10,
1645-1663.



ions are extracted out of the anode material (graphite) and inserted into the cathode material
(cathode) and vice versa in the charging process. The energy density and power density of a
lithium 1on battery are mainly dependent on electrochemical properties of electrode materials

[11, 12].
F W€ _>e-
charging

==
discharging

Cathode Material | | Anode Material
(e.g. LiCoO,) Electrolyte (e.g. Graphite)

Figure 1.1 Schematic illustration of the working principal of a lithium-ion battery [10].

Generally speaking, the electrode materials should possess the following
characteristics to achieve the goal of high-energy and high-power lithium ion batteries: (i) a
high theoretical capacity; (i7) an excellent electrical conductivity, which can ensure the fast
charge transport within the electrodes and thus can enhance the rate capability of a lithium
ion battery; (iii) a superior structural stability during repeated charge/discharge processes,
which plays a key in role in cycling performance; (iv) highly reversible electrochemical
reactions at electrodes, which can maintain the specific capacity for long-term
charge/discharge cycles; (v) a high cell voltage, which is determined by the standard redox
potential of the cathode and anode during the respective electrode redox reactions.

Unfortunately, synthesis processes of these electrode materials usually require multi-
step, complicated procedures and/or very expensive equipment, which are not practical for
potential commercialization in industry. Furthermore, the current electrode materials of
lithium ion batteries still cannot satisfy all the above-mentioned requirements and thus suffer
from unsatisfactory cycling stability and intrinsically poor rate capability [13-18]. Thus, it is
highly desirable to develop low-cost synthesis strategies to fabricate high-performance
electrode materials with a high specific capacity, superior rate capability and excellent
cycling stability over hundreds or even thousands of charge/discharge cycles.

1.1.2 Dye-Sensitized Solar Cells (DSSCs)

To fulfill the increasing energy demands, the exploration of renewable and
sustainable energy sources is becoming more and more urgent. Among various forms of
energy, solar energy stands out as an ideal candidate owing to its unlimited supply and clean
nature. As a leading technology in the third-generation solar cells, DSSCs have received
tremendous interest owing to their easy-fabrication, ecological-green and low-cost nature [2,
19]. As shown in Figure 1.2, a typical DSSC is composed of three main parts: a dye-
sensitized photoanode, a liquid electrolyte and a counter electrode [20]. When sunlight passes
through the transparent electrode, the photosensitizers accept incident photon and electrons
are excited to flow into the photoanode. Then electrons are collected and transferred to the
counter electrode via external circuit. Meanwhile, photosensitizer is regenerated by oxidizing



the electrolyte ions, which are reduced back by accepting electrons from the counter
electrode.

€ & Counter Electrode
Figure 1.2 Schematic illustrating working principal of DSSCs [20].

In DSSCs, the photoanode is both skeleton matrix for dye adsorption and
photocatalyst for charge generation and transportation, which makes it the most critical
component of DSSCs. Therefore, the surface area to volume ratio, the optical property and
electronic property determine the ultimate performance of a photoanode. Among various
semiconductors, TiO, receives the most attention due to its high conduction band edge and
good dye loading affinity. Nowadays, other metal oxides start attracting researchers’ attention,
especially ZnO, also a wide bandgap semiconductor but with a much higher electron mobility.
Recently, more and more efforts are devoted to developing nanostructured TiO, and ZnO
with different morphologies such as nanoparticles, nanosheets, nanotubes and hybrid
nanostructures [21, 22].

The functions of counter electrode in a DSSC include catalyzing redox couples in the
electrolyte at the electrode/electrolyte interface, accepting from the external circuit and
conducting electrons to the electrolyte. Therefore, a functional counter electrode must possess
an excellent electrocatalyst activity toward electrolyte redox couples (typically, 15 /I ) and
high electrical conductivity. In addition, a good chemical stability, eco-friendly nature and
low-cost are also crucial for an ideal counter electrode. Platinum (Pt) coated on transparent
conductive substrate is the traditional counter electrode for DSSCs. At current stage,
exploration of affordable, durable and efficient counter electrode material is a crucial task for
DSSC development.

1.1.3 Electrocatalytic Water Splitting

Hydrogen has attracted wide attention as en efficient energy storage carrier thanks to
its abundant and sustainable nature [23, 24]. In the present, electrocatalytic water splitting is
considered as the most efficient ways to produce high-purity hydrogen at low cost [25-27].
As shown in Figure 1.3, the splitting of water involves two half reactions of hydrogen



evolution reaction (HER) at cathode and oxygen evolution reaction (OER) at anode in acidic,
alkaline or neutral solutions [28].
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Bifunctional Catalysts

Figure 1.3 Schematic showing the working principal of electrocatalytic water splitting in
acidic aqueous solution based on the oxygen evolution and hydrogen reactions by using
bifunctional catalysts [28].

In acidic solution,
Cathode: 2H" +2¢ — H, (1)
Anode: H,O— 2H" + 1/20, +2¢ (2)
In alkaline or neutral solution,
Cathode: 2H,O +2e — H, +20H (3)
Anode: 20H — H,0 + 1/20, +2¢  (4)
Total reaction: H,O — Hy+ 1/20; (5)

The major challenge of water splitting is the sluggish kinetics of OER as compared to
HER, which usually requires a large overpotential for multi-step transfer of four electrons.
Up to date, noble metal oxides such as ruthenium oxides (RuO,) and iridium oxides (IrO;)
are efficient electrocatalysts for OER. Nevertheless, their large-scale applications are
severely hindered by the high cost and scarcity of the noble metals. In addition, these noble
metal oxides exhibit poor chemical stability in alkaline solution. To date, various noble
metal-free electrocatalysts such as transition metal oxides [29], hydroxides [30], nitrides [31],
sulfides [32] and phosphides [33], have been widely reported. Unfortunately, most of these
materials are either limited by their low electrical conductivities or poor electrocatalytic
activities, resulting in much higher overpotential at a current density of 10 mA cm*
compared to RuO, (410 mV) [33]. To overcome the aforementioned challenges, it is always
desirable to explore new alternatives to replace noble metal oxides as low-cost and efficient
electrocatalysts for OER.

1.1.4 Heavy Metal Removal for Wastewater Treatment



Heavy metals are metallic chemical elements that have a density larger than 5 g cm ™
[2]. Typically, heavy metals include arsenic (As), lead (Pb), mercury (Hg), aluminum (Al),
iron (Fe), cadmium (Cd), cobalt (Co), copper (Cu), manganese (Mn), chromium (Cr), nickel
(N1), zinc (Zn), and etc. Some heavy metal ions such as Fe and Zn are essential nutrients for
human health at very low concentrations. They function either as catalyzers in metalloprotein
or as cofactor/activators of enzyme-involved reaction. These metal nutrients play pivotal
roles in human physiology such as redox reactions, electron transfer, and nucleic acid
metabolisms [2, 37]. Currently, heavy metal ion pollutions have become a serious
environmental issue owing to the rapid development of modern industry. There are many
types of heavy metal ion pollutions in industrial wastewaters from battery manufacturing,
smelting, tanneries, metal plating, and so forth. The heavy metals are not biodegradable and
tend to be accumulated in foods such as aquatic products, vegetables, and land animals. More
importantly, heavy metals can be ingested in human body via food intake and thus cause
various serious diseases. For example, excessive intake of copper can cause vomiting,
convulsions and even death. Thus, it is extremely important to develop efficient methods for
removal of the heavy metal pollutions in environments such as wastewater.

Up to date, various approaches, such as chemical precipitation, ion exchange,
membrane filtration, and adsorption, have been reported for heavy metal wastewater
treatment [2, 37]. Among them, adsorption has been considered as an economic and effective
approach for heavy metal wastewater treatment benefiting from its flexibility and simplicity
of design, low operation cost and good adsorption capability. Furthermore, adsorption is
partially reversible, and thus adsorbents sometimes can be recovered by proper desorption
process. Among the available adsorbents, activated carbon (AC) and carbon nanotubes
(CNTs) have been widely reported as promising adsorbents in the removal of heavy metal
ions [37]. However, the adsorption capacities of metal ions by AC and CNTs are very low
and the whole adsorption process usually takes several hours or even longer. Furthermore,
both AC and CNTs are expensive, which further hinders their practical applications in heavy
metal wastewater treatment. Recently, various nanosized metal oxides (NMOs) [2, 37], such
as nanosized Fe;04, Fe,0;, TiO; and CeO,, have be studied as promising alternatives for
removal of heavy metal ions from aqueous systems owing to their high specific surface areas
and high activities resulted from the so-called size-quantization effect. Nevertheless, NMOs
tend to agglomerate owing to their high surface energy; thus adsorption capacity of NMOs
would be significantly decreased. Therefore, it is highly challenging but extremely desirable
to develop low-cost adsorbents with both high efficiency and high adsorption capacity for
practical applications in removal of heavy metals from industrial wastewater.

1.2 Metal-Organic Frameworks and Their Derived Nanostructures

1.2.1 Pristine Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a family of intriguing porous solids with well-
defined crystalline structures and extremely large surface area. They are generally
synthesized through the coordination reaction between metal clusters/ions and proper organic
ligands [34, 35]. The commonly used metal clusters/ions are transition metals and some
lanthanides. The organic ligands function as bridges to link metal ions within the MOFs. The
ligands containing pyridyl and cyano groups, crown ethers, polyamines, phosphonates,
carboxylates are mostly chosen for preparation of MOFs under specific synthetic conditions
[34, 35]. Thanks to a vast variety of primary building blocks, 20,000 different MOFs with
controlled sizes, shapes and properties, have been reported so far. It is not surprising that
primary building blocks (metal clusters/ions and organic ligands) of MOFs play a very



crucial role in determining their intrinsic physical-chemical properties and structural features.
The shape and pore size of various MOFs are distinctly different from each other, owing to
the use of diverse primary building blocks. However, it should be noted that the synthesis
approaches and processing parameters must be taken into consideration as well.

MOFs can be facilely prepared using various synthesis methods such as solvothermal,
microwave-assisted heating, electrochemical and mechanochemical methods [35]. Among
them, conventional solvothermal synthesis of MOFs usually takes from a few hours to
several days in a large reaction temperature range (80-250 °C). To produce MOFs more
efficiently, new synthesis approaches have been developed in the past decade. For example,
microwave-assisted synthesis can achieve rapid production of MOFs under hydrothermal
conditions. The advantages of this synthetic approach include the decreased crystallization
time, narrow particle size distribution, good morphology control, as well as high yields of
MOFs. The first environmentally benign electrochemical synthesis of MOFs was reported for
a large-scale production of a Cu-based MOF (HKUST-1) in 2005. Instead of using metal salts,
this synthesis method utilizes metal ions supplied by anodic dissolution of a bulk metal plate.
Mechanochemcial synthesis has also been developed for more efficient production of MOFs,
and offers many advantages. For instance, mechanochemical reaction can occur without
using any solvents. In addition, there are no specific requirements for temperature and
pressure. Interestingly, in this approach metal ions are supplied by metal oxides instead of
commonly used metal salts for obtaining MOFs. All the aforementioned synthesis techniques
have been systematically studied over the years and show great potential in large-scale
production of MOFs for industrial applications.

1.2.2 Metal-Organic Frameworks Derived Nanostructures

To, address the challenges in the field of energy storage and conversion, as shown in
Figure 1.4, MOFs have been applied as ideal templates to prepare various nanostructured
materials under specific gas atmospheres and proper temperatures in the past five years,
including porous carbons, metal oxides, metal sulfides, metal oxides/carbon composites and
so forth. For MOFs-derived carbons, nitrogen can be easily doped into the carbons via one-
step pyrolysis of MOFs at high temperature, which would be beneficial for improving
electrical conductivity and electrochemical activity of MOF-derived carbons. For MOF-
derived metal oxides, they can be synthesized via one-step or two-step calcination in air. The
obtained metal oxides can keep similar morphologies of MOFs through proper control of
calcination temperature and heating/cooling rate. The hollow structures of MOF-derived
metal oxides as electrode materials offer many benefits such as freedom of volume change,
large surface area, as well as fast charge and mass transport. To improve their electrical
conductivity and structural stability, carbon matrix can be incorporated with metal oxides to
form metal oxide/carbon composites by carbonization of MOFs in inert gas, followed by
calcination in air. The ultrafine metal oxide nanoparticles are well dispersed within the highly
porous carbon matrix.
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Figure 1.4 Schematics of MOFs, MOF composites and their derived nanostructures [36].

The MOF-derived nanostructures offer many unique advantages [2, 36]: (i) Their
chemical compositions can be easily tuned by designing various MOFs combined with
specific thermal treatment; (ii)) MOF-derived nanostructures provide controlled porosity and
huge surface area that facilitate easy access of electrolyte into the electrode and ensure large
electrolyte/electrode contact area; (iii)) The electron and ion diffusion lengths can be
significantly shortened, which is very beneficial for rate performance of the MOF-derived
nanostructured electrodes; (vi) The low-cost and easy synthesis of MOF-derived
nanostructures allows for potential large scale production for eventual industrial applications.

1.3 Motivation and Goals

As one of the commercially available anode materials for LIBs, graphite is the most
common one but still exhibits some drawbacks such as a low theoretical capacity of 372 mAh
g and distinctly poorer electrochemical performances at higher charge-discharge rates,
which is far from satisfactory for meeting the needs of high-energy high-power LIBs. To date,
many new carbonaceous anode materials with various nanostructures have been evaluated for
lithium storage and demonstrated significantly improved performance compared to
commercial graphite anodes, however, most carbonaceous materials have low electrical
conductivity and poor structural stability when cycled at high charge/discharge rates as well
as limited active sites for effective Li-ion storage. Therefore, it is highly desirable to develop
new carbonaceous anode materials with excellent conductivity and better structural stability.

In addition to carbonaceous anodes, Co3O4 clearly stands out as a promising anode
material for LIBs, thanks to its high theoretical capacity of 890 mAh g ' and other attractive
properties, such as highly reactive facets, great chemical/thermal stability as well as good
safety during operation. Unfortunately, the fundamental problems of transition metal oxides
such as huge volume changes, serious particle aggregation and low intrinsic electric
conductivity, lead to severe pulverization of electrodes, thereby resulting in fast capacity
decay upon prolonged cycling and inferior rate performance.

As a crucial component in DSSCs, the counter electrodes (CEs) play a key role in
governing the power conversion efficiency (PCE) since they mainly transfer electrons from
the external circuit and perform electrocatalytic reduction of the redox couples. Therefore, as



an ideal CE, it should possess promising characteristics, such as excellent electrical
conductivity, high electrocatalytic activity and low cost. At present, platinum (Pt) has been
widely employed as a high-performance CE for DSSCs since it could satisfy most of the
above-mentioned characteristics. Nevertheless, Pt is highly expensive and extremely scarce,
thereby severely impeding large-scale fabrication of DSSCs for practical commercialization.
In addition, the DSSCs based on Pt as CE materials still show unsatisfactory long-term
operation stability mainly due to the corrosive iodide/triiodide redox electrolyte. To
overcome the aforementioned challenges, it is highly needed to explore new alternatives to
replace Pt as efficient and low-cost CEs for DSSCs.

The oxygen evolution reaction (OER) plays a crucial role in electrocatalytic water
splitting for production of hydrogen. Due to its sluggish kinetics and high activation
overpotential, tremendous efforts have been made to search for highly efficient and robust
electrocatalysts. Noble metals and their oxides (RuO,, IrO,) are the mostly used catalysts for
OER due to their high catalytic activity and good durability. However, the scarcity and high
cost impede their practical applications in the global energy system. Therefore, there is a
pressing need to develop noble metal-free electrocatalysts with both desirable catalytic
activities and reasonable cost for OER application.

Benefiting from MOF derived nanomaterials with controllable structures and
desirable properties, my doctoral research projects are mainly focused on design and
synthesis of new nanostructured materials by using various MOFs as precursors/templates to
address the aforementioned challenges in different energy storage and conversion systems
such as LIBs, DSSCs, electrocatalytic water splitting and heavy metal removal for
wastewater treatment.

1.4 Outline of the Dissertation

This dissertation presents five research projects on synthesis of metal-organic
frameworks derived nanomaterials with desirable structures, morphologies and compositions
for applications.

Chapter 1 first introduces the working principals of Li-ion batteries, dye-sensitized
solar cells and electrocatalytic water splitting, then discusses heavy metal pollution in water
and current challenges that need to be addressed. Metal-organic frameworks and their derived
nanostructures as promising energy materials are described as well.

In Chapter 2, the first section presents a synthesis approach to obtain sandwich-like,
graphene-based porous nitrogen-doped carbons (PNCs@Gr) via pyrolysis of Zn-based
zeolitic imidazolate framework (ZIF-8) nanocrystals grown on graphene oxide (GO) (ZIF-
8@GO), for application as a high-performance anode material in LIBs. The second section
introduces a robust controllable preparation of Co-based zeolitic imidazolate framework
(ZIF-67) derived Co304 nanoparticles uniformly confined into a sheet-like SWCNT matrix as
a LIB anode material, showing highly reversible lithium storage properties. The
electrochemical performances of the as-prepared composite samples are evaluated and
optimized by varying the loading amounts of Co3O4 in the composites.

Chapter 3 presents the synthesis of CoNi embedded carbon nanocages as a new
counter electrode in DSSCs for the first time, by applying Co/Ni bimetallic metal organic
framework (MOF) as the template. The DSSC efficiency can be maximized by simply
optimizing the ratio of Ni*”Co”" precursor concentration during the synthesis. The DSSC
based on this new counter electrode exhibits optimal performance with an improved power
conversion efficiency (PCE) compared to commercial Pt counter electrode.

In Chapter 4, the first section presents the application of MOF-derived CoNi
embedded carbon nanocages as OER electrocatalysts for water splitting. Various
electrochemical measurements are performed to evaluate their catalytic activity and



durability. The second section describes a simple and scalable synthesis of CoNx@Co/N-
doped carbon tubes hybrid as an efficient OER electrocatalyst. The resultant CoNx@Co/NCT
hybrid exhibits bamboo-like structure with high density of active sites originated from
abundant CoNy species, high nitrogen doping level and topological defects, rendering
excellent electrocatalytic activities towards OER in alkaline medium.

Chapter 5 displays that water-stable ZIF-8 nanocrystals synthesized at room
temperature are evaluated for highly efficient removal of copper ions from aqueous systems
due to its high surface area and large porosity. The possible adsorption mechanism is
explored for the first time using various characterization techniques, such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD).

Chapter 6 provides a brief summary of my research findings in development of novel
nanostructured materials derived from metal-organic frameworks for applications in lithium-
ion batteries, dye-sensitized solar cells and electrocatalytic water splitting.
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CHAPTER 2. METAL-ORGANIC FRAMEWORKS DERIVED HIGH-
PERFORMANCE ANODE MATERIALS FOR RECHARGEABLE LITHIUM-ION
BATTERIES

2.1 Overview

In order to achieve high-performance lithium-ion batteries, the electrode materials are
required to meet some basic requirements such as high specific capacity and rate capability as
well as long-term cycling stability, as described in Chapter 1. Due to the low theoretical
capacity (372 mAh g ') and poor rate performance of commercial graphite anode, many
efforts have been made to develop various novel anode materials for LIBs with improved
battery performance. New carbonaceous materials with unique nanostructure/morphology
and metal oxides (Co3O4, SnO;, etc.) with high theoretical capacities have demonstrated to be
two promising anode materials. However, these two categories of anode materials still suffer
from some drawbacks. For example, most previously reported carbonaceous materials have
low electrical conductivity and poor structural stability when cycled at high charge/discharge
rates as well as limited active sites for effective Li-ion storage. Among metal oxides, Co3;04
has a high theoretical capacity of 890 mAh g ' and other attractive properties, such as great
chemical and thermal stability as well as good safety during operation. Nevertheless, the huge
volume change during cycling leads to its poor cycling stability and rate performance for
LIBs. To overcome this challenge, one solution is to downsize Co3;04 into nano scale, which
can partially reduce the induced stress upon cycling. A second solution is to synthesize
C0304-C composite, in which the carbon matrix can accommodate the drastic volume change
and also enhance the electric conductivity of electrodes.

In Chapter 2.2, ZIF-8/graphene oxide hybrid is synthesized and applied as a
template/precursor to obtain N-doped porous carbon anode materials with large surface area,
high electric conductivity and good structural stability, showing significantly enhanced
capacity, rate performance and cycle stability compared to graphite and most previously
reported carbonaceous anode materials. In Chapter 2.3, ZIF-67 is used to synthesize Co3;04
nanoparticles (NPs) via one-step sintering in air, and then as-obtained Co3Os NPs are
confined into single-walled carbon nanotubes (SWCNTSs) matrix via a facile self-assembly
strategy, displaying greatly enhanced lithium storage properties and cycling stability
compared to pristine Co304 NPs and most previously reported metal oxides/carbon composite
anode materials.

2.2 Hierarchical Sandwich-Like Structure of Ultrafine N-Rich Porous Carbon
Nanospheres Grown on Graphene Sheets as Superior Lithium-Ion Battery Anodes

2.2.1 Introduction

Lithium-ion batteries (LIBs) have been widely used as power sources in portable
electronics[1-3]. Nevertheless, the ever-increasing demands for emerging applications in
portable electronics and electric vehicles (EVs) are driving the development of LIBs with
higher energy density and power density as well as longer cycling life. As one of the
commercially available anode materials, graphite is the most common one but still exhibits

* Reprinted with permission from Zhiqiang Xie, Ziyang He, Xuhui Feng, Wangwang Xu, Xiaodan Cui, Jiuhong Zhang,
Cheng Yan, Moises A. Carreon, Zheng Liu, and Ying Wang, Hierarchical sandwich-like structure of ultrafine N-rich porous
carbon nanospheres grown on graphene sheets as superior lithium-ion battery anodes. ACS Appl. Mater. Interfaces, 2016, 8,
10324-10333. Copyright 2016 American Chemical Society.
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some drawbacks such as a low theoretical capacity of 372 mAh g' and distinctly poorer
electrochemical performances at higher charge-discharge rates, which is far from satisfactory
for meeting the needs of high-energy high-power LIBs [3,4]. Thus, it is imperative to explore
alternative carbonaceous electrode materials with larger capacity, improved cycling stability,
better rate performance, and the potential for industrial scale production.

To develop high-performance carbonaceous electrode materials for new-generation
LIBs, one strategy is to design and synthesize a novel nanostructure with the following
features: (7) large surface area with abundant active sites to facilitate Li-ion storage capacity
[5-7], (ii) high porosity for enhanced charge transport, thereby resulting in improved rate
capability [8-10], (iii) excellent structural stability and electronic conductivity to promote
rapid charge transfer with prolonged cycle life [11,12], and (iv) heteroatom N or S doping to
manipulate electronic and electrochemical properties and increase number of available active
sites for Li-ion storage [13-15]. To achieve these, many new carbonaceous anode materials
with various nanostructures have been evaluated for lithium storage and demonstrated
significantly improved performance compared to commercial graphite anodes, such as
heteroatom-doped graphene sheets [12], micro/nanoporous carbon [16], hollow carbon
spheres [17], carbon nanofibers [18], and carbon nanobeads [19]. In spite of these efforts, few
have sought to satisfy all the aforementioned features simultaneously since most
carbonaceous materials have low electrical conductivity and poor structural stability when
cycled at high charge/discharge rates as well as limited active sites for effective Li-ion
storage. Therefore, the lithium storage capability and rate performance of carbonaceous
anodes still need improvements. By introducing more available active sites for lithium
storage, incorporation of nitrogen into carbon has proven to significantly enhance both
electronic conductivity and electrochemical reactivity of carbon-based anode materials,
resulting in improved performance in LIBs and other energy applications [13-15,35,36].
However, the synthesis of N-rich carbonaceous nanostructures reported previously usually
involve tedious processes such as complex chemical reactions, chemical vapor deposition
(CVD) [20], thermal annealing with ammonia [21], and/or various template-based approaches,
which are expensive and time-consuming, and thus limit their practical applications for
industrial scale production. Because of these trade-offs, design and synthesis of highly porous
N-rich carbonaceous anode materials with superior electrical conductivity remain a big
challenge.

Metal organic frameworks (MOFs) are a family of crystalline materials with
inorganic-organic hybrid structure and have been widely studied for gas separation [22],
sensors [23], catalysis [24], owing to their large pore volumes and extremely high specific
surface areas. Recently, MOFs have attracted much interest for the applications in LIBs and
have proved to be promising precursors for constructing various nanostructured electrodes
[25-28]. For instance, Yue et al. reported cubic mesoporous Co-ZnO@C via pyrolysis of Co-
doped MOF-5, showing a reversible capacity of 725 mAh g after 50 cycles at a specific
current of 100 mA g'1 [26]. Han et al. used direct carbonization at 800°C under inert
atmosphere to fabricate ZIF-8@chitosan composites, which exhibit a specific capacity of 750
mAh g after 50 cycles at a specific current of 50 mA g [27]. Hou et al. reported a
Co304/N-doped carbon hybrid with dodecahedrons structure that delivers 892 mAh g after
100 cycles at a specific current of 100 mA g [28]. Nevertheless, due to the unavoidable
breakdown inside the crystalline MOFs and relatively large crystal size ranging from 250 to
500 nm, these MOFs-derived N-doped carbon matrices still exhibit poor structural stability
and low electronic conductivity, and thus result in significant capacity fading over prolonged
cycling in LIBs.

Herein, to achieve carbonaceous anode material with all the merits of hierarchically
porous structure, superior excellent conductivity and high-level nitrogen doping, we present a
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in situ synthesis approach to obtain sandwich-like, graphene-based porous nitrogen-doped
carbons (PNCs@Gr) via facile pyrolysis of zeolitic imidazolate framework (ZIF-8)
nanocrystals grown on graphene oxide (GO) (ZIF-8@GO), for application as a high-
performance anode material in LIBs. We selectedZIF-8 as a suitable carbon precursor to
yield in situ N-doped porous carbon due to its high N content of ~34 wt%, large porosity and
high specific surface area, and meanwhile GO serves as a structure-directing agent and
potential platform for nucleation, growth and stabilization of ZIF-8 nanocrystals. Due to
insufficient surface functional groups of GO, the amide carbonyl groups of
poly(vinylpyrrolidone) (PVP) can be utilized to enrich the functional groups of GO, which
might be beneficial for the uniform growth of ZIF-8 nanocrystals on the GO sheet. During
subsequent carbonization process, ZIF-8 nanoparticles are transformed to N-rich porous
carbon nanospheres, meanwhile GO is thermally reduced to highly conductive graphene.
Finally, the sandwich-like PNCs@Gr nanostructure with high porosity, superior electrical
conductivity and rich nitrogen content is successfully synthesized and will thus boost
electrochemical performance in LIBs, due to synergic effects of the highly desirable
properties. As a result, the sandwich-like PNCs@Gr electrode demonstrates remarkable
capacities, outstanding rate performances, as well as cycling stability that are better than most
carbonaceous anode materials reported previously.

2.2.2 Experimental

Preparation of ZIF-8

ZIF-8 crystals were synthesized by mixing 0.81 g of 2-methyimidazole with 25 ml of
methanol. To this solution, 0.7 g of Zn(NOs3),-:6H,O and 25 ml of methanol were added. .
Afterwards, the mixed solution was stirred for 5 h. Finally, the solid was collected by
centrifuging the mixture at 3000 rpm for 10 min followed by washing with methanol for three
times. The collected solid was dried at 75°C overnight before using.

Synthesis of ZIF-8@GO

Synthesis of ZIF-8@GO was carried out based on a modified approach from literature
[31]. Typically, one gram of the as-prepared graphene oxide solution (8 mg mL™) was
dispersed in methanol solution containing 50 mg of PVP, by sonication and stirring. Then 5
ml of Zn(NOs3),-6H,0 of methanol solution and 5 ml of 2-methyimidazole were separately
added into GO/PVP solution (40 ml) and the mixed solution was kept for 5 h at room
temperature. Afterwards, the product was collected by centrifuging at 3000 rpm for 10 min
followed by washing with methanol for three times. After freeze drying, the final product
(ZIF-8@GO) was obtained.

Synthesis of PNCs@Gr
The as-synthesized ZIF-8@GO was heated at 700°C for 5 h under N, using a ramp
rate of 2°C/min. For comparison purpose, bare PNCs was prepared by facile pyrolysis of the

as-synthesized ZIF-8 sample under the same condition.

Material characterizations
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Powder X-ray diffraction (XRD) was carried out using a Rigaku MiniFlex X-ray
diffractometer with Cu Ka radiation. XRD Data was collected in the range of 5°<26<90° at a
scan rate of 2°min. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were performed using a FEI Quanta 3D FEG FIB/SEM dual beam
system. The nanostructures of the samples were investigated by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) using a JEM-2010 instrument
microscope operating at 200 kV. X-ray photoelectron spectroscope (XPS) was performed
using an AXIS 165 spectrometer and a twin-anode AlKa X-ray source. Thermogravimetric
(TG) analysis was carried out using an SII STA7300 analyzer at a ramp rate of 1 °C/min
under N atmosphere. Brunauer-Emmett-Teller (BET) measurements were conducted using
Quantachrome Instruments Autosorb-1Q with extra-high pure gases. Raman spectroscopy
was carried out by confocal Raman system in air ambient environment (WITEC alpha300 R)
with 532nm diodes laser.

Electrochemical Measurements

The working electrodes in this work were studied by integrating into 2032-type coin
cells for various electrochemical measurements at room temperature. Within the coin cells,
the lithium foil works as the counter electrode and all the coin cells were assembled in a
glove box filled with argon. In a typical fabrication procedure of electrodes, 80 wt% PNCs or
PNCs@Gr powders, 10 wt% conductive carbon (acetylene black, Alfa Aesar, 99.5%), and 10
wt% polyvinylidene fluoride (PVDF, Alfa Aesar) binder were first dissolved into 1-methyl-3-
pyrrolidone (NMP) to form a homogeneous slurry, which was then uniformly coated on
copper foils. Afterwards, the coated copper foils were dried in vacuum at 120°C for a day.
The commercial electrolyte for LIBs was used to construct the battery cells. Typically, 1 M
LiPFs was dissolved in ethylene carbonate (EG)/ dimethyl carbonate (DMC)/diethyl
carbonate (DEC) (1:1:1, v/v/v). Electrochemical performances of the as-prepared electrodes
were evaluated at various current rates by using an 8-channel battery analyzer (MTI
Corporation). Cyclic voltammetric (CV) measurements were carried out using a CHI605C
electrochemical analyzer at a scanning rate of 0.1 mV/s.

2.2.3 Results and Discussion

A scheme showing the facile and scalable route for synthesizing PNCs@Gr in this
work is presented in Figure 2.1. First, GO is modified with PVP in the solution, since many
previous studies have reported that PVP working as surfactant can be absorbed onto the
surface of graphene oxide sheets and then help to achieve good dispersion of graphene oxides
by lowering their surface energy. In addition, amide carbonyl groups of PVP and oxygen
functional groups of GO may coordinate with Zn ions and promote the uniform growth of
ZIF-8 crystals on graphene oxide sheets. Next, the sandwich-like ZIF-8@GO sheet was
transformed into the PNCs@Gr by direct pyrolysis in N, atmosphere at 700°C. During this
process, organic ligands (2-methylimidazolate) from ZIF-8 nanocrystals are carbonized,
meanwhile part of nitrogen species and the carbon-reduced zinc metal vaporize away due to
instability of nitrogen species at high temperature and low melting point of zinc [30,31].
Within this unique nanostructure, both porous N-doped carbon nanoparticles and graphene
sheets not only serve as highways for fast electron transport, but also facilitate fast mass
transport at electrode/electrolyte interfaces. Therefore, it is expected that the sandwich-like,
graphene-based PNCs@Gr nanostructure will boost the electrochemical performance in LIBs.
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Figure 2.2.1 Scheme showing the synthetic route for preparing the sandwich-like PNCs@Gr
nanostructure.

Figure 2.2.2a and b show powder X-ray diffraction (XRD) patterns of the as-
synthesized samples, namely, ZIF-8, ZIF-8@GO, bare PNCs and sandwich-like PNCs@Gr
nanostructure. Before carbonization, the main diffraction peaks can be readily indexed to
crystalline ZIF-8 and no noticeable difference is observed between ZIF-8 and ZIF-8@GO
from the XRD patterns, since the main peak of ZIF-8 (112) almost overlaps with the main
peak (001) of GO at 26 =12.5°. After carbonization, ZIF-8 and ZIF-8@GO transform to
PNCs and PNCs@Gr. The XRD patterns change significantly with the main peak occurring
at around 25° corresponding to the (002) reflection of graphite. The broad low-intensity peaks
imply that the PNCs and PNCs@Gr have low degree of graphitization, which is consistent
with previous reports of other carbonaceous materials [30-34]. It is also found that Zn
diffraction peaks are not present in the XRD patterns of both PNCs and PNCs@Gr,
indicating that carbon-reduced Zn metal with low melting point (419.5 °C) may have been
vaporized away during the carbonization process at 700°C. The thermo-gravimetric analysis
(TGA) result of pristine ZIF-8 sample. It can be seen that the ZIF-8 sample starts to
decompose at around 550 °C, indicating a good thermal stability, which is beneficial for
being a suitable carbonization precursor, since severe vaporization at high temperature can be
avoided, thereby improving the yield of final products.

The lithium storage properties of N-doped carbonaceous anode materials highly
depend on the doped nitrogen type and doping amount. Therefore, X-ray photoelectron
spectroscopy (XPS) measurements of pristine ZIF-8 and bare PNCs are performed. As can be
seen in Figure 2.2.2c-d, after carbonization, the high-resolution spectrum of N 1s is
deconvoluted into three different peaks, namely, pyridinic N (398.3 + 0.2 eV), pyrrolic N
(399.8 £ 0.2 eV), and quaternary N (400.8 + 0.3 eV). This phenomenon indicates successful
doping of nitrogen into the resultant porous carbon during the carbonization process of N-
containing organic ligands, which is consistent with previous report [31]. According to the
literature [35], electronic conductivity of carbonaceous materials can be significantly
increased mproved by nitrogen doping, resulting in improved charge transfer at the interface,
which are highly desirable for electrodes in LIBs. Furthermore, it is believed that the presence
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of nitrogen dopants introduces more defects and thus offers more available active sites to
enhance the Li-ion storage properties [36].
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Figure 2.2.2 XRD patterns of (a) ZIF-8 and ZIF-8@GO before carbonization and (b) bare
PNCs and sandwich-like PNCs@Gr nanostructure after carbonization. High-resolution
spectrums of the N 1s XPS peaks of (¢) ZIF-8 and (d) bare PNCs. (e) Nitrogen adsorption-
desorption isotherms of bare PNCs and sandwich-like PNCs@Gr nanostructure. (f) Pore size
distribution (PSD) of PNCs@Gr.

To further examine the porous structure of bare PNCs and PNCs@Gr, N, adsorption-
desorption isotherms are performed to determine their specific surface area (SSA) and
corresponding pore size distribution (PSD). As shown in Figure 2.2.2e, bare PNCs display a
typical type-1 isotherm showing a slight step over the relative pressure from 0.9 to 1.0,
revealing a large portion of micropores, probably due to the inheritance of highly porous ZIF-
8. Nevertheless, the sandwich-like PNCs@Gr shows a typical type-IV curve exhibiting a
pronounced hysteresis loop. The high N, adsorption at the relative low pressure reveals the
high microporosity, while the hysteresis loop indicates some portion of mesopores exist
within the sandwich-like structure. The mesopores may originate from the evaporation of Zn
during the carbonization process and likely stacking between sandwich-like PNCs@Gr.
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Figure 2.2.2f shows the pore size distribution (PSD) of sandwich-like PNCs@Gr, revealing
both micropores are peaked at 0.77 and 1.40 nm and mesopores are peaked at 3.05 and 3.80
nm based on the Density Functional Theory (DFT) analysis. The appropriate proportion of
micropores guarantees its high SSA and mesopores are preferable for electrolyte penetration
and Li-ion transport, and thus are extremely favorable for both high energy density and high
rate performance in LIBs. Furthermore, thanks to the abundant micro- and mesopores, the
specific surface area (SSA) of PNCs@Gr reaches as high as 872 m” g, while that of bare
PNCs is only 508 m” g, as revealed by the Brunauer-Emmett-Teller (BET) measurements.
Owing to the severe restacking of graphene sheets, the pristine rGO or graphene obtained via
thermal annealing of GO proves to possess low SSA of below 100 m” g'[37], which is
significantly lower than theoretical SSA value (2630 m” g') of graphene without any overlap
of sheets. Therefore, such a significant improvement in the SSA of sandwich-like PNCs@Gr
is mainly attributed to synergic effects of components in this hybrid, whereas the likely
agglomeration of PNCs and severe restacking of graphene sheets can be effectively addressed
by this hierarchical nanostructure design. The larger surface area of PNCs@Gr is anticipated
to offer more active sites for lithium ion storage, thus leading to improved specific capacity
and enhanced rate capability compared to bare PNCs.

Figure 2.2.3 SEM images of (a, b) bare PNCs, (c, d) ZIF-8@GO and (e, f) sandwich-like
PNCs@Gr nanostructure.

Figure 2.2.3 displays SEM images of bare PNCs, ZIF-8@GO and sandwich-like
PNCs@Gr. As shown in Figure 2.2.3a and b, bare PNCs consist of numerous nanoparticles
(~200 nm in diameter) with rough surfaces and severe agglomeration is also observed.
Interestingly, Figure 2.2.3¢ and d reveal that ZIF-8@GO sample preserves the sheet-like
morphology of micrometer-sized GO, in which polyhedron-like ZIF-8 nanocrystals are
uniformly grown on the GO surface and their average diameter is approximately 150 nm. As
shown in Figure 2.2.3¢ and f, the PNCs@Gr sample demonstrates that the sheet-like
morphology is well preserved after direct carbonization of ZIF-8@GO at 700°C. Moreover, it
is observed that most PNCs in the composite of PNCs@Gr are composed of ultrafine
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nanoparticles (~20 nm), likely owing to partial decomposition of ZIF-8 during the
carbonization process.

Figure 2.2.4 (a) SEM image of the sandwich-like PNCs@Gr nanostructure, and (b-d)
corresponding elemental mapping results.

The composition of sandwich-like PNCs@Gr nanostructure is further analyzed by
energy dispersive spectroscopy (EDS) elemental mapping. As revealed in Figure 2.2.4a-d,
carbon, nitrogen, and oxygen elements are homogeneously distributed, suggesting that the
PNCs derived from ZIF-8 are dispersed uniformly on the graphene sheet, and thus form a
sandwich-like nanostructure. Furthermore, due to the evaporation of Zn during the
carbonization process, we barely observe Zn element distribution from elemental mapping
results. In addition, the PNCs@Gr sample contains 21.5 wt% nitrogen, which is significantly
higher than most of previously reported N-doped carbonaceous materials in LIBs [5,16, 40,
44].

TEM characterization was also performed for better visualization of ZIF-8@GO and
PNCs@Gr, as displayed in Figure 2.2.5. As can be seen in Figure 2.2.5a and b (TEM images
of ZIF-8@GO at different magnifications) that ZIF-8 nanoparticles are homogeneously
grown on GO sheets, which is in good agreement with the SEM observations. In addition, the
HR-TEM image of ZIF-8@GO in Figure 2.2.5¢ reveals a very small area of exposed GO at
the edges, confirms the existence of GO in the sample and the sandwich-like structure of ZIF-
8@GO. After carbonization, Figure 2.2.5d-e reveal that PNCs@Gr displays apparently
porous feature and preserve the sandwich-like morphology of ZIF-8@GO. The inset of
Figure 2.2.5d shows the corresponding selected area electron diffraction (SAED), indicating
the amorphous nature of PNCs@Gr, which is supported by the XRD result above. Finally,
the HRTEM image in Figure 2.2.5f confirms the existence of graphene in the composite.
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Figure 2.2.5 (a, b) TEM images of ZIF-8@GO at different magnifications, and (c¢) HRTEM
image of ZIF-8@GO. (d, ¢) TEM images of the sandwich-like PNCs@Gr nanostructure at
different magnifications, and (f) HRTEM image of PNCs@Gr.
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Figure 2.2.6 Cyclic voltammetry curves of (a) sandwich-like PNCs@Gr and (b) bare PNCs at
a scan rate of 0.1 mVs™.

0.8

To evaluate lithium storage properties of the as-prepared bare PNCs and sandwich-
like PNCs@Gr samples, various electrochemical measurements are performed. Cyclic
voltammetry (CV) curves of bare PNCs and sandwich-like PNCs@Gr electrode are recorded
between 0.01 and 3.0 V vs. Li/Li", as shown in Figure 2.2.6. Both bare PNCs and PNCs@Gr
display typical CV characteristics of carbon-based anodes. However, it should be noted that
the redox peaks from the PNCs@Gr electrode show obviously higher specific current than
that of bare PNCs, likely resulted from the enhanced electrical conductivity and
electrochemical reactivity of the electrode.
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Figure 2.2.7 Electrochemical characterizations of bare PNCs and sandwich-like PNCs@Gr
electrodes. (a, b) Cycling test of bare PNCs and sandwich-like PNCs@Gr electrodes at 500
mA g and 1A g, respectively. (c) Cycling performance of the sandwich-like PNCs@Gr
electrode at 5 A g for 400 cycles and (d) corresponding Columbic efficiency. (e) Rate
capability of bare PNCs and sandwich-like PNCs@Gr electrodes cycled at various specific
currents ranging from100 mA g to 6 A g”'. (f) Nyquist plots of bare PNCs and sandwich-
like PNCs@Gr electrodes.

The cycling performances of both PNCs and PNCs@Gr are also evaluated at specific
currents of 500 mA g and 1 A g™, respectively. To activate the electrodes, a specific current
of 100 mA g is initially used for the first three cycles during the cycling performance. As
revealed in Figure 2.2.7a-b, the PNCs@Gr anode shows an outstanding cycling performance
and a high reversible capacity. At a specific current of 500 mA g, the PNCs@Gr maintains a
much higher reversible capacity of 1070 mAh g than that of bare PNCs (441 mAh g™) after
100 cycles, showing a significant improvement of capacity by 629 mAh g™'. Even at a higher
specific current of 1 A g, the PNCs@Gr can remain a high reversible capacity of 948 mAh
g after 200 cycles, which is approximately 97.7% of the 4t cycle, while the capacity of bare
PNCs is only 291 mAh g”'. More importantly, when the specific current reaches 5 A g™, the
sandwich-like PNCs@Gr nanostructure retains a specific capacity of 530 mAh g after 400
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cycles, demonstrating a capacity retention of as high as 84.4%, as shown in Figure 2.2.7c. In
addition, as shown in Figure 2.2.7d, upon prolonged cycling, the Columbic efficiency of
PNCs@Gr is increased to above 99% after initial several cycles, demonstrating its excellent
electrochemical reversibility. It is noted that electrochemical performances of PNCs@Gr
exceed most previously reported carbon-based materials [16,18,38-45] and recently reported
MOF-derived anode materials for LIBs. [16,18,27-29,39-52] Such remarkable improvements
of specific capacity and long-term cycling stability are attributed to the following factors.
First, in the sandwich-like PNCs@Gr nanostructure, highly desirable combination of micro-
and mesopores and ultrafine carbon nanospheres (~20 nm) embedded on the graphene
surface offer larger surface area (872 m* g”') in comparison with bare PNCs (508 m* g), and
thus not only result in large electrode/electrolyte interface to effectively store lithium ions,
but also facilitate fast charge transfer. Second, the highly conductive, mechanically strong
and flexible graphene not only improve electronic conductivity of the whole electrode, but
also help reduce agglomeration and collapse of structure upon long-term cycling, resulting in
excellent structural stability and superior cycling performance. Finally, the high-level
nitrogen doping is believed to further enhance both electronic properties and electrochemical
reactivity of PNCs@Gr electrode via introducing defects and more available active sites for
lithium storage.

Notably, the PNCs@Gr anode also shows superior rate capability at various specific
currents from 100 to 6000 mA g”'. As displayed in Figure 2.2.7e, the reversible capacities of
PNCs@Gr are 1378, 1228, 1070, 984, 915, 854 and 647 mAh g at 100, 200, 400, 600, 800,
1200 and 4000 mA g, respectively. Even at 6000 mA g, the reversible capacity of
PNCs@Gr remains 412 mAh g'. More importantly, when the specific current returns back to
100 mA g, the specific capacity can be recovered to 1432 mAh g', demonstrating its
outstanding reaction reversibility and cycling stability. However, bare PNCs anode shows
much lower reversible capacities of 797, 692, 550, 508, 451, 421, 277 and 123 mAh g'1 when
cycled at 100, 200, 400, 600, 800, 1200, 4000 and 6000 mA g'l, respectively. The superior
rate capability of the sandwich-like PNCs@Gr electrode is ascribed to its hieratical
nanostructure, in which graphene significantly improves electrical conductivity of the
electrode, and ultrafine carbon nanospheres offer shorter transport length of lithium ions and
better stability when cycled at higher charge/discharge rates, thereby resulting in considerable
improvement in rate capability compared to bare PNCs. Therefore, it can be concluded that
the PNCs@Gr anode exhibits superior rate capability, significantly improved cycling stability
and reversible capacity compared to bare PNCs.

To further understand the origin of superior rate capability of sandwich-like
PNCs@Gr anode, electrochemical impedance spectra (EIS) is carried out to investigate
electrochemical kinetics occurring at the electrode/electrolyte interfaces and Li-ion
intercalation/deintercalation within electrode materials in the battery cells. As seen in Figure
2.2.71, the Nyquist plots of bare PNCs and PNCs@Gr shows a slanted line in the low-
frequency region and a depressed semicircle in the medium-frequency region. It is observed
that the electrode of sandwich-like PNCs@Gr nanostructure shows a charge transfer
resistance of 30 €, which is much lower than that of bare PNCs (100 ), indicating a
significantly enhanced charge transfer within the whole electrode.

Figure 2.2.8a shows the initial three cycles of the PNCs@Gr electrode at 100 mA g
from the rate performance testing. Typical charge/discharge profiles are consistent with N-
doped carbonaceous anodes for LIBs [5,16].1t is observed that a large irreversible capacity
loss occurs in the initial cycle, attributed to the unavoidable decomposition of the electrolyte
and formation of the solid-electrolyte interphase (SEI) film [25]. Such observation is
consistent with the CV results in Figure 2.2.6, in which the cathodic peaks disappear in the
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2" and 3™ cycles. The charge/discharge curves of the PNCs@Gr electrode cycled at various
rates are also displayed in Figure 2.2.8b.
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Figure 2.2.8 Charge-discharge profiles of the sandwich-like PNCs@Gr electrode (a) cycled at
100 mA g (the initial three cycles from rate capability testing) and (b) cycled at various
rates.

The super high capacity, significantly enhanced rate capability, and excellent cycling
performance of sandwich-like PNCs@Gr nanostructure are ascribed to their novel
nanostructure and desirable nitrogen doping. In its synthesis, in situ growth of ultrafine
carbon nanoparticles with highly porous structure effectively reduce the agglomeration
phenomenon compared to bare PNCs, and thus leads to sufficient electrode/electrolyte
interface and shorter transport length of Li ions, thereby promoting rapid charge transfer.
Furthermore, highly conductive and mechanically strong graphene provides continuous
electron-transport pathways and stabilizes the structure upon long-term cycling. In addition, it
is believed that the high-level N-doping in PNCs@Gr composite can further enhance its
electronic conductivity and electrochemical reactivity, which is beneficial for its
electrochemical performances in LIBs.

2.2.4 Conclusions

In conclusion, a sandwich-like, graphene-based porous nitrogen-doped carbons
(PNCs@Gr) has been fabricated through direct pyrolysis of zeolitic imidazolate framework
(ZIF-8) nanoparticles in situ grown on graphene oxide (GO) (ZIF-8@GO), for application as
a promising anode material in LIBs. When tested in battery cells, the sandwich-like
nanostructure exhibits high reversible capacity, better cycling stability and excellent rate
capability in comparison with bare PNCs. The outstanding electrochemical performances of
PNCs@Gr anode can be attributed to its novel sandwich-like nanostructure and proper N-
doping in the composite. Thus PNCs@Gr demonstrates to be a promising alternative to
commercial graphite anode with great potential in high-performance LIBs. In addition, the
obtained sandwich-like PNCs@Gr may also be applicable for supercapacitors and other
fields.
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2.3 Facile Self-Assembly Route to Co;04 Nanoparticles Confined into Single-Walled
Carbon Nanotube Matrix for Highly Reversible Lithium Storage

2.3.1 Introduction

In Chapter 2.2, ZIF-8/graphene oxide hybrid is proved to be a suitable carbon
precursor to synthesize porous carbon anode materials with significantly improved battery
performance. This Chapter 2.3 introduces another Co-based MOF (ZIF-67), which is applied
as a single precursor to synthesize ultrafine Co3;O4 nanoparticles. Furthermore, SWCNTs with
excellent conductivity and mechanical properties are employed to obtain CozO4 nanoparticles
confined with the SWCNTSs matrix for high-performance LIBs.

Up to date, a rich variety of emerging anode materials have been extensively
exploited as promising alternatives to replace commonly used graphite, including lithium
alloys (Sn, Al, Si etc) [1, 2], nitrides [3], polymers [4], carbon nanomaterials (graphene,
carbon nanotubes etc) [5, 6], transition metal oxides (SnO, [7], TiO; [8], Co304 [9, 10]) and
their composites. Among these materials, Co3O4 clearly stands out as a promising candidate,
thanks to its high theoretical capacity of 890 mAh g ' and other attractive properties, such as
highly reactive facets, great chemical/thermal stability as well as good safety during
operation [10, 11]. Unfortunately, the fundamental problems of transition metal oxides
(TMOs) such as huge volume changes, serious particle aggregation and low intrinsic electric
conductivity, lead to severe pulverization of electrodes, thereby resulting in fast capacity
decay upon prolonged cycling and inferior rate performance.

To overcome the aforementioned challenges, one appealing strategy is to design
nanostructures with unique morphologies, such as plates [11], nanoparticles (NPs) [11],
nanowires [12], and octahedral cages [13], which possess a high surface-to-volume ratio,
thereby not only providing abundant reaction sites and shorter diffusion paths of lithium ions,
but also alleviating volume strain. Other effective strategies include constructing
Co304/carbon hybrid nanostructures, such as CoszOs@carbon [14-20], Co3;Os@graphene
[21,22] and Co3O4@carbon nanotubes (Co304@CNTs) composites [23-25]. The
carbonaceous components within such composites can not only function as mechanical
support to cushion the drastic volume change of Co304 upon cycling, but also offer
continuous charge transport pathways. However, most of the previous attempts in fabricating
Co304/carbon hybrid nanostructures introduced new challenges for their practical
applications. For example, the commonly used methods for Co3;O4@carbon usually require
complicated synthetic processes, and thus are costly, tedious and time-consuming.
Furthermore, the resulted composites still possess relatively low electronic conductivity and
poor mechanical properties, thereby leading to limited enhancement in LIB performances.
More importantly, the loading amount of active materials in such composites is usually below
50 wt% and can not be well controlled during preparation, which severely hinder their
practical applications in high-performance LIBs.

The Co3;0s@graphene and Co3;O4@CNTs composites have been explored to further
enhance the lithium storage properties for LIBs [21,22,24,25], however, most of the reported
methods cannot achieve high mass loading of nanoparticles on CNTs or graphene. It was also
found that Co304NPs are usually decorated onto the surface of CNTs or graphene sheets via
weak physical adsorption, which can be prone to severe aggregation and likely desorbed from
the surface after dozens of electrochemical cycles, thereby dramatically diminishing their
cycling stability and rate capability [23,24]. In addition, for most previously reported reduced

* Reprinted with permission from Zhiqiang Xie, Chengmin Jiang, Wangwang Xu, Xiaodan Cui, Carlosde los Reyes, Angel
A. Marti, Ying Wang, Facile self-assembly route to Co;04 nanoparticles confined into single-walled carbon nanotube matrix
for highly reversible lithium storage. Electrochim. Acta, 2017, 235, 613-622. Copyright 2017 Elsevier.
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graphene oxide (RGO)-based or acid-assisted CNT-based electrode composites, the presence
of remaining intrinsic and extrinsic oxygen-related functional groups or defects in resultant
graphene or CNTs could likely deteriorate their electrical conductivity, and thus lead to
limited rate performance enhancement in LIBs. To solve the aforementioned problems, it is
highly desirable to prepare the Co3;O4 nanoparticles well confined into the highly conductive
and mechanically strong CNT matrix using a simple but controllable fabrication method.

More recently, we have studied how to obtain single-walled carbon nanotubides
(SWCNTDs) dispersions with controllable concentration. SWCNTDs are chemically reduced
CNTs bearing negatively charged surfaces, which still maintain excellent electrical
conductivity and mechanical properties [26]. After adding polar aprotic solvents, the
SWCNTDs could spontaneously exfoliate in solutions due to the Coulombic repulsion
between individual nanotubes. Compared with other dispersion methods, such as surfactant-
assisted dispersion, SWCNTDs could solubilize without assistance of sonication and more
importantly the SWCNTDs dispersions could be compatible with various metal oxides such
as Co304 (which is incompatible with strongly acidic solutions). Nevertheless, to our best
knowledge, the application of SWCNTDs in constructing single-walled carbon nanotube
(SWCNT)-based electrode materials for LIBs has never been previously reported. Benefiting
from better electrical conductivity and mechanical robustness of SWCNT than commonly
used carbonaceous materials (amorphous carbon, RGO and strong acid treated CNTs) in the
electrodes, it is expected that the Co;04@SWCNT composite would enhance the
electrochemical performances of LIBs.

In this project, a robust controllable preparation of Co3O4 nanoparticles uniformly
confined into a sheet-like SWCNT matrix (Co3O4 NPs@SWCNT heterostructures) with a
high mass loading content of up to ~ 83 wt% has been developed via evaporation-induced
self-assembly (EISA) of SWCNTD dispersions. As shown in Figure 2.3.1a and b, Co304
NPs@SWCNT heterostructures are expected to possess highly desirable features for
application as high-performance LIB anode materials. First, such heterostructures have high
mass loading of high-capacity Co3;O4 NPs, which can significantly improve practical energy
density of the entire electrode. Second, the ultrasmall Co3O4 NPs with high crystallinity offer
shorter pathways for charge transport, and meanwhile the SWCNT sheet-like matrix also
provides continuous fast charge transport pathways. More importantly, the intimate contact
between Co3;04 NPs and flexible SWCNT sheet can effectively suppress aggregation of
Co304 NPs and facilitate their strain relaxation and therefore, the structural integrity of the
entire electrode can be maintained. Benefiting from its structure, the resultant optimal Co304
NPs@SWCNT samples were studied as LIB anode materials and demonstrate highly
reversible capacity, improved long-term cycling performance and rate capability. Taking
such remarkable electrochemical performances and facile, controllable fabrication method
into consideration, the concept of electrode materials design and preparation demonstrated
here may shed light on future development of high-performance TMOs-based anodes for
LIBs. Notably, we believe the synthetic approach reported in this work can be generalized to
form various SWCNT-based hybrid nanostructures for applications in supercapacitors, water
splitting and other fields.

2.3.2 Experimental
Preparation of ZIF-67 and Co30O4 nanoparticles
In brief, 0.3 g cobalt nitrate hexahydrate and 0.6 g 2-methylimidazole were separately

dissolved in 15 mL methanol, respectively. Afterwards, the two solutions were mixed under
stirring for 10 min and aged for 24 h at room temperature. The resultant purple solid was
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collected from the solution by centrifugation at 4000 rpm for 10 min and then washed with
methanol at least three times. After washing, the zeolitic imidazolate framework-67 (ZIF-67)
powders were dried overnight at 80 °C. Afterwards, the Co3O4nanoparticles were prepared
by a facile calcination of ZIF-67 nanocrystals at 350 °C for 2 hours in air.

Preparation of SWCNTDs and SWCNTD dispersions

Synthesis of SWCNTDs was performed following our reported method [26]. Briefly,
119.5 mg potassium metal (3.1 mmol), 284 mg naphthalene (2.22 mmol), and 93 mL
anhydrous tetrahydrofuran (THF) were transferred to a round-bottom flask and kept stirring
for 3 days at room temperature, until no apparent solid observed. The produced potassium
naphthalenide stock solution in dark green color was used within 24 h. Purified 150 mg
SWCNTs synthesized via the high-pressure monooxide conversion (HiPco) process (HiPco
SWCNTs) and 24 mL stock potassium naphthalenide solution were transferred to a dry
round-bottom flask and kept stirring for 2 days at room temperature. The resultant solid was
filtered using 0.45 um polytetrafluoroethylene (PTFE) membranes, and rinsed with
anhydrous THF to produce SWCNTDs. The SWCNTD solids were dried overnight under
vacuum at room temperature. All of the above work was carried out inside a nitrogen-filled
glovebox.

The SWCNTD solid was dispersed in dimethyl sulfoxide (DMSO) at an initial
mixture concentration of 9 mg/mL, and the mixture was stirred overnight, following by
centrifugation at 9900 g to remove undispersed solid. The supernatant was collected and its
solubility was determined by UV-Vis spectrum based on the previously established
proportional constant [26].

Preparation of Co;04 NPs@SWCNT heterostructures

Co304 NPs@SWCNT heterostructures with three weight ratios of 4:1, 5:1 and 6:1 are
prepared by simply mixing Co3O4 nanoparticles into SWCNTD solutions in DMSO and
shaking in a VWR mini shaker at speed of 1000 rpm for 24 hours. The materials are then
heated at 110 °C under vacuum for one day for complete drying.

Materials characterization

The X-ray diffraction (XRD) data were recorded at a constant scanning rate of
2 °/min on a Rigaku MiniFlex X-ray diffractometer (Cu Ka radiation). The scanning electro
microscopy (SEM) imaging was carried out on a FEI Quanta 3D FEG FIB/SEM, which is
equipped with Energy-dispersive X-ray spectroscopy (EDS). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) imaging was performed on a JEOL
JEM-2010 microscope at 200 kV. Raman analysis of the samples were conducted using a
Renishaw inVia Raman microscope equipped with 785 nm laser and WiRe software.
Thermogravimetry (TG) data were collected using an SII STA7300 analyzer in air.

Electrochemical measurements

All the battery testings were performed in 2032 coin-type cells between 0.01-3.0 V at
room temperature. Pure lithium foil was used as counter electrode. Briefly, the working
electrodes were prepared by coating the mixture of active materials (Co304 NPs@SWCNT),
acetylene black and polyvinylidene fluoride (8:1:1, wt/wt/wt) onto a Cu substrate. Afterwards,
the anodes were completely dried in a vacuum oven at 120 °C overnight. The commercial
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electrolyte we used is 1 M LiPFsin ethylene carbonate/dimethyl carbonate/diethyl carbonate
(1:1:1, v/v/v). All the working electrodes were assembled in a glove box with argon gas filled.
All potentials are given vs. the Li/Li" semi-couple.

2.3.3 Results and discussion

Fig. 3.1c displays a scheme depicting the facile, controllable synthetic process for
preparing Co304 NPs@SWCNT heterostructures via EISA of SWCNTDs. In this work, we
use Co304 as an example and such a strategy could be expanded to other TMOs. Briefly,
Co304 nanoparticles are simply obtained by facile calcination of metal-organic framework
ZIF-67 nanocrystals. Afterwards, the resultant Co3O4 nanoparticles (Co3O4 NPs) are directly
mixed with the as-prepared SWCNTDs in DMSO, followed by continuous shaking for 24
hours at room temperature. During the pre-mixing process, Co3;O4 NPs can be well dispersed
in the mixed solution and tend to spontaneously self-assembly on the negatively charged
surfaces of SWCNTs. As the solvent gradually evaporates under vacuum, the SWCNTSs form
a continuous network that joins the particles together. Finally, the Co304 NPs@SWCNT
heterostructures are obtained with controllable compositions. Within such unique
nanostructure, Co3O4 nanoparticles are uniformly confined into a highly conductive,
mechanically strong and flexible SWCNT matrix. Unlike most of the reported nanoparticle-
decorated CNTs- the majority of which still suffer from severe nanoparticle aggregation, low
loading of active materials, and unsatisfactory mechanical protection- the Co0304
NPs@SWCNT heterostructures in this work can well address all the aforementioned
problems, which are expected to boost the electrochemical performances in LIBs.
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Figure 2.3.1 (a, b) Schematic illustrations of Co3;04 NPs@SWCNT heterostructure during
electrochemical cycling. (c) Fabrication process of the Coz04 NPs@SWCNT heterostructure.

To clarify the crystalline structures of the Co;04 NPs@SWCNT heterostructures, X-
ray diffraction (XRD) measurements of three composite samples with various weight ratios
(Co304: SWCNT= 4:1, 5:1 and 6:1) are carried out. As revealed in Figure 2.3.2a, the main
diffraction peaks detected for all the three Co3;O4 NPs@SWOCNT heterostructures are readily
indexed to the cubic spinel Co3;0O4 (JPCDS No.42-1467) [27]. Raman spectroscopy is
performed to further confirm the hybrid nanostructures due to its better sensitivity to a short-
range order. Figure 2.3.2b displays typical Raman spectra of pristine SWCNT and Co3;04
NPs@SWCNT heterostructures. It can be seen that the black trace displays characteristic
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features of SWCNTs: D band at 1303 cmfl, G band at 1552 and 1591 cmfl, and 2D band at
2607 cm ' [28]. The characteristic splitting of the G band reveals the two mode vibrations of
SWCNTs. Specifically, one is in the axis of SWCNTs and the other one is circumstance.
Raman spectra of the three Co030s NPs@SWCNT heterostructures exhibit all the
characteristic peaks appearing in the typical spectrum of SWCNTSs and new peaks at 479.1,
617.6 and 689.5 cm'. These new peaks at 479.1 and 689.5 cm ™' are attributed to the E, and
Ajgmode vibrations of the crystalline Co3O4, respectively. Furthermore, it is noticed that the
relative peak intensities of the D band for three Co3;O4 NPs@SWCNT heterostructures are
apparently larger than that of bare SWCNTs, which could be due to an increase in the number
of sp’ carbons in the SWCNTs which is related process of incorporation of Co;O4 NPs in the
material. Thus, SWCNTs are successfully incorporated with CozO4 NPs, forming the unique
Co304 NPs@SWCNT heterostructures.
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Figure 2.3.2 (a) XRD patterns and (b) Raman spectra of Co030s NPs@SWCNT
heterostructures with different weight ratios of 4:1, 5:1 and 6:1, respectively. The samples are
excited at 785nm. (c) XPS survey spectrum of the optimal Co3;O4 NPs@SWCNT (5:1)
heterostructure. The corresponding high-resolution XPS spectrum of (d) Co 2p, (e) O Is. (f)
Thermogravimetric curve of the optimal Co3;O4 NPs@SWCNT (5:1) heterostructure.

Experiments presented further in the manuscript show that the Co304 NPs: SWCNT
(5:1) sample demonstrates the best electrochemical performances, and therefore we perform a
detailed X-ray photoelectron spectroscopy (XPS) study to address its chemical composition.
XPS characterizations are performed between 0-1200 eV. As presented in Figure 2.3.2¢, the
XPS survey spectrum confirms the presence of elemental C, O and Co in the heterostructures.
The high-resolution XPS spectrum of Co 2p in Figure 2.3.2d displays two bands at 795.6 eV
and 780.1 eV, which are attributed to characteristic Co 2p;,, and Co 2ps/, peaks of Co3;O4 [15].
As revealed in Figure 2.3.2e, the XPS peak of O 1s appears at 530.2 eV, corresponding to
oxygen species in the Co304 phase [29]. Thermogravimetric (TG) analysis as presented in
Figure 2.3.2f indicates that the mass percentage of Co03;0O4 in the Co0304 NPs@SWCNT
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heterostructures is ~83%, which is consistent with its nominal amount, suggesting the well
controllable composition of as-prepared samples through facile EISA of SWCNTDs.

Scanning electron microscopy (SEM) characterizations are performed to demonstrate
the morphologies of Co304 NPs@SWCNT heterostructures. As observed in the typical SEM
image of the optimal Co304 NPs@SWCNT (5:1) in Figure 2.3.3a, the sample clearly displays
a sheet-like morphology with a large area of several tens of um”. The highly dense SWCNT
sheets with relatively smooth surfaces can be well recognized by the top view SEM image in
high magnification in Figure 2.3.3b-c, and the Cos;O4 nanoparticle aggregates are barely
observed, suggesting the desirable confinement of Co3;04 NPs into the SWCNT sheets.
Transmission electron microscopy (TEM) studies are carried out as well for better
visualization of the Co3;O4 NPs@SWCNT heterostructure (Figure 2.3.3d and e). Figure 2.3.3¢
clearly shows that numerous Co3O4 NPs are relatively uniformly distributed onto the
continuous SWCNT sheet without any noticeable particle aggregation, whereas the Co304
NPs are marked in yellow circles. The corresponding selected-area electron diffraction
(SAED) pattern is displayed in Figure 2.3.3f, in which the bright polycrystalline diffraction
rings are readily indexed to (220), (311), (400) (511) and (440) planes of spinel Co3;04. The
elemental distributions of Co304 NPs@SWCNT heterostructure are further examined by EDS
elemental mapping. As revealed in Fig. 3h-j, the C, Co and O elements are homogeneously
distributed, indicating the Co304 NPs and SWCNTs are successfully mixed with each other
through a facile EISA process. It is noteworthy that the loading amount of Co3O4 NPs in the
heterostructured sample can be calculated to be as high as 83 wt%, which is among the
highest loadings achieved among various reported Co3;O4@carbon aerogel, Co;Os@graphene
and Co304@CNTs composites [30-33].

Co

Figure 2.3.3 (a) Typical SEM image and (b-c) top view SEM image of the optimal Co304
NPs@SWCNT (5:1) heterostructure in high magnification. (d) TEM image and (e) High-
resolution TEM 1image and (f) Electron diffraction pattern of the optimal Co304
NPs@SWCNT (5:1) heterostructure. (g) SEM image of the optimal Co;04 NPs@SWCNT
(5:1) heterostructure and its corresponding EDS elemental mapping of (h) C, (i) O and (j) Co,
respectively.

To analyze the lithium storage properties of Co;04 NPs@SWCNT heterostructures as
high-performance anode materials in LIBs, various electrochemical tests are performed. The
electrochemical properties of pristine Co3z04are also tested as controls. Cyclic voltammetry

33



(CV) is first carried out to study the electrochemical process of pristine Co3O4 and Co304
NPs@SWCNT (5:1) electrodes, as revealed in Figure 2.3.4a. As for the pristine Co3;04 (Fig.
S2), the main cathodic peak appears at 0.82 V in the initial cycle, which is mainly ascribed to
the electrochemical reduction of Co3;04 with lithium to metallic Co and the evolution of solid
electrolyte interphase (SEI) layer [34,35]. The main anodic peak appears at 2.09 V, which
corresponds to the oxidation of Co to Co3O4. During subsequent cycles, it is found that the
cathodic peak is shifted to 1.10 V. The Co3;04 NPs@SWCNT (5:1 loading) shows similar
electrochemical features with that of pristine Co3;O4 (Fig. 4a). However, it is noteworthy that
the specific current of redox peaks from the Co3;O4 NPs@SWCNT electrode is higher than
that of pristine Co304, which might be ascribed to the improved electric conductivity and
better electrochemical reactivity. Furthermore, it is clearly observed that the subsequent four
electrochemical curves of Co304 NPs@SWCNT are very similar, indicating significantly
improved electrochemical reversibility and better structural stability compared to pristine
Co304. Figure 2.3.4b presents representative charge/discharge profiles of the optimal Co304
NPs@SWCNT (5:1) heterostructure in the first three cycles at 100 mA g '. As we can see
that the Co304 NPs@SWCNT (5:1) provides a high initial discharge capacity of 1520 mAh
g !, mainly attributed to the evolution of SEI layer [22, 36-38]. It is also found that three
Co304 NPs@SWCNT heterostructures display similar initial discharge/charge capacities.
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Figure 2.3.4 (a) Cyclic voltammogram (CV) curves of the optimal Co3;04 NPs@SWCNT (5:1)
heterostructure. (b) Galvanostatic charge/discharge curves of the first three cycles for the
optimal Co304 NPs@SWCNT (5:1) heterostructure electrode. (c) Cycling performances of
pristine Co3;04 NPs and three Co304 NPs@SWCNT heterostructures at 100 mA g . (d) The
corresponding Coulombic efficiencies of four samples cycled at 100 mA g '. (e) Cycling
performances of three Co;04 NPs@SWCNT heterostuctures over 200 cycles at 1000 mA g .
(f) Cycling performance of the optimal CozO04 NPs@SWCNT (5:1) heterostructure over 600
cycles at a higher specific current of 2000 mA g~'.
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To directly compare cycling stability of three Co;04 NPs@SWCNT heterostructures
with different loading amounts of Co3O4, their cycling performances at 100 mA g ' are first
investigated. For comparison purpose, pristine Co3O4 electrode is also tested under the same
conditions. As can be seen in Figure 2.3.4c, after 140 cycles, all three Co304 NPs@SWCNT
heterostructures, namely, Co3;04 NPs@SWCNT (4:1), Co304 NPs@SWCNT (5:1) and Co304
NPs@SWCNT (6:1), exhibit a high specific capacity of 1076, 1286 and 1201 mAh g,
respectively. It is observed that the Co3;04 NPs@SWCNT (5:1) demonstrates the highest
capacity among them, suggesting this sample has the optimal loading of Co3;04. However, the
capacity of pristine Co3O4 fades fast from 1008 mAh g ' to only 143 mAh g ' after 140
cycles, showing a capacity retention of only 10.9%, which can be attributed to severe
electrode pulverization caused by drastic volume changes upon cycling. In addition, it is
found that the reversible capacities of all three Co3;O4 NPs@SWCNT heterostructures
gradually increase with the increase of cycling numbers, likely due to the gradually
continuous decomposition of Li;O produced in the initial several cycles and the likely
reversible formation of the polymer gel-like layer. As shown in Figure 2.3.4d, the initial
Coulombic efficiency (CE) of the optimal Co304 NPs@SWCNT (5:1) is 71.2%, which is
much higher than that of pristine Co3;04 (~51.0%), implying the advantage of highly
conductive and mechanically strong SWCNT sheet-like matrix in such composite. Compared
to pristine Co304, the significantly enhanced cycling stability of three Co3;O4 NPs@SWCNT
heterostructures in terms of initial cycle Coulombic efficiency and cycling performance can
be presumably attributed to the synergic effects of high-capacity Co304 NPs and the highly
conductive, mechanically strong and flexible SWCNT sheet-like matrix, which can well
accommodate drastic volume changes and significantly improve the electric conductivity of
the entire electrode, thereby enabling the full utilization of Co3O4.

To further evaluate the rate capability and long-term cycling performance,
galvanostatic discharge/charge tests of three Co30s NPs@SWCNT heterostructures are
carried out at 1000 mA g ' for over 200 cycles. As displayed in Figure 2.3.4e, the Co30,4
NPs@SWCNT (5:1) electrode can maintain a specific capacity of 530 mAh g ' after 200
cycles, which significantly outperforms the Co30s NPs@SWCNT (4:1) and Co304
NPs@SWCNT (6:1) electrodes with capacity values of 358 and 334 mAh g ', respectively.
At low loading of SWCNTs, the Co304 NPs@SWCNT (6:1) electrode provides the highest
capacity in the initial 60 cycles but suffers from severe capacity fading in the extended cycles.
Therefore, these results suggest that there is an optimal ratio between Co3;04 and SWCNT,
with the Co0304 NPs@SWOCNT (5:1) heterostructure demonstrating the best battery
performance particularly with regard to reversible capacity and prolonged cycling stability.
Remarkably, as revealed in Figure 2.3.4f, even at as high as 2000 mA g ', the optimal Co30,
NPs@SWCNT (5:1) heterostructure still delivers a capacity of 356 mAh g ' after 600 cycles.
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Figure 2.3.5 (a) Rate capability of the optimal Co3;04 NPs@SWCNT (5:1) heterostructure
electrode tested at different current rates. (b) The corresponding charge/discharge profiles at
various current rates. Electrochemical impedance spectra (EIS) of pristine Co304 and optimal
Co304 NPs@SWCNT (5:1) heterostructure: (c) before cycling (fresh cells) and (d) after 50
cycles at 100 mA g .

Notably, the optimal Co304 NPs@SWCNT (5:1) electrode also demonstrates
impressive rate capability. As it can be seen in Figure 2.3.5a, the specific capacities of Co304
NPs@SWCNT (5:1) are 1080, 1038, 950, 837, and 656 mAh g at 100, 200, 500, 1000 and
2000 mA g, respectively. When tested at 5000 mA g ', its capacity can still maintain as
high as 425 mAh g '. Remarkably, when the current rate goes back to 100 mA g ', the
capacity of Co3;04 NPs@SWCNT (5:1) can be recovered to 1109 mAh g ' and gradually
stabilized at 1267 mAh g’ after 100 extended cycles, indicating its excellent reaction
reversibility and cycling stability. Fig. 5b shows its corresponding charge/discharge curves at
various current rates.

To further understand the origin of improved cyclic performance and rate capability
of the optimal Co305 NPs@SWCNT (5:1) electrode, electrochemical impedance
spectroscopy measurements (EIS) are performed to study the kinetic properties of the
electrode materials. Figure 2.3.5¢ and d show the Nyquist plots of pristine Co3;O4 and the
optimal Co304 NPs@SWCNT (5:1) anodes before and after 50 cycles at 100 mA g . As a
result, before cycling test, the Co304 NPs@SWCNT (5:1) shows a lower charge transfer
resistance of ~65 Q than that of pristine Co3;04 (~100 ), indicating better charge transport
properties at the electrode/electrolyte interface. After 50 cycles, the charge transfer resistance
of the Co304 NPs@SWCNT (5:1) is reduced to only ~40 Q, much lower than that of pristine
Co304 (~400 Q), suggesting that the SWCNT sheet matrix can significantly improve its
electrical conductivity and mechanical stability, leading to significant enhancement in the
overall electrochemical performance in LIBs.

It is worth mentioning that the optimal Co3;04 NPs@SWCNT sample in this work
displays significantly enhanced electrochemical performance in comparison with most
previously reported Cos3O4-based composites, such as Co3;0s/graphene, Co3;04/CNT and
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Co304/C and other nanostructured Co3;04 (including double-shelled hollow spheres,
nanofibers, nanosheets, etc.) [22, 39-55]. As shown in Figure 2.3.6a, the reversible capacity
of Co3;04 NPs@SWCNT is as high as 1286 mAh g ' at 100 mA g ', significantly
outperforming the previously reported results obtained at a current density ranging from 50 to
180 mA g '. When tested at extremely high current densities of 1000 and 2000 mA g ' for
over 200 and 600 cycles, respectively, the high capacity retention of Co304 NPs@SWCNT
can still be achieved. Figure 2.3.6b exhibits the comparison of rate capability in the present
work and other recently published reports in literature [22, 46, 48-55]. As we can see that the
optimal Co3;04 NPs@SWCNT sample also demonstrates superior rate capability compared to
previously reported Co3O4-based electrode materials for LIBs, further confirming the
successful electrode materials design and effective preparation method demonstrated in this
work. Such significantly enhanced electrochemical performance, in terms of high reversible
capacity, prolonged cycling stability and superior rate performance, can be mainly ascribed to
the several aspects. First, the high mass loading of Co3O4 in the composites ensures high
practical energy density of the entire electrode. Second, the Co304 nanoparticles offer shorter
pathways for lithium ion diffusion, and the flexible, highly conductive SWCNT sheet-like
matrix provides continuous fast charge transport pathways. Third, the intimate contact
between Co3;04 and SWCNT matrix guarantees that the mechanically strong SWCNT sheet-
like matrix can effectively suppress the nanoparticles aggregation and facilitate their strain
relaxation during long-term cycling.
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Figure 2.3.6 (a) Comparisons of specific capacity and cycling performance between the
optimal Co304 NPs@SWCNT in our work and previously reported Cos;O4-carbonaceous
composites (including carbon nanotubes, graphene, porous carbon, etc.) (b) Comparisons of
rate capability in the present work and other recently published reports in literature.

2.3.4 Conclusions
In conclusion, a facile evaporation-induced self-assembly (EISA) approach has been

developed for fabricating a novel Co3;O4 NPs@SWCNT heterostructure. This approach
realizes a uniform dispersion and well confinement of as high as 83 wt% Co304 NPs within
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the SWCNT matrix. The as-prepared Co30s NPs@SWCNT heterostructure demonstrates
extremely high reversible capacity, outstanding cycling performance at various high current
rates and superior rate performance. We believe that such a facile self-assembly strategy is
not restricted to the CozO4 NPs@SWCNT nanocomposite, which can also be generalized to
form various SWCNT-based nanostructures for a wide variety of applications in LIBs,
supercapacitors and other fields.
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CHAPTER 3. METAL-ORGANIC FRAMEWORK DERIVED CONI EMBEDDED
CARBON NANOCAGES FOR EFFICIENT DYE-SENSITIZED SOLAR CELLS"

3.1 Introduction

Dye-sensitized solar cells (DSSCs) have become one of the most promising
photovoltaic devices for efficient conversion of solar energy into electricity, owing to their
environmental friendliness and easy fabrication [1, 2]. DSSCs mainly consist of three crucial
components: a photoanode, a counter electrode (CE) and an electrolyte containing iodide-
triiodide (I /I3 ) redox shuttle [3]. Among them, the CEs play a key role in governing the
power conversion efficiency (PCE) since they mainly transfer electrons from the external
circuit and perform electrocatalytic reduction of the redox couples [4]. Therefore, as an ideal
CE, it should possess promising characteristics, such as excellent electrical conductivity, high
electrocatalytic activity and low cost [5]. At present, platinum (Pt) has been widely employed
as a high-performance CE for DSSCs since it could satisfy most of the above-mentioned
characteristics. Nevertheless, Pt is highly expensive and extremely scarce, thereby severely
impeding large-scale fabrication of DSSCs for practical commercialization. In addition, the
DSSCs based on Pt as CE materials still show unsatisfactory long-term operation stability
mainly due to the corrosive iodide/triiodide redox electrolyte [6]. To overcome the
aforementioned challenges, it is always desirable to explore new alternatives to replace Pt as
efficient and low-cost CEs for DSSCs. To date, various Pt-free CEs based on conducting
polymers [7, 8], carbon materials (carbon black [9], graphene [10, 11], carbon nanotubes [12,
13] etc.) and transition metal compounds (selenides [14, 15], sulfides [16, 17], nitrides [18],
oxides [19, 20, 21], carbides [22], alloys [5, 25, 26] etc.) have been reported. Unfortunately,
these materials are either limited by their low electrical conductivities or poor electrocatalytic
activities. Their performances are still not comparable with the Pt, and most of the reported
DSSCs have PCEs generally lower than 7.5 % [23, 24]. In addition, the stability of most new
Pt-free CEs remains largely unknown.

Metal-organic frameworks (MOFs), built from metal ions/clusters as nodes and
organic linkers as struts, have attracted more and more interest in recent years owing to their
high surface area, large pore volume and diverse structures [32, 33]. Inspired by these
properties, I proposed to apply Co-based ZIF-67 as a suitable precursor to synthesize cobalt
sufide embedded carbon nanocages to improve the electric conductivity of the entire counter
electrode and also reduce the aggregation of CoS, nanoparticles. To synthesize CoS,
embedded carbon nanocages, the as-prepared ZIF-67 crystals were transferred into a beaker
containing 0.1 M thioacetamide (TAA), 150 mL anhydrous ethanol, and 150 pL distilled
water. Then the mixture was heated at 90 °C for different time length. Afterwards, the
samples were annealed in N; at 450 °C for 1 hour. The sulfurizing time significantly affects
the structure and composition of CoS,. After sulfurization, uniform hollow spheres with
ultra-thin walls were formed. By subsequent thermal annealing in N,, these hollow spheres
are transformed into porous nanocages. It is noticed that the wall thickness of nanocages is
very thin, however, they still maintain a great thermal stability without showing apparent
morphology change during annealing at high temperature. The DSSC PCE is maximized to
8.20%, which is slightly higher than that of Pt-based DSSC (7.88%). However, its

* Reprinted with permission from Zhiqiang Xie, Xiaodan Cui, Wangwang Xu, and Ying Wang, Metal-organic framework
derived CoNi@CNTs embedded carbon nanocages for efficient dye-sensitized solar cells. Electrochim. Acta, 2017, 229,
361-370. Copyright 2017 Elsevier.
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electrochemical stability is still unsatisfactory for practical application in DSSCs.

To further improve the PCE and electrochemical stability of MOF-derived CEs, a
material with a more robust nanostructure and more active catalytic sites are highly desired.
Compared to sulfides-based CEs, metal alloy nanoparticles are more environmental friendly
and have emerged as new candidates for CE in DSSCs, however, the preparation of metal
alloy/carbon nanostructures by using bimetallic MOFs as the single precursor has rarely been
reported [32,33]. In comparison with other synthesis methods of alloy nanoparticles, one-step
pyrolysis of bimetallic MOFs offers a new route to prepare well-dispersed alloy nanoparticles
embedded conductive carbon matrix without using any surfactants or toxic reducing agent.
The chemical composition and particle size of alloy can also be optimized by simply varying
the mixed metal ions ratio during the synthesis.

In this chapter, novel CoNi alloy@carbon nanotubes embedded carbon nanocages
(CoNi@CNTs-C) have been successfully prepared, through one-step pyrolysis of Co/Ni
bimetallic metal organic framework (MOF) in Ar atmosphere. Within such MOF-derived
nanostructure, the CoNi alloy nanoparticles offer numerous active sites to efficiently catalyze
the redox reactions, and meanwhile the CNTs and carbon nanocages serve as conductive
network, which can prevent CoNi nanoparticles from aggregation and reduce corrosion by
acidic electrolyte. As demonstrated in various electrochemical measurements, the optimal
CoNi@CNTs-C-200 CE demonstrates the highest PCE and current density of 9.04% and 18.3
mA/cm?, respectively, which are significantly higher than 7.88% and 15.0 mA/cm” from the
DSSC based on Pt CE. More importantly, the CoNi@CNTs-C-200 CE also exhibits much
better electrochemical stability than conventional Pt CE during long-term electrochemical
cycling, which is crucial for practical application in high-performance DSSCs.

3.2 Experimental
Preparation of Co-C and CoNi@CNTs-C

In brief, 2 g cobalt nitrate hexahydrate and 3.06 g 2-methylimidazole were separately
dissolved in 100 mL methanol, respectively. Afterwards, the two solutions were mixed under
stirring for 10 min and aged for 24 h at room temperature. The resultant purple solid was
collected from the solution by centrifugation at 4000 rpm for 10 min and then washed with
methanol at least three times. After washing, the zeolitic imidazolate framework-67 (ZIF-67)
powders were dried overnight at 80 °C. Afterwards, cobalt nanoparticles embedded within
N-doped carbon nanocages (Co-C) were prepared by a facile calcination of ZIF-67
nanocrystals at 900 °C for 2 hours in Ar atmosphere.

When introducing different amounts of nickel nitrate hexahydrate (100, 200, 400 mg,
respectively) into the above synthesis of ZIF-67, Ni*" incorporated ZIF-67 powders were
synthesized and then transformed to CoNi@CNTs-C by a direct pyrolysis at 900 °C for 2
hours in Ar atmosphere. For convenience, the as-prepared CoNi@CNTs-C samples were
labeled as CoNi1@CNTs-C-100, CoNi@CNTs-C-200 and CoNi@CNTs-C-400, respectively.

Electrodes preparation

The photoanodes and counter electrodes for DSSCs were fabricated according to our
previous reports. In brief, for the preparation of the counter electrodes in DSSCs, 0.2 g of the
as-synthesized products were well dispersed in ethanol (2mL) by continuously magnetic
stirring. Subsequently, the solutions of terpineol (0.86 mL) and ethyl celluloses (1.1 mL) in
ethanol solvent were dipped into the above mixed solution, respectively, followed by
sonication and continuous stirring. Afterwards, the resulted slurry was uniformly coated onto
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the FTO coated glass (7 €/sq Sigma-Aldrich) by simply spin coating method at 4000 rpm for
30 s. Afterwards, the annealing treatment of electrodes was carried out at 450 °C for a half
hour in argon atmosphere. For comparison purpose, Pt counter electrodes were also prepared
by following the standard preparation method: drop casting 0.5 mM H,PtCls/isopropanol
solution onto the FTO coated glass, followed by post-treatment at 450 °C for 20 min in air.

For the preparation of photoanodes in DSSCs, 1 g TiO, nanoparticles with the size of
25 nm (Sigma Aldrich 99.7%) were well dispersed in ethanol (8mL), terpineol (4.3 mL) and
ethyl celluloses (5.5 mL) in ethanol (10 wt%). Afterwards, the above mixed solution was
concentrating down at 70 °C due to the gradual solvent evaporation. Subsequently, the as-
obtained slurry was applied to the FTO coated glass through the doctor’s blade method. Then,
the heat treatment of photoanodes was performed at 125 °C for 6 min in air, 325 °C for 5 min,
375 °C for 5 min, 450 °C for 15 min and 500 °C for 15 min sequentially and then the
photoanodes cool down to the room temperature. Afterwards, the TiO, photoanodes were
soaked in anhydrous ethanol solution containing 0.2 mM N719 dye (Ru[LL’-(NCS)2], L =
2,2’-bipyridyl-4,4’-dicarboxylic acid, L°=2,2’-bipyridyl-4,4’-ditetrabutyl-ammonium
carboxylate, Solaronix Co.) and dye-sensitized for 24 h at room temperature.

DSSC fabrication

Typically, the counter electrode and the dye-sensitized TiO, photoanode were
sandwiched together with the hot-melt sealing film as the spacer (100 um in thickness).
Afterwards, the electrolyte containing 0.1 M GTC (guanidine thiocyanate) in a mixture of
acetonitrile and valeronitrile (85:15 vol/vol ) (No. ES-0004, IoLiTec Inc., Germany) was
injected into the DSSC devices.

Characterizations and measurements

The crystalline structures of as-obtained products were identified by using X-ray
diffraction (XRD) technique, and the data were recorded at a constant scanning rate of 2
°/min on a Rigaku MiniFlex X-ray diffractometer (Cu Ko radiation). The microstructures and
morphologies of samples were characterized by using scanning electron microscope (SEM)
and high-resolution transmission electron microscope (HRTEM). The SEM imaging and
elemental mapping were carried out on a FEI Quanta 3D FEG FIB/SEM with energy-
dispersive X-ray spectroscopy (EDS) equipped. TEM and HRTEM imaging was conducted
on a JEOL JEM-2010 microscope at 200 kV.

The typical current-voltage (J-V) performance of DSSCs was measured by using a
Keithley 2400 source meter, which has a solar light simulator (model: 67005, Oriel) to
simulate sunlight under one sun illumination (100 mW/cm?). A series of electrochemical
measurements were also carried out, including the cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and Tafel polarization. The CV measurements were performed
at a scan rate of 20 mV/s by using an electrochemical workstation (CHI 6504C). Specifically,
for the CV measurements, an Hg/Hg' electrode works as reference electrode, the as-
fabricated counter electrode acts as working electrode and a Pt foil works as auxiliary
electrode. The total exposure area of the counter electrode in an acetonitrile solution
containing 0.1 M LiClO4, 10 mM Lil and 1 mM I is 1.5 cm®. The EIS and Tafel polarization
measurements were carried out using an electrochemical work station (CHI 6504C). In brief,
the EIS measurements were conducted by using an applied voltage aptitude of 10 mV and
bias voltage 0 V in the frequency range from 10° Hz to 0.01 Hz. The Tafel data were
collected in the voltage range of 1 Vto -1 V.
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3.3 Results and Discussion

The overall synthesis of MOF-derived CoNi@CNTs-C nanostructures involves two
steps. Firstly, the Co/Ni bimetallic metal organic frameworks (MOFs) are synthesized using
various ratio of Co®"/Ni*" and 2-methylimidazole at room temperature. During the following
pyrolysis process at 900 °C for 2 h, Co*" and Ni*" are simultaneously reduced into metallic
Co and Ni by the resultant carbon from the decomposition of organic linkers and meanwhile
metallic Co and Ni undergo the alloying reaction to form CoNi alloy nanoparticles. The
resultant CoNi alloy can subsequently function as catalysts to promote the formation of CNTs.
In this process, bimetallic MOFs act not only as the carbon source for the formation of carbon
nanotubes with the assistance of CoNi1 alloy catalysts, but also as a sacrificial template for the
nanocage-like framework. Specifically, the carbon nanocages are formed by annealing the as-
prepared MOF particles as the template at 900 °C in inert gas, in which the organic ligands 2-
Methylimidazole (CsH¢N>) containing rich nitrogen content serve as the carbon source.
During the annealing treatment, the organic ligands within the polyhedron-like MOFs will
decompose and transform into the N-doped carbon matrix, retaining a similar morphology
with the MOF template. This formation process of N-doped carbon matrix using MOFs as the
template/precursor has been confirmed by our early work [39] and other previous reports [29,
30]. Finally, we obtained the CoNi@CNTs-C with a unique nanostructure, whereas CoNi
alloy nanoparticles are well encapsulated into the CNTs (CoNi@CNTs), and the
CoNi@CNTs are completely embedded into carbon nanocages. It is worth mentioning that
the synthesis process of CoNi nanoparticles embedded carbon nanocages is facile and
scalable, since we simply use MOFs as the template and precursors during the whole
synthesis process. It does not require complex procedures or precise control of reaction
conditions such as pH and concentration of the solutions.

To identify the crystalline structures and phases of the MOF-derived CoNi@CNTs-C
samples, the powder X-ray diffraction (XRD) measurements are first performed. The XRD
results show that all the CoNi@CNTs-C samples are composed of graphitic carbon and face-
centered cubic (fcc) CoNi alloy (Figure 3.1a). It is clearly observed that the strongest (111)
reflection peak positions of all samples lie between the peak position of pure Co (JCPDS#
15-0806) and pure Ni (JCPDS# 04-0850) (Figure 3.1b), which is well consistent with
previously reported CoNi alloys. The main (111) peaks of CoNi@CNTs-C samples obviously
shift to higher angles with the increase of Ni*" amounts during the synthesis, further
confirming the formation of CoNi alloys. No other impurities or phases are observed,
implying a complete transformation of Ni*" incorporated ZIF-67 to CoNi@CNTs-C. In
addition, the sharp peaks in the XRD spectra of the CoNi alloy indicate that the samples are
highly crystalline.
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Figure 3.1 (a) XRD patterns and (b) Selected enlarged portion of CoNi@CNTs-C-100,
CoNi@CNTs-C-200 and CoNi@CNTs-C-400 samples in comparison with standard XRD
peaks of pure Co and Ni.

Scanning electron microscopy (SEM) images show that ZIF-67 samples are
composed of polyhedron-like particles with smooth surfaces. However, after one-step
pyrolysis process in inert gas atmosphere, the as-synthesized CoNi@CNTs-C-100 and
CoNi@CNTs-C-200 samples consist of polyhedron-like carbon nanocages (200~500 nm)
with CoNi alloy nanoparticles well embedded (Figure 3.2a-d). However, some of the carbon
nanocages in CoNi@CNTs-C-400 sample are broken and one can notice that relatively larger
CoNi alloy particles are located outside the carbon nanocages (Figure 3.2e-f). This
observation indicates that the Ni amount plays a crucial role in control of the particle size of
CoNi alloy and thus might affect structural stability of CoNi@CNTs-C samples in acidic
electrolyte when applied as CEs for DSSCs.

(a) G Ly AeR

Figure 3.2 SEM images of (, b) CoNi@CNTs-C-100, (c, d) CoNi@CNTs-C-200 and (e, f)
CoNi@CNTs-C-400.

Experiments presented further in the work show that DSSC based on the
CoNi@CNTs-C-200 CE demonstrates the highest energy conversion efficiency, and
therefore we perform a detailed transmission electron microscopy (TEM) and high resolution
(HR) TEM to better understand its microstructure and nanostructure, as displayed in Figure
3.3a-d. It can be clearly observed that the CoNi@CNTs-C-200 sample is composed of
numerous CoNi alloy nanoparticles with the size of 20 ~ 100 nm (dark dots), which are well
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confined in the carbon nanocages (grey framework). Interestingly, one can observe that some
short CNTs (marked by red arrow in Figure 3.3b) protrude from the surface of carbon
nanocages. Further HRTEM images display that individual CoNi alloy nanoparticle is
completely enwrapped by CNTs (Figure 3.3c, d), and the distinct lattice fringe with the
measured d-spacing of 0.21 nm can be assigned to the (111) plane of CoNi alloy. It is
believed that metal alloy possesses better catalytic activity for CNTs growth than single metal
catalysts, and thus leads to the formation and protrusion of CNTs during pyrolysis of Ni*"
incorporated ZIF-67 at high temperature in Ar atmosphere.
\ =) L
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ifnages and (c, d) HRTEM iméges of CoNi@CNTs-C-200 (optimal

B

EM

7
e

Figure 3.3 (a, b) T
sample).

The corresponding energy-dispersive X-ray (EDS) mapping results further confirm
the coexistence of C, N, Co and Ni elements within the sample, and both the Co and Ni
elements show homogeneous distribution for all the nanoparticles (Figure 3.4), confirming
the CoNi alloy phase, which are well consistent with previous XRD and TEM results. It has
been reported that proper alloying of transition metals is favorable for electronic perturbation
of single metals, and thus the alloy such as CoNi usually demonstrates better catalytic activity
than pure Co and Ni catalysts. In addition, nitrogen doping has been proved effective in
enhancing catalytic activity and electrical conductivity of carbon materials. Therefore, we
believe that CoNi@CNTs-C-200 could be a promising CE material for new-generation
DSSCs. It is also worth noting that chemical composition of the as-prepared CoNi alloy in
our work can be easily tuned by varying the weight ratio of cobalt and nickel precursors
during the synthesis of Ni*" incorporated ZIF-67 nanocrystals. The atomic ratio of Co/Ni in
the optimal sample CoNi@CNTs-C-200 is found to be 9:1 through EDS mapping results,
indicating a certain amount of Ni ions can be encapsulated within ZIF-67 nanocrystals during
the synthesis process in methanol at room temperature.
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Figure 3.4 (a) SEM image of CoNi@CNTs-C-200 (optimal sample) and its corresponding
EDS elemental mapping of (b) C, (c) Co and (d) Ni, respectively.

Thanks to such a unique hierarchical nanostructure composed of CoNi@CNTs within
the carbon nanocages, the as-prepared CoNi@CNTs-C composites are explored as counter
electrode materials for DSSCs for the first time. The classic assembly of a DSSC device is

shown in Figure 3.5a, which is mainly composed of TiO, photoanode with N719 dye, I3 /I
redox electrolyte and CoNi@CNTs-C counter electrode. Figure 3.5b displays representative
J-V curves of DSSCs with Pt, CoNi@CNTs-C-100, CoNi@CNTs-C-200, CoNi@CNTs-C-
400 and Co-C as CEs, measured under a light intensity of 100 mW/cm®. The corresponding
photovoltaic performances are summarized in Table 3.1. It is found that the corresponding
PCEs of these DSSCs are in the order of CoNi@CNTs-C-400 < Co-C < Pt < CoNi@CNTs-
C-100 < CoNi@CNTs-C-200. Notably, the DSSC with conventional Pt as CE yields
PCE=7.88%, J=15.0 mA/cm? and V,.=0.73 V, while the one with CoNi@CNTs-C-200 as
CE demonstrates much higher photovoltaic parameters with PCE=9.04%, J,=18.30 mA/cm’
and V,=0.76 V, showing ~15% overall PCE enhancement compared to the Pt counterpart.
Such remarkable PCE from the DSSC consisting of CoNi@CNTs-C-200 demonstrates an
ideal Pt-free CE for next-generation DSSCs.
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Figure 3.5 (a) Scheme of a DSSC configuration using CoNi@CNTs-C as the counter
electrode. (b) Photocurrent density-voltage (J-V) curves of DSSCs with Pt, CoNi@CNTs-C-
100, CoNi@CNTs-C-200, CoNi@CNTs-C-400 and Co-C, measured under a light intensity
of 100 mW/cm’.

Table 3.1 Photovoltaic performance of DSSCs with various CEs

Samples Jsc (mA/cm?) Voe (V) FF n (%)
Co-C 15.5 0.75 0.66 7.63
CoNi@CNTs-C-100 18.0 0.73 0.62 8.10
CoNi@CNTs-C-200 18.3 0.76 0.65 9.04
CoNi@CNTs-C-400 11.8 0.75 0.72 6.36
Pt 15.0 0.73 0.72 7.88

To scrutinize the remarkable difference in photovoltaic performances of these DSSCs,
a series of electrochemical measurements are carried out, including cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and Tafel polarization. Figure 3.6 displays
CV curves of different CEs based on Pt, CoNi@CNTs-C-100, CoNi@CNTs-C-200,
CoNi@CNTs-C-400 and Co-NC, recorded at a scan rate of 20 mV/s in acetonitrile solution
containing 10.0 mM Lil, 1.0 mM L, and 0.1 M LiClO4. Two pairs of oxidation/reduction
peaks (Ox-1/Red-1, Ox-2/Red-2) can be observed for the CV curves of all the CEs, which
can be assigned to the following reaction (1) and (2), respectively[*].

I; +2e— 31 (1)

3, +2¢ — 213 (2)
The characteristics of Ox-1/Red-1 pair are our focus of analysis as the CEs mainly perform

electrocatalytic reduction of the redox couples (I3 /I ). The second redox peak in the CV
curve is attributed to the reduction of molecular iodine (I,). In general, the peak-to-peak
separation (E,,) and peak current density are utilized to study catalytic activities of CEs in
DSSCs. The small E,, and high peak current density are two crucial indicators for high
electrocatalytic activity. Close examination shows that the E;, value of the CoNi@CNTs-C-
200 CE is only 267 mV, which is much smaller than that of conventional Pt CE (320 mV). In
addition, the E;, values of all the CEs are in the order of CoNi@CNTs-C-200 <
CoNi@CNTs-C-100 < Pt < Co-C < CoNi@CNTs-C-400, while the corresponding peak
current densities are in the reversed order: CoNi@CNTs-C-200 > CoNi@CNTs-C-100 > Pt >
Co-C > CoNi@CNTs-C-400. Therefore, the above results indicate that CoNi@CNTs-C-200
and CoNi@CNTs-C-100 demonstrate superior electrocatalytic activities compared to other
CEs. The large differences in electrocatalytic activities of three CoNi@CNTs-Cs are likely
ascribed to the different chemical composition and particle size of alloy. As observed from
SEM images in Figure 3.2, the particle size of alloy in CoNi@CNTs-C-400 is much larger
than CoNi@CNTs-C-100 and CoNi@CNTs-C-200, thereby reducing the surface area and
active sites for catalytic reaction. In addition, the breakage of carbon nanocages in
CoNi@CNTs-C-400 sample may lead to poor chemical stability CoNi alloy in acidic
electrolyte compared to the other two CoNi@CNTs-C samples. Therefore, CNTs-C-400
demonstrates the worst electrocatalytic activities. It is also found that both CoNi@CNTs-C-
100 and CoNi@CNTs-C-200 display better electrocatalytic activities than Co-C, indicating
the superiority of alloy compared to single metal catalysts.

50



—Pt
—— CoNi@CNTs-C-100
1 —— CoNi@CNTs-C-200

Ox-2

64 —— CoNi@CNTs-C-400

o Co-C
&

= 4

E. .

2

. 2

1 -

) 4

©

5

(&)

Red-1

Scan rate: 20 mV/s

10 08 06 -04 02 00 02 04 06 08 10

Potential (V)
Figure 3.6 Cyclic voltammetry (CV) curves of the CEs with Pt, CoNi@CNTs-C-100,
CoNi@CNTs-C-200, CoNi@CNTs-C-400 and Co-C obtained at a scan rate of 20 mV/s in
acetonitrile solution containing 10.0 mM Lil, 1.0 mM I, and 0.1 M LiClOs.

To further elucidate the catalytic activity differences of all the CEs, electrochemical
impedance spectroscopy (EIS) measurements are also carried out to study intrinsic charge
transfer and transport properties by using symmetrical dummy cells. The EIS spectra
(Nyquist plots) obtained from varied CEs are shown in Figure 3.7a. It can be seen that
Nyquist plots are composed of two semicircles in different frequency ranges. The first
semicircle (left) in the high-frequency range corresponds to the interfacial charge transfer
resistance (R¢) between the electrode and electrolyte. The second semicircle (right) in the
low-frequency range indicates the well-known Nernst mass diffusion impedance (Zn) within
the electrolyte. According to previous reports, smaller R and Zy usually indicate higher
catalytic activity and faster mass diffusion of CEs within the electrolyte, respectively. The
overall series resistances (Rs) of symmetrical dummy cells fabricated with varied CEs is also
considered, which is generally attributed to the sum of resistance of FTO substrate, CE
materials as well as electric contact. The Nyquist plots are also fitted with an equivalent
circuit inset in the Figure 3.7a. By comparison, it is found that both R and Zy of
CoNi@CNTs-C-200 are smaller than other CEs, indicating the best catalytic activity among
all the CEs, which is in good accordance with the CV observation. It has been widely
reported that pristine carbon materials or single Co or Ni metallic nanoparticles usually
demonstrate limited available catalytic active sites, thereby resulting in unsatisfactory power
conversion efficiency of DSSC devices. However, our work shows that CoNi alloy
nanoparticles enwrapped by CNTs within the unique carbon nanocages can efficiently
promote the charge transfer from metallic nanoparticles to the 3D conductive carbon
frameworks, which may reduce the surface work function of carbon framework, thereby
improving catalytic activity of carbon nanocages. It is also demonstrated that CoNi alloy with
proper chemical composition demonstrates obviously enhanced catalytic activity than bare
metallic Co, which is well consistent with previous report. Therefore, chemical composition
of CoNi alloy plays a crucial role in the catalytic activity of a CE.

Tafel polarization is another powerful technique, which is usually utilized to
investigate catalytic activity of varied CEs for DSSCs. Therefore, the Tafel polarization
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curves of all the CEs are obtained by using the symmetrical dummy cells, as displayed in
Figure 3.7b. It is clearly observed that the slopes of both the cathodic and anodic branches of
CEs are in the order of CoNi@CNTs-C-200 > CoNi@CNTs-C-100 > Pt > Co-C >
CoNi@CNTs-C-400. This result suggests that CoNi@CNTs-C-200 exhibits the highest
exchange current density (Jo), indicating the best catalytic activity among all the CEs.
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Figure 3.7 (a) Nyquist plots for symmetric cells fabricated with aforementioned samples. (b)
The corresponding Tafel polarization curves of symmetric cells.

Taking the above results of CV, EIS and Tafel polarization into consideration,
CoNi@CNTs-C-200 demonstrates the best catalytic activity among all the CEs. Therefore,
compared to the other CEs including conventional Pt, the DSSC based on CoNi@CNTs-C-
200 CE exhibits the highest PCE of 9.04%, J,. of 18.3 mA/cmz, and a moderate fill factor (FF)
of 0.65, proving as a very promising Pt-free CE for application in DSSCs. Notably, among
iodine-mediated DSSCs using carbon materials and transition metal compounds, the DSSC
based on such unique hybrid of CoNi alloy and N-doped carbon network (CoNi@CNTs-C-
200) delivers the highest PCE and Jg.

To further explore practical application of CoNi@CNTs-C-200 as an alternative Pt-
free CE for new-generation DSSCs, its electrochemical stability is another crucial factor and
needs to be seriously considered. Therefore, we fabricate symmetrical cells using
CoNi@CNTs-C-200 and Pt photo-electrode, respectively, and test them for over 300
electrochemical cycles via CV characterization at a scan rate of 50 mV/s (Figure 3.8). It is
found that both E,, value and current density of CoNi@CNTs-C-200 show subtle change,
however, the Pt CE displays obvious reduction of peak current density and increased E,p.
Therefore, CoNi1@CNTs-C-200 demonstrates outstanding electrochemical stability compared
to commonly used Pt for DSSCs. The excellent stability could be ascribed to the unique
hybrid structure of CoNi alloy and N-doped carbon framework, whereas both CNTs and
carbon framework can efficiently protect the embedded CoNi alloy nanoparticles from
corrosion in the acidic electrolyte during long-term operation.
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Figure 3.8 CV curves of the CEs based on (a) CoNi@CNTs-C-200 and (b) conventional Pt
for 300 cycles. The CV curves are recorded at a scan rate of 50 mV/s in acetonitrile solution
containing 10.0 mM Lil, 1.0 mM I, and 0.1 M LiClOs.

3.4 Conclusions

In summary, we report, for the first time, a facile synthesis of CoNi alloy@CNTs
within carbon nanocages by direct pyrolysis of Ni*" incorporated ZIF-67 in inert gas
atmosphere. It is found that the CoNi@CNTs-C-200 CE shows the best catalytic activity
towards the reduction of I , thereby leading to an impressive PCE of 9.04% as a low-cost Pt-
free CE for application in next-generation DSSCs, showing ~15% overall PCE enhancement
compared to the expensive Pt counterpart (7.88%). More importantly, the CoNi@CNTs-C-
200 CE also exhibits much better electrochemical stability than conventional Pt CE during
long-term electrochemical cycling, which is crucial for practical application in high-
performance DSSCs. This work may open up a new route for further study of various metal
organic frameworks as templates in design and development of low-cost, environmentally
friendly, highly stable and efficient counter electrodes for DSSCs. Due to its unique structure
and superior properties, the as-prepared CoNi@CNTs-C-200 may also find wide applications
in water splitting, lithium ion batteries, supercapacitors and other fields.
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CHAPTER 4. METAL-ORGANIC FRAMEWORK DERIVED
ELECTROCATALYSTS FOR OXYGEN EVOLUTION REACTION

4.1 Overview

As described in Chapter 2 and 3, metal-organic frameworks can serve as ideal
templates/precursors to synthesize nanostructured electrode materials with tunable chemical
composition and desirable electrochemical properties for LIBs and DSSCs. Electrocatalytic
water splitting is another promising energy technology to produce hydrogen as an efficient
energy storage carrier thanks to its abundant and sustainable nature. As introduced in Chapter
1, the major challenge of water splitting is its sluggish kinetics of oxygen evolution reaction
(OER) as compared to hydrogen evolution reaction (HER), which usually requires a large
overpotential for multi-step transfer of four electrons. Up to date, noble metal oxides such as
ruthenium oxides (RuO,) and iridium oxides (IrO;) are efficient electrocatalysts for OER.
Nevertheless, their large-scale applications are severely hindered by the high cost and
scarcity of the noble metals. In addition, these noble metal oxides exhibit poor chemical
stability in alkaline solution.

In the first section of Chapter 4, MOF derived CoNi embedded carbon nanocages are
synthesized and evaluated as an economical electrocatalysts for OER. It is found that CoNi-
C-200 shows an overpotential of 408 mV at a current density of 10 mA cm % which is
comparable commercial noble metal oxides -electrocatalysts. To further lower the
overpotential of MOF derived electrocatalysts, it is still highly needed to design and
synthesize electrocatalysts with sufficient targeted active sites such as CoNy species,
topological defects (e.g., edge sites), pyridinic and/or graphitic N dopants. In this regard, the
second section of Chapter 4 presents a simple and scalable synthesis of MOF-derived
CoNx@Co/N-doped carbon tubes hybrids (denoted as CoNx@Co/NCT hereinafter) via one-
step pyrolysis of ZIF-67 at a low temperature of 650 °C with the introduction of urea. The
CoN,@Co/NCT hybrid shows an overpotential as low as 290 mV at 10 mA cm™ with a small
Tafel slope of 60 mV/dec, which exceeds most noble metal-free electrocatalysts for OER.

4.2 Metal-Organic Framework Derived CoNi-Embedded Carbon Nanocages as Efficient
Electrocatalysts for Oxygen Evolution Reaction

4.2.1 Introduction

With ever-increasing energy demands and depletion of fossil fuels, extensive efforts
have been devoted to exploring new sustainable and environment-friendly energy conversion
and storage systems [1,2]. Hydrogen has attracted wide attention as an efficient energy
storage carrier thanks to its abundant and sustainable nature [3]. In the present, electrolysis of
water is considered as the most efficient ways to produce high-purity hydrogen at low cost
[4,5]. The splitting of water involves two half reactions [6,7]. At the cathode, protons are
reduced to hydrogen in the alkaline solution 2H" + 2¢” —H, (hydrogen evolution reaction,
HER). At the anode, four hydroxyl groups are oxidized to oxygen in alkaline solution 4OH
—0;, + 2H,0 + 4e (oxygen evolution reaction, OER). The major challenge of water splitting
is the sluggish kinetics of OER as compared to HER, which usually requires a large
overpotential for multi-step transfer of four electrons [8]. Up to date, noble metal oxides such

* Reprinted with permission from Zhiqiang Xie and Ying Wang, Metal-organic framework derived CoNi@CNTs embedded
carbon nanocages as efficient electrocatalysts for oxygen evolution reaction. lonics, 2017, 1-8. Copyright 2017 Springer
Nature.
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as ruthenium oxides (RuO;) and iridium oxides (IrO;) are efficient electrocatalysts for OER
[9,10]. Nevertheless, their large-scale applications are severely hindered by the high cost and
scarcity of the noble metals. In addition, these noble metal oxides exhibit poor chemical
stability in alkaline solution.

To overcome the aforementioned challenges, it is always desirable to explore new
alternatives to replace noble metal oxides as low-cost and efficient electrocatalysts for OER.
To date, various noble metal-free electrocatalysts such as transition metal oxides [11],
hydroxides [12], nitrides [13], sulfides [14] and phosphides [15], have been widely reported.
Unfortunately, most of these materials are either limited by their low electrical conductivities
or poor electrocatalytic activities, resulting in much higher overpotential at a current density
of 10 mA cm > compared to RuO, (410 mV) [16]. Recently, transition metal alloys have
attracted more and more interest, owing to their low cost and environmental benignity. So far,
various transition metal alloys such as NiFe, NiCu, NiCe and their composites have been
explored for OER [17]. Despite much progress having been made in the development of
transition metal alloy-based catalyst for OER, the catalytic activity of OER is still not
comparable to commercial noble metal oxide catalyst. Such limited performance is originated
from the complex synthesis and much stricter requirement for the transition metal alloy-based
catalysts such as chemical composition, particle size and structural stability. Therefore, more
efforts are highly needed to optimize the transition metal alloy-based catalysts for efficient
OER.

Metal-organic frameworks (MOFs), built from metal ions/clusters as nodes and
organic linkers as struts, have attracted more and more interest in recent years due to their
high surface area, large pore volume and diverse structures [18]. Inspired by these features,
MOFs have been reported as new templates and precursors for synthesis of various
hierarchical nanostructured materials such as porous carbons [19], metal oxides [20],
metal/carbon composites [21] and metal oxides/carbon composites [22]. These MOF-derived
nanostructures can offer many unique advantages: (i) the chemical composition can be easily
tuned by designing MOFs combined with specific thermal treatment; (ii)) MOF-derived
nanostructures provide controlled porosity and huge surface area, which can effectively
facilitate the access of electrolyte into the electrode and ensure large electrolyte/electrode
contact area; (ii1) the charge diffusion lengths can be largely shortened and thus facilitate the
charge transfer for OER activity; (iv) the low cost and ease of synthesis allow MOF-derived
nanostructures to be potentially scaled up for industrial applications. Up to now, transition
metal alloy nanoparticles have emerged as new candidates for electrocatalyst for OER,
however, the preparation of metal alloy/carbon nanostructures by using bimetallic MOFs as
the single precursor has rarely been reported [23,24]. Compared to other synthesis methods of
alloy nanoparticles, one-step pyrolysis of bimetallic MOFs offers a facile route to prepare
well-dispersed alloy nanoparticles embedded conductive carbon matrix without using any
surfactants or toxic reducing agent. The chemical composition and particle size of alloy can
also be optimized by simply varying the mixed metal ions ratio during the synthesis.

To combine the merits of transition metal alloy and MOF-derived nanostructures, we
synthesized novel CoNi alloy embedded carbon nanocages (CoNi-C), through one-step
pyrolysis of Co/Ni bimetallic metal organic framework (MOF) in argon atmosphere. Within
such MOF-derived nanostructure, inner CoNi1 alloy nanoparticles can offer numerous active
sites to efficiently catalyze the redox reactions, meanwhile the carbon nanocages serve as
conductive network supporting the CoNi catalysts, which can effectively prevent CoNi
nanoparticles from aggregation and reduce corrosion by alkaline electrolyte during long-term
operation. As a result, CoNi-C-200 with a Co/Ni atomic ratio of 9:1 demonstrates obviously
enhanced catalytic activity for OER in 1M KOH aqueous solution compared with cobalt
nanoparticles embedded nanocages (Co-C), showing a small overpotential of 408 mV for a
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current density of 10 mA c¢cm > and a smaller overpotential of 366 mV after 5000 cyclic
voltammetric sweeps. To the best of our knowledge, this work is the first report on the
application of MOF-derived transition metal alloys as efficient and robust catalysts for OER.
We believe that the strategy presented here opens up a new route to development of versatile
metal alloy/carbon nanocomposites for wide electrochemical applications, such as dye-
sensitized solar cells, photocatalysts and so forth.

4.2.2 Experimental
Preparation of Co-C and CoNi-C

The pure ZIF-67 powders were prepared according to previous reports with some
modifications [5, 6]. In brief, 2 g cobalt nitrate hexahydrate and 3.06 g 2-methylimidazole
were separately dissolved in 100 ml methanol, respectively. Afterwards, the two solutions
were mixed under stirring for 10 min and aged for 24 h at room temperature. The resultant
purple solid was collected from the solution by centrifugation at 4000 rpm for 10 min and
then washed with methanol at least three times. After washing, the ZIF-67 powders were
dried overnight at 80 °C. Afterwards, cobalt nanoparticles embedded within N-doped carbon
nanocages (Co-C) were prepared by a facile calcination of ZIF-67 nanocrystals at 900 °C for
2 hours in Ar atmosphere.

Similar to synthesis of ZIF-67, Co/Ni bimetallic MOFs were prepared by using 2 g
cobalt nitrate hexahydrate, 3.06 g 2-methylimidazole and different amounts of nickel nitrate
hexahydrate (100, 200, 400 mg, respectively). Afterwards, Co/Ni based MOFs were
transformed to CoNi-C by a direct pyrolysis at 900 °C for 2 hours in Ar atmosphere. For
convenience, the as-prepared CoNi-C samples were labeled as CoNi-C-100, CoNi-C-200 and
CoNi-C-400, respectively.

Characterizations

The crystalline structures of as-obtained products were identified by using X-ray
diffraction (XRD) technique, and the data were recorded at a constant scanning rate of 2
°/min on a Rigaku MiniFlex X-ray diffractometer (Cu Ko radiation). The microstructures and
morphologies of samples were characterized by using scanning electron microscope (SEM)
and high-resolution transmission electron microscope (HRTEM). The SEM imaging was
carried out on a FEI Quanta 3D FEG FIB/SEM, which is equipped with energy-dispersive X-
ray spectroscopy (EDS). TEM and HRTEM imaging was performed on a JEOL JEM-2010
microscope at 200 kV.

Electrochemical measurements

The electrochemical measurements were performed by using a CHI 760D
electrochemical workstation (CH Instruments, Inc.) and a rotating disk electrode controller
(AFMSRCE, Pine Instrument Co.). A platinum wire and Ag/AgCl electrode were used as
counter electrode and reference electrode, respectively. The measured potentials vs. Ag/AgCl
were converted to reversible hydrogen electrode (RHE).

To prepare catalyst film-coated glassy carbon working electrode, 8 mg powders were
dispersed in 2mL freshly prepared dispersion solution (Ethanol/Nafion=100:1(V/V)),
following by sonication for 1 hour. Afterwards, 10 pL fresh catalyst ink was deposited on a
rotating disk electrode with geometric area of 0.196 cm” by a house-built spinning coating
device under a gentle airflow.
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The oxygen evolution reaction (OER) properties of the CoNi-C-100, CoNi-C-200 and
CoNi-C-400 and Co-C catalysts were studied using linear sweep voltammetry (LSV). The
potential was swept at a scan rate of 5 mV s ' and an electrode rotation rate of 1600 rpm in
Ns-saturated 1M KOH aqueous solution. The electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency range from 10° Hz to 0.01 Hz using an
electrochemical workstation (CHI 6504C). To study the electrochemical stability of as-
prepared electrocatalysts, the cyclic voltammetry (CV) was carried out at a scan rate of 100
mV s ' for up to 5000 cycles.

4.2.3 Results and discussion

The overall synthesis of MOF-derived CoNi-C nanostructures involves two steps. In
the first step, the Co/Ni bimetallic metal organic frameworks (MOFs) are synthesized using
various ratio of Co®"/Ni*" and 2-methylimidazole at room temperature. During the following
pyrolysis process at 900 °C for 2 h, Co>” and Ni*" are simultaneously reduced into metallic
Co and Ni by the resultant carbon from the decomposition of organic linkers at high
temperature, and meanwhile metallic Co and Ni undergo the alloying reaction process to
form CoNi alloy nanoparticles, which can subsequently function as catalyst to promote the
formation of onion-like carbon around them.

To identify the crystalline structures and phases of the MOF-derived CoNi-C samples,
the powder X-ray diffraction (XRD) measurements are first performed. The XRD results
show that all the CoNi-C samples are composed of graphitic carbon and face-centered cubic
(fcc) CoNi alloy (Figure 4.2.1a). It is clearly observed that the strongest (111) reflection peak
positions of all samples lie between the peak position of pure Co (JCPDS# 15-0806) and pure
Ni (JCPDS# 04-0850) (Figure 4.2.1b), which is well consistent with previously reported
CoNi alloys [27,28]. The main (111) peaks of CoNi-C samples obviously shift to higher
angles with the increase of Ni*" amounts during the synthesis, further confirming the
formation of CoNi alloys. No other impurities or phases are observed, implying a complete
transformation of Ni*" incorporated ZIF-67 to CoNi-C. In addition, the sharp peaks in the
XRD spectra of the CoNi1 alloy indicate that the samples are highly crystalline.
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Figure 4.2.1 (a) XRD patterns and (b) Selected enlarged portion of CoNi-C-100, CoNi-C-200
and CoNi-C-400 samples in comparison with standard XRD peaks of pure Co and Ni.
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Scanning electron microscopy (SEM) images show that ZIF-67 samples are
composed of polyhedron-like particles with smooth surfaces. After one-step pyrolysis process
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in inert gas atmosphere, the low-magnification SEM images in Figure 4.2.2a and ¢ show that
the as-synthesized CoNi@-C-100 and CoNi-C-200 samples consist of polyhedron-like
carbon nanocages (200~500 nm) with CoNi alloy nanoparticles well embedded. By
comparison of high-magnification SEM images in Figure 2b and 2d, it is observed that larger
particles are embedded within the carbon nanocages in the CoNi-C-200 sample than CoNi-C-
100. On the contrary, some of the carbon nanocages in CoNi-C-400 sample are broken and
one can notice that relatively larger CoNi alloy particles are located outside the carbon
nanocages (Figure 4.2.2e-f). This observation indicates that the Ni amount plays a crucial
role in control of the particle size of Co‘I-\Ii alloy.

@F, %

Experiments presented further in the work show that the catalyst based on the CoNi-
C-200 demonstrates the highest catalytic activity for OER, and therefore we perform detailed
transmission electron microscopy (TEM) and high resolution (HR) TEM characterizations for
better visualization of its nanostructure, as displayed in Figure 4.2.3a-d. It can be clearly
observed that CoNi alloy nanoparticles with the size of 20 ~ 100 nm (dark dots) are well
embedded in carbon nanocages (grey framework) in CoNi-C-200 sample. Interestingly, one
can observe that CoNi nanoparticles are encapsulated by onion-like carbon (marked by blue
arrows in Figure 4.2.3d). As we can see from the inset in Figure 4.2.3d, the distinct lattice
fringe with the measured d-spacing of 0.21 nm can be assigned to the (111) plane of CoNi
alloy, which further confirms successful formation of MOF-derived CoNi alloy through a
facile one-step pyrolysis process in inert gas atmosphere. Thus, the SEM and TEM
observations above indicate that we have successfully obtained the CoNi-C sample with a
unique nanostructure, whereas CoNi alloy nanoparticles are well encapsulated into the onion-
like carbon, meanwhile they are completely embedded into carbon nanocages.
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Onion-like carbons’

Figure 4.2.3 (a, b) TEM images and (c, d) HRTEM images of CoNi-C-200 (optimal sample).

The corresponding energy-dispersive X-ray (EDS) mapping results further confirm
the coexistence of C, Co and Ni elements within the sample, and both Co and Ni elements
show homogeneous distribution for the inner nanoparticles within the carbon nanocages,
confirming the CoNi alloy phase, which are well consistent with previous XRD and TEM
results. It is also worth noting that chemical composition of the as-prepared CoNi alloy in our
work can be easily tuned by varying the atomic ratio of cobalt and nickel ions during the
synthesis of Ni*" incorporated ZIF-67 nanocrystals. The atomic ratio of Co/Ni in the optimal
sample CoNi-C-200 is found to be 9:1 through EDS mapping results, indicating a certain
amount of Ni ions can be encapsulated within ZIF-67 nanocrystals during the synthesis
process in methanol at room temperature. Thanks to such a unique hierarchical nanostructure
composed of CoNi embedded carbon nanocages, the as-prepared CoNi-C composites are
explored as catalysts for OER for the first time.
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Figure 4.2.4 (a) Comparison of OER polarization curves of CoNi-C-100, CoNi-C-200, CoNi-
C-400 and Co-C, measured in 1 M KOH aqueous solution at a scan rate of 5 mV/s. (b) The
overpotentials needed to reach a current density of 10 mA/cm? for the above four catalysts.

The catalytic activities of CoNi-C-100, CoNi-C-200, CoNi-C-400 and Co-C for OER
are measured using a typical three-electrode system in 1M KOH aqueous solutions. The
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potentials reported in this paper are all versus reversible hydrogen electrode (RHE). Figure 4a
shows the linear sweep voltammetry (LSV) curves of all the electrodes at a scan rate of 5 mV
s~'. The polarization curve from the CoNi-C-200 catalyst exhibits the smallest onset potential
of ~ 1.638 V and highest current density. As shown in Figure 4.2.4b, the overpotential of
CoNi-C-200 catalyst is 408 mV at the current density of 10 mA cm 2, which is slightly lower
than CoNi-C-100 (410 mV) and CoNi-C-400 (420 mV). These results indicate that the
intrinsic OER activities for these three CoNi-based catalysts are similar. The difference in
OER current densities could be attributed to the different number of active sites and surface
area needed for electron transfer and ion transport in the catalysts. The ion transport refers to
the OH adsorption and transfer to the active sites in the electrocatalysts. In contrast, the Co-
C catalyst has much higher overpotential of 447 mV, showing the worst catalytic activity for
OER. Therefore, it can be concluded that the CoNi alloy-based catalysts exhibit significantly
enhanced OER activity compared to Co-C catalyst. This result can be attributed to the
synergistic effects of Co and Ni in the alloy. Specifically, the incorporation of a secondary
transition metal Ni results in the OH adsorption energies alteration via tuning the lattice and
bond length of the crystal, favoring the OER catalytic activities [29,30]. Comparing our
optimal sample with other previously reported electrocatalysts for OER, it is found that
CoNi-C-200 demonstrates a lower overpotential than IrO; (450 mV) [31], Mn304/CoSe; (450
mV) [32], N-graphene/CNT (420 mV) [33]. In addition, its electrocatalytic performance is
even comparable to commercial noble Ir/C (390 mV) [34]. Instead of using expensive noble
metal or metal oxides as electrocatalysts, our work shows that the CoNi-C-200 holds great
potential as an efficient and economical electrocatalyst for OER.

To better understand the OER electrochemical kinetics, we fit the polarization curves
to the Tafel equation n =b*log (j), where 1 is the overpotential, b is the Tafel slope, j is the
current density [35,36]. A smaller Tafel slope value represents a smaller increase in
overpotential, corresponding to a more efficient OER activity [37,38]. The Tafel slope plots,
along with the slope values, are shown in Figure 5. The Tafel slopes of CoNi-C-100, CoNi-
C-200, CoNi-C-400 and Co-C are 93, 83, 94, 97 mV decfl, respectively. The CoNi-C-200
catalyst displays the smallest Tafel slope in 1M KOH aqueous solutions, indicating the best
catalytic activity for OER.
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Figure 4.2.5 (a) Tafel plots of CoNi-C-100, CoNi-C-200, CoNi-C-400 and Co-C, measured in
1 M KOH aqueous solution.

In addition to high catalytic activity, durability is another critical parameter that
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determines the practical application of catalysts for OER. Thus, in this study, we perform an
accelerated degradation test for evaluation of OER stability. As shown in Figure 4.2.6, the
polarization curves of CoNi-C-200 (the optimal sample) are recorded after 0, 100, 200, 300,
400, 500, 1000 and 5000 cyclic voltammetric sweeps at a scan rate of 100 mV s '. It is
interesting to notice a current density increase and reduction of overpotential during the
initial 300 cyclic voltammetric sweeps. The polarization curves of CoNi-C-200 show a
negligible change from 300 to 5000 cyclic voltammetric sweeps, indicating its superior long-
term stability as a robust catalyst for OER. It is worth mentioning that CoNi-C-200 exhibits a
smaller overpotential of 366 mV after 5000 cyclic voltammetric sweeps.
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Figure 4.2.6 OER stability test (5000 cyclic voltammetric sweeps) of CoNi-C-200 (the
optimal sample) in 1 M KOH aqueous solution at a scan rate of 100 mV/s.

Electrochemical impedance spectroscopy (EIS) measurements are conducted to
provide further insight into the kinetics of catalytic reactions of as-prepared catalysts. Figure
4.2.7 displays typical Nyquist plots of CoNi-C-100, CoNi-C-200, CoNi-C-400 and Co-C
electrodes when tested at E= 1.638 V in the 1M KOH electrolyte. As we can see that all
Nyquist plots are composed of depressed semicircles corresponding to the charge-transfer
process for the OER. The Nyquist plots are fitted and can be represented by one capacitive
loop, cell resistance (Rq) and the charge-transfer resistance (R) for the OER. The depressed
semicircle corresponds to the R¢.. According to previous reports, smaller R usually indicates
higher catalytic activity for OER. As we can see from Figure 6 that the four catalysts exhibit
similar R, however, it is clearly observed that CoNi-C-200 shows a smaller semicircle than
other catalysts, indicating the best catalytic activity among all the catalysts. These results are
in good accordance with the LSV observations.
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Figure 4.2.7 Nyquist plots of CoNi-C-100, CoNi-C-200, CoNi-C-400 and Co-C electrodes
tested at E= 1.638 V.

All the electrochemical measurements above indicate that CoNi-C catalysts exhibit
high catalytic activity and good durability for OER. For practical application in a real
industrial water splitting cell, the cost of electrocatalysts is another crucial factor that has to
be taken into account. Unlike the scarcity and high cost of noble metal or their metal oxides
as commercial OER electrocatalysts, the elements of CoNi-C catalysts are earth abundant and
less expensive. Thus, the CoNi-C catalysts can be produced at low cost on a large scale.
Furthermore, the whole synthesis procedure of CoNi-C catalysts is facile and economical due
to the use of cheap precursors and simple one-step annealing treatment, which offers great
potential in large-scale production of catalysts for water splitting application. Considering
both excellent OER performance and low cost of catalysts, we believe the CoNi-C catalysts
hold great promise in water splitting applications. In the future, we plan to fabricate a
massive electrode by coating the as-prepared catalysts onto a large-sized substrate and
investigate its OER performance for a real industrial water splitting cell.

4.2.4 Conclusions

In summary, for the first time, we report a facile synthesis of CoNi embedded carbon
nanocages by direct pyrolysis of bimetallic metal organic frameworks in inert gas atmosphere
and study their electrocatalytic performance in OER. It is found that CoNi-C-200 shows a
small overpotential of 408 mV at a current density of 10 mA cm * and a small Tafel slope of
83 mV dec”', demonstrating the best catalytic activity for OER compared to CoNi-C-100,
CoNi-C-400 and Co-C catalysts. In addition, CoNi-C-200 exhibits a smaller overpotential of
366 mV after 5000 cyclic voltammetric sweeps, indicating a superior long-term stability. The
enhancement in catalytic activity and long-term electrochemical stability can be attributed to
the unique morphology and the synergistic effects of CoNi alloy and carbon component in
the composite. Considering the facile synthesis of catalysts and their excellent catalytic
activities in alkaline medium, the CoNi-C-200 shows great potential as an economic catalyst
for OER applications. In addition, this work may open up a new route for further study of
various metal organic frameworks as templates in design and development of low-cost and
efficient catalysts for OER. Due to its unique structure and superior properties, the as-
prepared CoNi-C-200 may also find wide applications in other fields such as dye-sensitized
solar cells, photocatalysts and so forth.
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4.3 Facile Synthesis of MOF-Derived CoNx@Co/Bamboo-Like Carbon Tubes for
Efficient Electrocatalytic Water Oxidation

4.3.1 Introduction

The oxygen evolution reaction (OER) plays a crucial role in many renewable energy
storage and conversion technologies such as electrocatalytic water splitting, fuel cells and
metal-air batteries [1]. Due to its sluggish kinetics and high activation overpotential,
tremendous efforts have been made to search for highly efficient and robust electrocatalysts.
Noble metals and their oxides (RuO,, IrO;) are the mostly used catalysts for OER due to their
high catalytic activity and good durability [2,3]. However, the scarcity and high cost impede
their practical applications in the global energy system. Therefore, there is a pressing need to
develop noble metal-free electrocatalysts with both desirable catalytic activities and
reasonable cost for OER application. Over the past years, a variety of noble metal-free
electrocatalysts, including transition metal/N-doped carbon hybrids[4], metal oxides [5],
sulfides [6], nitrides [7], have been demonstrated electroactive towards the OER process.
Among them, transition metal/N-doped carbon nanotube hybrids hold great promise as
alternative electrocatalysts in both acidic and alkaline electrolytes due to their unique
electronic, structural and mechanical properties [8,9]. Within such hybrids, the transition
metal can significantly enhance the electrical conductivity and crystallinity of carbon matrix
via catalytic graphitization during synthesis at high temperature, meanwhile the carbon
matrix helps to protect the metals from aggregation and corrosion during long-term
operation.[ 10] More importantly, recent studies reveal that foreign heteroatoms (e.g., N) can
modify the charge distribution on the carbon surface and induce numerous reactive sites,
thereby leading to the enhanced OER catalytic activities [11,12].

The N-doped carbon nanotubes (N-CNTs) have conventionally been synthesized via
chemical vapor deposition (CVD) [13], or arc-discharge processes under an NHz atmosphere
[14]. Despite great progress in their synthesis, these synthetic processes usually require
expensive equipment and harsh reaction conditions such as high temperature and careful
handling of small molecules (CH4, C;H,, NH3, etc.), resulting in high cost and high-energy
consumption. Instead of using gaseous precursors, solid-phase precursors have recently been
explored to obtain N-CNTs under mild conditions. For example, Chen et al. and co-workers
reported the synthesis of CoNi/N-CNTs hybrid with a relatively low product yield of ~19 wt.%
by direct carbonization of premixed metal salts and urea at 900 °C in inert gas [15]. Dai et al.
and co-workers synthesized N-CNTs as electrocatalysts for oxygen reduction reaction (ORR)
by pyrolysis of the as-prepared conjugated polycarbazoles at 900 °C in N», followed by NH;
activation [16]. However, the solid-phase reaction either requires high temperature or
complex synthetic process, which greatly hinders their large-scale applications. Overall, the
previously reported synthesis strategies of N-CNTs suffer from high cost, low yield and
complicated procedures, mainly due to the use of expensive equipment and precursors as well
as high temperature. Furthermore, previous studies demonstrate that high-temperature
synthesis can result in low N doping level in the CNTs because of the instability of N at high
temperature [17,18]. In this context, it is highly desirable to develop a more facile and
economical synthesis approach for the synthesis of N-CNTs with high yield, high N doping
level and favorable surface structures for electrocatalytic applications.

Metal organic frameworks (MOFs) have emerged as a new precursor for the
fabrication of N-CNTs for energy storage and conversion applications. For example, Xu et al.
and co-workers synthesized N-doped carbon nanorods from rod-shaped MOFs at 1000 °C in
Ar, showing superior supercapacitor performance [19]. Lou et al. and co-workers obtained
Co/N-CNTs frameworks via pyrolysis of Co-based zeolitic imidazolate frameworks (ZIF-67)
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at 700 °C in the presence of H, [20]. The resultant N-CNTs frameworks as OER
electrocatalysts show an overpotential of 370 mV at a current density of 10 mA/cm” and a
small Tafel slope of 93 mV/dec in alkaline medium. More recently, Yang et al. and co-
workers reported the synthesis of Ni/N-CNTs by using Ni-based MOFs as precursors at
above 700 °C, showing an overpotential of 460 mV and a Tafel slope of 106 mV/dec [21].
However, few reports of metal/N-CNTs hybrids have demonstrated excellent OER catalytic
activities comparable to commercial RuO; or IrO, catalysts. Therefore, it remains a challenge
to optimize MOF-derived metal/N-CNTs catalysts for OER applications. Many recent studies
suggest that transition metal-Ny (e.g., CoNy, FeNy) species can provide a large number of
active sites, and thus demonstrate significantly enhanced electrocatalytic activities towards
OER [22, 23, 24]. Moreover, it is generally considered that sufficient pyridinic N and
graphitic N dopants in carbon have positive impact on the OER process, mainly attributed to
the altered charge density of the N-doped carbon matrices.[25,26] Despite these recent
achievements, it still lacks simple but effective methodology to synthesize electrocatalysts
with sufficient targeted active sites such as CoNy species, topological defects (e.g., edge sites),
pyridinic and/or graphitic N dopants.

In this project, a simple and scalable synthesis of MOF-derived CoNyx@Co/N-doped
carbon tubes hybrids (denoted as CoNy@Co/NCT hereinafter) is developed via one-step
pyrolysis of ZIF-67 at a low temperature of 650 °C with the introduction of urea, which
serves as both nitrogen source and promoter of carbon tube growth. The as-obtained
CoNx@Co/NCT hybrid exhibits bamboo-like tubular structure with high density of active
sites originated from CoNy species, high nitrogen doping level and topological defects,
rendering excellent electrocatalytic activities towards OER in alkaline medium. As a result,
the as-obtained CoNy@Co/NCT hybrid shows significantly enhanced OER performance,
which outperforms most noble metal-free electrocatalysts and even commercial IrOs.
Therefore, the integration of more active species CoNy and increased N doping level in
carbon tube is an efficient way to optimize the OER performance of MOF-derived metal/N-
CNTs catalysts. We believe that this work may provide new insights into the unitization of
metal-Ny species and N dopants in metal/N-CNTs hybrids and promote their potential large-
scale application in energy conversion and storage.

4.3.2 Experimental
Synthesis of ZIF-67 polyhedrons

1.92 g 2-methylimidazole was dissolved in mixed solvents of methanol (20 mL) and
ethanol (20 mL). Then, 1.746 g Co(NOs3), 6H,0O was dissolved in another mixed solvents of
methanol (20 mL) and ethanol (20 ml) [27]. After stirring for 10 minutes, the above two
solutions were mixed and stirred constantly for 12 hours at 25 °C. The purple products were
collected by centrifugation, washed with ethanol three times, and dried at 80 °C for 12 hours
in air.

Synthesis of CoN.(@Co/NCT

The as-prepared ZIF-67 polyhedrons and urea powders were put into two separate
porcelain boats with urea powders at the upstream side of the furnace. Afterwards, the
Co@NCT products were obtained by annealing at 650 °C for 5 h in a static Ar atmosphere,
followed by post-acid washing for 12 h in 0.5 M H,SOs. The black products were collected
by centrifugation, washed with ethanol three times, and dried at 60 °C for 12 hours in vacuum.
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Materials characterizations

The crystalline structures of the as-obtained products were identified by using X-ray
diffraction (XRD) technique, and the data were recorded at a constant scanning rate of 2
°/min on a Rigaku MiniFlex X-ray diffractometer (Cu Ko radiation). The microstructures and
morphologies of samples were characterized by using scanning electron microscope (SEM).
The SEM imaging was carried out on a FEI Quanta 3D FEG FIB/SEM, which is equipped
with energy-dispersive X-ray spectroscopy (EDS).

Electrochemical measurements

To investigate the performance of the as-obtained electrocatalysts, the samples were
dipped on Ni foam with a loading amount of 0.2 mg/cm®. The electrochemical measurements
were performed by using a CHI 760D electrochemical workstation (CH Instruments, Inc.).
The platinum and Hg/HgO electrode were used as counter electrode and reference electrode,
respectively. The measured potentials vs. Hg/HgO were converted to reversible hydrogen
electrode (RHE). The oxygen evolution reaction (OER) properties of the as-prepared
catalysts were studied using linear sweep voltammetry (LSV) and cyclic voltammetry (CV).
The potential was swept at a scan rate of 5 mV/s in Ny-saturated 1M KOH aqueous solution.
The electrochemical impedance spectroscopy (EIS) measurements were carried out in the
frequency range from 10° Hz to 0.01 Hz using an electrochemical workstation (CHI 6504C).
To study the electrochemical stability of the as-prepared electrocatalysts, the cyclic
voltammetry was carried out at a scan rate of 100 mV/s.

4.3.3 Results and Discussion

The overall synthesis process of CoNx@Co/NCT hybrid is schematically illustrated in
Figure 4.3.1. First, the purple ZIF-67 polyhedrons are prepared via a precipitation method by
using cobalt nitrite as metal source and 2-methylimidazole as organic linkers at room
temperature. Subsequently, through one-step annealing treatment of ZIF-67 particles and urea
at 650 °C in Ar, the black CoNx@Co/NCT hybrid is obtained. It should be noted that a post-
acid treatment is performed in 0.5 M H,SO4 for 12 h to remove any accessible Co particles
within the CoNx@Co/NCT hybrid. Urea here plays a critical role in promoting the formation
of N-doped carbon tubes. During the annealing treatment, decomposition of urea releases
strong reducing gas NHs, which can reduce cobalt ions within ZIF-67 framework to metallic
cobalt catalysts. Simultaneously, the organic linkers can serve as both carbon and nitrogen
sources, which are catalyzed into N-doped bamboo-like carbon tubes with the assistance of
cobalt catalysts. Furthermore, NHj resulted from decomposition of urea can not only provide
additional nitrogen source to further increase the N doping level of carbon tubes but also
promote the formation of CoNy species on the surface of Co particles, which are beneficial
for boosting the OER performance. It is worth mentioning that the N-doped carbon tubes can
be formed at the temperature of as low as 650 °C in the presence of low-cost urea instead of
gaseous reducing agents (e.g., H, or NH3). Such facile synthesis method is different from all
previous reports of metal/N-doped carbon hybrids obtained from direct carbonization of
various MOFs under an inert atmosphere.
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Figure 4.3.1 Schematic illustration of the synthesis of Co particles embedded in N-doped
bamboo-like carbon tubes (CoNy@Co/NCT hybrid).

The crystal structures of the as-obtained ZIF-67 polyhedrons and MOF-derived
CoNx@Co/NCT hybrid are first identified by XRD analysis. As shown in Figure 4.3.2a, the
black XRD pattern of ZIF-67 shows major diffraction peaks from (001), (002), (112) and
(222) planes, which are well consistent with previous reports [28] As seen from the red XRD
pattern of CoNy@Co/NCT hybrid, the relative sharp diffraction peak at about 26.3°
corresponds to the C(002) plane, suggesting that carbon is crystalline in nature. The other
well-defined diffraction peaks at 44.3°, 51.5° and 76.0° match well with (111), (200) and (220)
planes of the face-centered cubic (fcc) metallic Co (PDF No. 15-0806), respectively.
Moreover, no characteristic XRD peaks of CoNy can be found in CoNx@Co/NCT hybrid,
which is probably due to its ultralow amount in the sample. However, the existence of CoNy
in the hybrid is revealed by XPS analysis presented further in the manuscript. Thus, the XRD
results reveal that the annealing of ZIF-67 at 650 °C in the presence of urea can completely
convert pure ZIF-67 particles into metallic Co/carbon hybrid.
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Figure 4.3.2 (a) XRD patterns of ZIF-67 polyhedrons and ZIF-67 derived CoNx@Co/NCT
hybrid, (b) high-resolution XPS spectra of (b) Co 2p, (¢) N 1s, and (d) C 1s, respectively.
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To study surface chemical composition of CoNy@Co/NCT hybrid, XPS
measurements are carried out for the elemental profile analysis in the region of 0-1200 eV.
Figure 4.3.2b-d exhibit survey and high-resolution XPS spectra of Co 2p, N 1s, and C 1s,
respectively. The XPS survey reveals the presence of C, N, Co and O elements. The existence
of O element is due to the formation of CoOy species on the surface of metallic Co particle,
probably resulted from exposure of samples to air. The quantitative surface atomic
percentages of C, N and Co elements in CoNy@Co/NCT hybrid are 93.33, 5.87 and 0.80%,
respectively. Figure 4.3.2b shows that high-resolution XPS spectrum of Co 2p is
deconvoluted into three peaks, CoOy (779.3 eV), CoNy (781.1 eV) and Co-C (779.9 eV),
which is consistent with previous reports [29]. By calculating the area under the fitted curve,
we can conclude the atomic concentrations of CoOy and CoNy species are 10.9 and 49.5%,
respectively. Several recent studies have demonstrated that both CoOy and CoNy can serve as
highly active sites for electrocatalytic reactions [30-32]. The formation of CoNy species is
probably due to the reaction between NHj released from decomposition of urea and surface
of metallic Co at 650 °C in Ar. The high-resolution XPS spectrum of N 1s in Figure 4.3.2c
can be deconvoluted into five peaks located at 399.5, 401.0, 401.9, 402.3 and 405.1 eV,
which correspond to pyridinic N, pyrrolic N, graphitic N, CoNy and oxygenated N,
respectively. The atomic concentrations of pyridinic N, graphitic N are 49.48 and 4.40%,
respectively, among all N. It is expected that these pyridinic N and graphitic N in carbon can
provide numerous active sites, thereby favoring the OER catalytic activities. As seen from the
high-resolution XPS of C 1s in Figure 4.3.2d, the peak at 285.5 eV corresponds to the C=N
bonding, further confirming successful N doping into CoNx@Co/NCT hybrid. Furthermore,
the XPS analysis reveals that the total atomic percentage of N dopant in CoNx@Co/NCT
hybrid is about 5.87%, which is much higher than that of previously reported Co/N-CNTs
frameworks obtained from pyrolysis of ZIF-67 at 700 °C in the presence of H, (2.4%) [35].
Thus, our work shows that urea can serve as an ideal N source to increase the N doping level
of metal/N-CNTs hybrid, which is expected to boost the catalytic activities for OER
applications.

"

Q

Figure 4.3.3 The SEM images of (a) ZIF-67 polyhedrons, (b) ZIF-67 derived
CoNx@Co/NCT hybrid, and (c) the corresponding EDS mapping of C, N and Co elements
(scale bars = 1 um).
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To study the structure and morphology change of ZIF-67 polyhedrons and ZIF-67
derived CoNx@Co/NCT hybrid, the SEM images are taken and displayed in Figure 4.3.3a
and b. From the SEM image in Figure 4.3.3a, it is clearly observed that ZIF-67 particles
possess well-defined polyhedron-like morphology and have the particle size ranging from
300~800 nm. After one-step annealing treatment at 650 °C in Ar, numerous carbon tubes are
formed. The diameter of the carbon tubes is estimated to be in the range of 30 to ~150 nm
with several microns in length. It is interesting to note that one end of carbon tubes is closed,
but the other end is open. In Figure 4.3.3c, the SEM-EDS mapping results indicate relatively
uniform distribution of C, N and Co elements in CoNx@Co/NCT hybrid. The EDS elemental
analysis shows the atomic percentages of C, N and Co are 59.0, 32.8 and 8.2%, respectively.
As discussed in the XPS analysis above, the N is successfully doped in the hybrid, forming
the CoNy species and N-doped carbon tubes. Such high N content in the hybrid is mainly
attributed to the following two reasons. First, the organic linkers within MOF and urea as
additional N precursor can provide rich N sources for the formation of N-doped product.
Second, the low-temperature synthesis (650 °C) in this work is believed to reduce the loss of
N source during the formation of CoNx@Co/NCT hybrid, and thus leads to higher N content
in our product than that in the N-doped carbons reported previously. To our knowledge, this
is one of the highest N doping level achieved for N-doped carbon materials compared to most
of previous reports [36, 37].

Figure 4.3.4 The TEM images of CoNx@Co/NCT hybrid. Red arrows in (b, c) indicate the
edges sites on bamboo-like carbon tubes. In (d), 0.36 nm corresponds to the lattice spacing on
the C (002) plane, indicated by the gold dashed lines.

To better visualize the nanostructure of CoNy@Co/NCT hybrid, TEM
characterization is carried out. As seen from Figure 4.3.4a and b, the formation of bamboo-
like carbon tubes is confirmed. The diameter of carbon tubes can be as large as above 100 nm.
Some CNTs with small diameter of about 30 nm are also observed. As shown in Figure 4a,
the carbon tube is open-ended, which is consistent with previous SEM observation.
Furthermore, numerous rumpled ridges are formed on the surface of carbon tubes, as
displayed in Figure 4.3.4b and c. Previous studies suggest that these ridge sites can provide a
large number of active sites for OER [38, 39]. Moreover, such bamboo-like tubular structure
with large tube diameter can enhance the mass transfer during the electrocatalytic reactions,
and thus improve the reaction kinetics during electrocatalytic reactions. In Figure 4.3.4d, Co
nanoparticles with a particle size of 10~20 nm are embedded within the carbon matrix. The
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above XRD, XPS, SEM-EDS and TEM analyses all clearly confirm the successful formation
of CoNx@Co/NCT hybrid with targeted active sites such as CoNy species pyridinic and
graphitic N dopants, and desirable structural properties.
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Figure 4.3.5 (a) Linear sweep voltammetry curves, (b) Tafel plots of CoNy@Co/NCT,
commercial IrO, and Ni foam recorded at a scanning rate of 5 mV/s in 1 M KOH solution for
OER, and (c) LSV polarization curves of CoNx@Co/NCT before and after 2000 CV cycles.
The recorded data were iR-corrected using the solution resistance as measured by EIS at the
open-circuit potential.

In order to evaluate the electrocatalytic activities of the as-obtained product, linear
sweep voltammetry (LSV) tests are carried out in 1 M KOH electrolyte with the
CoNx@Co/NCT hybrid supported on Ni foam as the working electrode. All the measured
potentials vs. Hg/HgO are converted to reversible hydrogen electrode (RHE). For comparison
purpose, commercial IrO, catalyst and bare Ni foam are studied under the same condition. As
shown in Figure 4.3.5a, the CoNy@Co/NCT hybrid supported on Ni foam exhibits an onset
potential as low as 1.47 V versus RHE, which is even lower than that of commercial IrO,
catalyst (1.48 V) and Ni foam (1.49 V). To examine the catalytic activity, the potential at the
current density of 10 mA/cm” is usually used as an indicator. As a result, CoN,@Co/NCT
hybrid only requires a potential of 1.52 V versus RHE to reach the current density of 10
mA/cm?, while commercial IrO, catalyst requires 1.53 V and Ni foam requires 1.57 V. Based
on the equation of overpotential (n=Erug-1.23), the required overpotential of CoNx@Co/NCT
hybrid is as low as 290 mV at 10 mA cm?, which is about 10 and 50 mV ahead of
commercial [rO, (300 mV) and bare Ni foam (340 mV), respectively.

The OER kinetics of the as-obtained electrocatalysts is further investigated by the
Tafel plots derived from LSV polarization curves, according to Tafel equation n =blog (j),
where 1 is the overpotential, b is the Tafel slope, j is the current density (Figure 4.3.5b). The
CoNx@Co/NCT hybrid display much smaller Tafel slope of 60 mV/dec in comparison with
IrO, (80 mV/dec) and bare Ni foam (117 mV/dec). The smallest Tafel slope of
CoNx@Co/NCT hybrid reveals a shortened charge transfer length and more facile charge
transfer at the catalyst/electrolyte interface, thereby leading to fast catalytic reaction kinetics
for OER. In addition to intrinsic catalytic activity, long-term durability of electrocatalysts is
another critical issue for practical application in energy conversion systems. Thus,
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accelerated cyclic voltammetry measurements of CoNx@Co/NCT hybrid are conducted for
up to 2000 cycles. As shown in Figure 4.3.5¢, even after 2000 CV cycles, the catalyst shows
a very similar LSV polarization curve with the initial one. A small potential shift of ~10 mV
is observed at a current density of 40 mA/cm® demonstrating good stability of
CoNx@Co/NCT hybrid in an alkaline medium.

Such excellent OER performance outperforms commercial IrO, and most recently
reported OER catalysts. The high catalytic activity and durability of CoNx@Co/NCT hybrid
can be attributed to the following reasons: (i) Highly active CoNy species formed on the
surface of Co particles can provide numerous active sites toward OER. (i1) Rich pyridinic and
graphitic N dopants in carbon not only function as active sites for electrocatalytic reactions
but also enhance the electrical conductivity of carbon matrices. (iii) Bamboo-like carbon
tubes can reduce the mass and charge transfer resistance and the many ridges on their surface
can also serve as active sites for OER. (iv) The interaction of Co nanoparticles with NCT is
believed to reduce the work function at surfaces of carbon tubes, making carbon tube surface
more active.

4.3.4 Conclusions

In conclusion, we demonstrate a facile strategy for scalable synthesis of MOF-derived
CoNx@Co/NCT hybrid via one-step pyrolysis of ZIF-67 at low temperature with the
introduction of urea. Here urea functions as both nitrogen source and promoter of carbon tube
growth. The as-obtained CoNx@Co/NCT hybrid possesses highly active CoNy species, rich
pyridinic and graphitic N dopants, numerous ridge sites on the surface of bamboo-like carbon
tubes, which can efficiently optimize the OER performance by offering a large number of
active sites and enhancing the mass and charge transfer for fast reaction kinetics. With many
desirable benefits in composition, morphology and structure, the resultant CoNx@Co/NCT
hybrid shows an overpotential as low as 290 mV at 10 mA cm™ with a small Tafel slope of
60 mV/dec, which exceeds most noble metal-free electrocatalysts for OER. Therefore, the
CoNx@Co/NCT hybrid holds great promise for efficient electrocatalytic water oxidation
applications.
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CHAPTER 5. METAL-ORGANIC FRAMEWORKS AS HIGH-PERFORMANCE
ABSORBENTS FOR HEAVY METAL REMOVAL FROM WASTEWATER"

5.1 Introduction

In the above three chapters, metal-organic frameworks derived nanostructures have
been developed to address the current challenges in energy-related applications including
LIBs, DSSCs and electrocatalytic water splitting. With the rapid increase of industrial and
human activities, disposal of industrial wastewater has become one of the most important
environmental issues worldwide [1,2]. Heavy metal pollution has posed a severe threat to
environment and public health since heavy metals are not biodegradable and prone to
accumulate in the environment. In addition, most of heavy metal ions even with low
concentrations are dangerous and extremely toxic to human health. For example, high
concentration of Cu®"in public drinking water systems will result in serious diseases such as
cramps, diarrhea, gastrointestinal catarrh and damage of liver and kidney [3-5]. In this
chapter, water-stable zeolitic imidazolate framework (ZIF-8) nanocrystals synthesized at
room temperature are evaluated for highly efficient removal of copper ions from aqueous
systems due to its high surface area and large porosity. The possible adsorption mechanism is
explored for the first time using various characterization techniques, such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD).

Up to date, various approaches, such as chemical precipitation [6,7], ion exchange [8],
membrane filtration [9], and adsorption [10-12], have been reported for heavy metal
wastewater treatment. Among them, adsorption has been considered as an economic and
effective approach for heavy metal wastewater treatment benefiting from its flexibility and
simplicity of design, low operation cost and good adsorption capability. Furthermore,
adsorption is partially reversible, and thus adsorbents sometimes can be recovered by proper
desorption process. Among the available adsorbents, activated carbon (AC) and carbon
nanotubes (CNTs) have been widely reported as promising adsorbents in the removal of
heavy metal ions [13-17]. However, the adsorption capacities of metal ions by AC and CNTs
are very low and the whole adsorption process usually takes several hours or even longer.
Furthermore, both AC and CNTs are expensive, which further hinders their practical
applications in heavy metal wastewater treatment. Recently, various nanosized metal oxides
(NMOs) [18-22], such as nanosized Fes;O4, Fe;Os, TiO, and CeO,, have be studied as
promising alternatives for removal of heavy metal ions from aqueous systems owing to their
high specific surface areas and high activities resulted from the so-called size-quantization
effect. Nevertheless, NMOs tend to agglomerate owing to their high surface energy; thus
adsorption capacity of NMOs would be significantly decreased. Therefore, it is highly
challenging but extremely desirable to develop low-cost adsorbents with both high efficiency
and high adsorption capacity for practical applications in removal of heavy metals from
industrial wastewater.

Metal organic frameworks (MOFs), as typical inorganic-organic hybrid crystalline
solids with well-defined nanoporous structures, have been extensively applied for wide
applications in gas separation [23], sensors [24], catalysis [25], and drug delivery [26], thanks
to their high surface area and large porosity. In recent years, MOFs have drawn more and

* Reprinted with permission from Yujie Zhang, Zhigiang Xie, Zhuqing Wang, Xuhui Feng, Ying Wang, and Aiguo Wu, Unveiling
the adsorption mechanism of zeolitic imidazolate framework-8 with high efficiency for removal of copper ions from aqueous
solutions. Dalton Trans., 2016, 45, 12653-12660. Copyright 2016 The Royal Society of Chemistry.
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more attention as new adsorbents for the applications in heavy metal wastewater treatment.
For example, metal-organic framework Cu3(BTC), with thio/thiol-functional groups have
been reported for efficient removal of both mercury and lead ions [27]. Cu-based MOF
Cu3(BTC), with sulfonic acid functional groups demonstrated high adsorption capability and
selectivity of cadmium ions in water [28]. Zr-based MOFs were also reported for selective
removal of Cu®" over Ni*" in water [29]. However, the aforementioned MOFs were mainly
prepared using hydro/solvothermal, sonochemical and microwave methods, which generally
require time-consuming process, expensive equipment and/or high temperature procedure.
Furthermore, surface functionalization of MOFs with specific functional groups is usually
needed for removal of heavy metal ions, which requires complicated, tedious processes and
very careful control of reaction conditions such as concentration of the reactants and pH
value in the solutions, posing big challenges for potential large-scale production of high
efficient adsorbents.

In this project, water-stable zeolitic imidazolate framework (ZIF-8) nanocrystals
synthesized at room temperature are tested for highly efficient removal of copper ions from
aqueous systems. As a result, ZIF-8s demonstrate unexpectedly high removal efficiency and
high adsorption capacities of Cu®" over other heavy metal ions. The possible adsorption
mechanism is explored for the first time using various characterization techniques, such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD).

5.2 Experimental

All the analytical reagent-grade chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) without further purification. Aqueous solution of Cu
(1000 mg L) was prepared by dissolving Cu(NOs), in deionized water. Other concentrations
were prepared by successively diluting the initial solution. The pH of the solutions was
adjusted by using NaOH or HCIL. Milli-Q water (18.2 MQ.cm)was used throughout the
experiments.

Synthesis of ZIF-8 crystals

ZIF-8 crystals were prepared as follows: First, 0.81 g 2-methyimidazole was mixed
with 25 mL methanol; after the solid was totally dissolved in the solvent, 0.7 g
Zn(NO3),-6H>O with 25 mL methanol was added into the solution. The mixture was stirred
for 5 h. The solid was collected by centrifuging the mixture at 3000 rpm for 10 min and
washed with methanol for at least three times. The collected solid was then dried at 75°C
overnight.

Adsorption test

In a typical adsorption test, ZIF-8 was first ground into powder, and then 30 mg ZIF-8
was added into 90 mL aqueous solution containing Cu®". The mixture was treated with ultra-
sonication for 2 min and stirred for 30 min, and then separated by using needle filter with
pore diameter of 200 microns. The rest of heavy metals in the aqueous systems was detected
and analyzed via ICP-OES. It should be noted that all the reported data for adsorption tests in
this work were the average of at least three replicates for each experiment.

Characterizations
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The concentration of heavy metallic ions was determined using an inductively
coupled plasma optical emission spectrometer (ICP-OES, PE Optima 2100DV, Perkin-Elmer,
USA). Gas sorption analyses were conducted via Quantachrome Instruments Autosorb-iQ
(Boynton Beach, Florida USA) with extra-high pure nitrogen. Transmission electron
microscope (TEM) images were recorded on a JEOL 2100 instrument (JEOL, Japan) with an
acceleration voltage of 200 kV. For TEM analysis, the samples were prepared by drop
casting the dispersions onto carbon-coated copper grids, which were air-dried subsequently.
Fourier transform infrared spectroscopy (FTIR) data were collected in the wavenumber
ranging from 4000 to 400 cm™ on Nicolet 6700 fourier-transform infrared spectrometer using
KBr pellets. X-ray photoelectron spectrometer (XPS) was carried out using an AXIS Ultra
DLD instrument with Mg Ka radiation as the X-ray source and all the binding energies were
referenced to C Is peak at 284.8 eV The phase structure of ZIF-8 before and after adsorption
was analyzed on an X-ray diffractometer (XRD, D8 Advance, Bruker AXS, Germany). The
morphology and chemical distribution of the samples were conducted using a field emission
scanning electron microscope (FESEM) (TM-1000, Hitachi, Japan). For XPS, SEM and XRD
analysis, the samples were prepared by drop casting the dispersions onto silicon pellet (for
XPS and SEM) and glass plate (for XRD), which were subsequently dried in a closed dryer.

5.3 Results and discussion
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Figure 5.1 Effect of pH, contact time and temperature on Cu”" adsorption by ZIF-8 (initial
Cu’" concentration: 120 mg L™, 120 mg L™, 150 mg L™, respectively)

Effect of pH

One of the major factors affecting the Cu®’ adsorption capacity and removal
efficiency is the pH value of the solutions, since pH may not only change the speciation of
metal ions, but also influence structural stability and surface charges of the adsorbent.
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Therefore, 30 mL Cu®" solution (120 mg L) with the pH range of 2 to 6 is prepared, the
adsorption time and temperature are fixed at 1 hour and 25 °C respectively. The effect of pH
on the adsorption property of ZIF-8 for Cu" is investigated as shown in Figure 5.1a. The
adsorption quantity increases significantly with the increase of pH value from 2.5 to 3, and
remains unchanged with further increase of pH of the solution. It is found that only less than
20% Cu®" is adsorbed when the pH of solutions is below 3. It might be attributed to
protonation of the amino moiety of ZIF-8, which reduces the coordination ability between
nitrogen atom and Cu®" [30]. It might also be due to the unstability of ZIF-8 under strong
acid condition. When the pH value is increased from 3 to 6, the adsorption quantity almost
remains constant, indicating that pH does not affect the adsorption property of ZIF-8 under
these conditions. However, when pH is higher than 6, precipitation of cupric hydroxide may
be formed with higher concentration of Cu®" (the Ksp of Cu(OH), is 2.2x107% [30].
Therefore, the adsorption experiments are not investigated when pH is higher than 6. Finally,
pH is optimized from 4 to 5, and ZIF-8 remains stable within this range. Moreover, neither
protonation of amine moiety nor precipitation of cupric hydroxide occurrs, which is
beneficial to the adsorption of Cu®". To further study the stability of pure ZIF-8 sample in
acid solutions, we tested and analyzed the concentrations of Zn”" release in various aqueous
solutions with different pH values using the inductively coupled plasma optical emission
spectrometry (ICP-OES) technique. It is found that there is almost no Zn”' release at pH 5-6,
indicating that ZIF-8 is very stable in such a weak acid solution. Even in a strong acid
solution at pH 3-4, only less than 10% of Zn*" release occurs. However, in a stronger acid
solution at pH 2, a high percentage of Zn>" release (57%) is observed, suggesting that ZIF-8
would decompose in such a strong acid solution. Such results are consistent with the
adsorption performances of ZIF-8 on the Cu*” removal in aqueous solutions with pH values
ranging from 2 to 6.

Effect of contact time

The effect of contact time on the adsorption property of ZIF-8 is investigated in a
solution with pH of 4 at 25 °C. As displayed in Figure 5.1b, the rate of adsorption is very fast.
The uptake of Cu®" by ZIF-8 is 85% within 2 min, and reaches 95% in less than 10 min. The
high adsorption rate of ZIF-8 is likely due to the high specific surface area of ZIF-8 (1340 m’
g"') and a large number of amino moiety on the surface of ZIF-8 [31]. To the best of our
knowledge, such impressive adsorption efficiency is much higher than existing adsorbents for
removal of Cu”" from aqueous systems [32-34]. In order to make sure the adsorption
completed with higher Cu®" concentration, the contact time of 30 min is chosen.

Effect of temperature

Adsorption test is carried out in a range of 20-60 °C with the pH of 4, and the
adsorption time and Cu®" concentration are fixed at 30 min and 150 mg L™ respectively. The
effect of temperature on Cu®" adsorption by ZIF-8 is shown in Figure 5.lc, from which we
can observe that adsorption quantity is almost the same from 20 to 35 °C and increased with
the further increase of temperature from 35 to 50 °C, indicating that the adsorption process is
an endothermic adsorption reaction.

Effect of initial Cu’" concentration
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Figure 5.2 Effect of Cu®" concentration on ¢ value of ZIF-8(a, black), the release of Zn*'(a,
red) and removal efficiency of Cu’™ (b)

In order to determine the maximum adsorption capacity of ZIF-8, 10 mg ZIF-8 is
equilibrated with 30 mL Cu®" solutions with concentrations ranged from 2 to 420 mg L' for
30 min. The results in Figure 5.2a show that the amount of Cu®" adsorbed per unit mass of
ZIF-8 (¢, mg g) is increased with the increase of the initial concentration of Cu**. The
obtained ¢ value reaches approximately 800 mg g when the initial concentration of Cu”" is
420 mg L'l, which is higher than most of other adsorbents [30,35,36]. In order to ascertain
the reason for the unexpected high ¢ value, the solution after adsorption is analyzed in details
and release of Zn®" is found. From Figure 5.2a, we can see that the release amount of Zn>"
increases with the increase of Cu>" concentration and then remains constant until the Cu®"
concentration is more than 200 mg L™, which may reveal that Zn®" in ZIF-8 has been
completely replaced by Cu®". However, the ¢ value of ZIF-8 increases continually as Cu®"
concentration increases from 200 to 420 mg L', which is likely due to the coordination
reaction between Cu”" and nitrogen atom on 2-methyimidazole.” Under optimal experimental
conditions (time = 30 min, pH = 4), when the initial concentration of Cu”" is 114 mg L™, the
removal efficiency of Cu’" is up to 97.2% (Figure 5.2b). Moreover, when the initial
concentration of Cu®" is 2 mg L, the removal efficiency is up to 96% and the rest
concentration of Cu”" is 0.085 mg L', which is much lower than the maximum allowed
concentration of Cu®” in drinking water defined by the US EPA (1.3 mg L™). These results
demonstrate that the as-prepared ZIF-8 is applied to treat wastewater with both high and low
concentration, which is an important indicator for good adsorbents.

Figure 5.3 TEM images of ZIF-8 (a) before and (b) after adsorption (Cu>" concentration of
150 mg L)
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Investigation of mechanism of adsorption

TEM analysis

The structure of ZIF-8 before and after adsorption is characterized by TEM as shown
in Figure 5.3. Before adsorption, ZIF-8 is a hexagonal structure with a particle size of 30 - 70
nm (Figure 5.3a). However, after reacting with Cu®" solution, the hexagonal structure is
destroyed. The edges of the adsorbent become smoother and new material with smaller size is
formed. According to the adsorption data, structural change of ZIF-8 after Cu®" adsorption
can be presumably due to the ion exchange between Cu”" and Zn”".

FTIR analysis
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Figure 5.4 FTIR spectra of ZIF-8 (a) before and (b) after adsorption (Cu>” concentration of
150 mg L)

The FTIR spectra of ZIF-8 before and after adsorption of Cu®" are shown in Figure
5.4. The spectra for ZIF-8 are analyzed as follows: C-N stretching on the imidazole rings,
3136 cm'lg C-H stretching of -CHj3, 2960 and 2929 cm'l; the C=N stretching, 1589 cm']; Zn-
N stretching, 420 cm™. After reacting with Cu®" solutions, a new peak is observed at 511 cm™,
which should be contributed to Cu-N stretching, indicating that Cu”" has been connected onto
ZIF-8 through ion exchange or coordination reaction.

XPS analysis
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Figure 5.5 N XPS spectrum of the sample before (a) and after (b) adsorption, Zn (¢) and Cu
(d) XPS spectrum of the sample after adsorption (Cu®" concentration of 150 mg L™)

XPS analysis is also used to investigate the state change of ZIF-8 before and after
adsorption of Cu”" (Figure 5.5). The binding energy for N 1s in ZIF-8 is about 399 and 400.3
eV, corresponding to C-N and C=N in 2-methylimidazole, respectively. After reacting with
Cu”" solution, the two peaks of N 1s for 2-methylimidazole still exist, and a new peak at
~403.4 eV appears, due to the coordination reaction between nitrogen atom and Cu®’.
Moreover, the peaks for Zn 2p with the binding energy of 1022 and 1045 eV still exist after
adsorption of Cu®", which means that the structure of ZIF-8 is partialy preserved under this
condition. The peaks for Cu 2p appear after adsorption, demonstrating that Cu®" has been
adsorbed onto ZIF-8.

XRD analysis
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Figure 5.6 Powder X-ray diffraction patterns of ZIF-8 before and after adsorption.

In order to explore the reaction product when Zn®" in ZIF-8 is replaced by Cu®"
completely, the Cu®" concentration of 300 mg L™ is used in the adsorption experiment and
powder X-ray diffraction experiments are carried out to study the phase and structure of ZIF-
8 before and after adsorption, as shown in Figure 5.6. The major sharp diffraction peaks are
presented in the case of ZIF-8, which is similar to the data published in other articles,’’
indicating that the as-prepared ZIF-8 is a single pure phase without impurity. However, after
reacting with Cu”" solution, almost all of the peaks for ZIF-8 disappear, and a wide peak with
20 at about 12.6° is presented, which means the structure of ZIF-8 has been completely
changed by Cu®" and new complex formed. In addition, it is found that after white ZIF-8
powders are added into the colorless aqueous solution containing Cu®’, the solution turns
blue, which further confirms the likely formation of copper complex.

SEM-EDS mapping analysis

Figure 5.7 SEM-EDS mapping of ZIF-8 (a) before adsorption and (b) after adsorption.

87



The distribution of elements for ZIF-8 before and after adsorption is also analyzed by
SEM-EDS mapping. As displayed in Figure 5.7a. we can see that ZIF-8 is made up of carbon,
nitrogen and zinc, and these three kinds of elements distributed adequately in ZIF-8.
However, as shown in Figure 5.7b, after reacting with Cu’" solution, zinc element
dissappears, and copper elements appear in the solid, indicating that Zn*" is replaced by Cu*"
completely. And a small amount of Cl and O elements appear, possibly due to the pH
regulation of the solutions and the formation of cupric hydroxide, respectively.

The adsorption mechanism
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Figure 5.8 The schematic showing the adsoprtion mechanism of Cu®" in aqueous solutions by
ZIF-8 nanocrystals. (a) Ion exchange reaction at low concentration of Cu®"; (b) Coordination
reaction between Cu”” and nitrogen atom on 2-methylimidazole at high concentration of Cu®".

From the adsorption data and various characterization results, we can deduce a
adsorption mechanism for our work (Figure 5.8). During the adsortpion process of Cu*, Zn*"
in ZIF-8 is replaced by Cu*" and new complex is formed. The reasons are: (1) Due to the
similar atomic radius between Zn and Cu, Zn*" in ZIF-8 can be easily replaced by Cu*"; (2)
The valence electron layer structure of Zn*" is more stable than that of Cu®’, thus the
chemical coordination ability of Cu®" is stronger than that of Zn*" [37]. After Zn”" is replaced
by Cu®" completely, as shown in Schemela, the adsorption amount per unit mass of ZIF-8
continuely increases due to the coordination reaction between Cu®" and nitrogen atom on 2-
methylimidazole, as shown in Scheme 1b. Therefore, the adsorption process of Cu** by ZIF-8
involves ion exchange when the concentration of Cu*" is lower than 200 mg L and
coordination reaction when the concentration of Cu®" is higher than 200 mg L™
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5.4 Conclusions

In this study, ZIF-8 nanocrystals are synthesized at room temperature and used as
adsorbent for removal of Cu®" from aqueous solutions. It is found that: (i) pH shows little
effect on the adsorption of ZIF-8 when the pH of the solution is between 3 and 6. (i1) ZIF-8
exhibits fast kinetics for highly efficient removal Cu®" with an adsorption time of less than 30
min. (iii) ZIF-8 demonstrates high adsorption capacities of Cu®", about 800 mg g, when the
initial concentration of Cu®" is 420 mg L. (iv) ZIF-8 demonstrates high removal efficiency
with both high and low concentration of Cu®". (v) The adsorption mechanism contains the ion
exchange process and coordination reaction.
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CHAPTER 6. CONCLUSIONS

This dissertation presents six research projects on exploration of metal-organic frameworks
derived nanomaterials with desirable structures, morphologies and compositions for energy
and environmental applications. In brief, the first two projects are focused on synthesis of
ZIF-8 derived N-doped porous carbon and ZIF-67 derived ultrafine Co304
nanoparticles/carbon nanotubes as high-performance anode materials for Li-ion batteries. The
third project is to synthesize CoNi alloy embedded carbon nanocages by using bimetallic
organic frameworks as precursors/templates for dye-sensitized solar cells (DSSCs). In
addition, MOFs-derived CoNi and CoNx@Co/N-doped carbon tubes as low-cost
electrocatalysts are synthesized and evaluated for efficient oxygen evolution reaction (OER).
The last project is to study ZIF-8 as an efficient absorbent for removal of Cu ions from water.
The conclusions from these projects are as follows:

A sandwich-like, graphene-based porous nitrogen-doped carbon (PNCs@Gr) has
been prepared through facile pyrolysis of zeolitic imidazolate framework nanoparticles in situ
grown on graphene oxide (GO) (ZIF-8@GO). Such sandwichlike nanostructure can be used
as anode material in lithium ion batteries, exhibiting remarkable capacities, outstanding rate
capability, and cycling performances that are some of the best results among carbonaceous
electrode materials and exceed most metal oxide-based anode materials derived from metal
orgainc frameworks (MOFs). Apart from a high initial capacity of 1378 mAh g™' at 100 mA
g ', this PNCs@Gr electrode can be cycled at high specific currents of 500 and 1000 mA g
with very stable reversible capacities of 1070 and 948 mAh g’ to 100 and 200 cycles,
respectively. At a higher specific current of 5000 mA g ', the electrode still delivers a
reversible capacity of over 530 mAh g ' after 400 cycles, showing a capacity retention of as
high as 84.4%. Such an impressive electrochemical performance is ascribed to the ideal
combination of hierarchically porous structure, a highly conductive graphene platform, and
high-level nitrogen doping in the sandwich-like PNCs@Gr electrode obtained via in situ
synthesis.

Cobalt oxides are attractive high-capacity anode materials in lithium ion batteries yet
suffer from fast capacity fading and low rate capability. To overcome these challenges, well-
dispersed ZIF-67 derived cobalt oxide nanoparticles encapsulated within a flexible single-
walled carbon nanotubes matrix (marked as Co3;04 NPs@SWCNT) has been syntheized, for
the first time, through a facile evaporation-induced self-assembly (EISA) of singlewalled
carbon nanotubides (SWCNTDs). By varying the loading amount of Co3O4 content in the
composite, the optimal Co304 NPs@SWCNT exhibits a high capacity of 1286 mAh g after
140 cycles at 100 mA g '. Such impressive electrochemical properties are mainly ascribed to
the synergic effect of Co3O4 nanoparticles and SWCNTs in the heterostructure, in which the
robust SWCNTs not only offer excellent strain accommodation of the encapsulated Co3O4
upon long-term cycling, but also significantly enhance overall electric conductivity and
mechanical stability of the electrodes.

The commercialization of dye-sensitized solar cells (DSSCs) has been severely
hindered by high cost and scarcity of Pt as counter electrode (CE) materials. To synthesize
low-cost Pt-free CE materials with ideal combination of high electrical conductivity,
excellent catalytic activity, as well as satisfactory long-term electrochemical stability, a new
synthesis approach has been developed to prepare CoNi@carbon nanotubes embedded
carbon nanocages (CoNi@CNTs-C) as a low-cost CE in DSSCs for the first time, by
applying Co/Ni bimetallic metal organic framework (MOF) as the template. It is found that
the DSSC efficiency can be maximized by simply optimizing the ratio of Ni*”Co*" precursor
concentration during the synthesis. As a result, the DSSC based on the CE of CoNi@CNTs-
C-200 with a Co/Ni atomic ratio of 9:1 exhibits optimal performance with a remarkable
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power conversion efficiency (PCE) of 9.04%, showing ~15% overall PCE enhancement
compared to Pt CE (7.88%). Notably, the CoNi@CNTs-C-200 CE also demonstrates
excellent long-term electrochemical stability over 300 cyclic voltammetry cycles, which is
even superior to that of conventional Pt CE.

The major challenge of electrocatalytic water splitting for hydrogen production is the
sluggish kinetics of oxygen evolution reaction (OER). A facile synthesis has been developed
to obtain CoNi alloy embedded carbon nanocages through one-step annealing treatment of
bimetallic organic frameworks as the precursors for application as efficient and economical
electrocatalysts for OER. As a result, the optimized CoNi-C-200 sample with a Co/Ni atomic
ratio of 9:1 exhibits a low overpotential of 408 mV at a current density of 10 mA cm >
Moreover, it shows an excellent long-term stability during 5000 CV sweeps. Such improved
performance can be attributed to the unique morphology and the synergistic effects of CoNi
alloy nanoparticles and conductive carbon matrix in the composite.

In addition to CoNi alloy embedded carbon nanocages, a simple and scalable
synthesis has been developed to obtain CoNy@Co/N-doped carbon tubes hybrid. The
resultant CoNx@Co/NCT hybrid exhibits bamboo-like structure with high density of active
sites originated from abundant CoNy species, high nitrogen doping level and topological
defects, rendering excellent electrocatalytic activities towards OER in alkaline medium. As a
result, the as-obtained CoNx@Co/NCT hybrid shows an overpotential of as low as 290 mV at
a current density of 10 mA cm™ with a small Tafel slope of 60 mV/dec, which outperforms
most noble metal-free electrocatalysts and even commercial IrO,.

Without any surface functionalization or pretreatment, water-stable zeolitic
imidazolate framework (ZIF-8) synthesized at room temperature are directly used as a highly
efficient adsorbent for removal of copper ions from aqueous solutions. To experimentally
unveil the adsorption mechanism of Cu®* by ZIF-8, we explore various effects from a series
of important factors, such as pH value, contact time, temperature and initial Cu*"
concentration. As a result, ZIF-8 nanocrystals demonstrate unexpected high adsorption
capacity of Cu®" and high removal efficiency for both high and low concentration of Cu*"
from water. Moreover, ZIF-8 nanocrystals possess fast kinetics for removing Cu®” with the
adsorption time of less than 30 min. In addition, the pH of solution ranging from 3 to 6 shows
little effect on the adsorption of Cu®" by ZIF-8. The adsorption mechanism is proposed for
the first time and systematically verified by various characterization techniques, such as TEM,
FTIR, XPS, XRD and SEM.
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