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Abstract 

With the rapid development of society, the soaring consumption on fossil energy and 

the heavy environmental deterioration, looking for sustainable and clean energy such 

as solar, wind, hydrogen, has become the top priority for improving the environment 

pollution and accelerating the economic growth. However, the time and region 

limitation unable to meet the regional demand of energy, therefore, the research of 

effective energy storage and conversion (EESC) devices has become the research 

priorities. Lithium ion batteries (LIBs) as one of the EESC devices have been studied 

by many research groups. Oxygen evolution reaction (OER), as the anode reaction in 

water splitting and positive electrode charging reaction in metal-air batteries, plays a 

crucial role in the field of EESC. Composites of carbon material and metal oxide (or 

hydroxide) with their intrinsic properties can be used in the above two field as an anode 

or an electrocatalyst, respectively. But the common preparation method published in 

most articles for this type of composites usually contains two steps: first, the carbon 

materials should be oxidized to introduce oxygen functional groups to react with metal 

ions, then followed with hydrothermal reaction to make sure the reaction happened 

between oxidized carbon material and metal ions and finally to generate the composites 

of carbon materials and metal oxides.  

Herein, Fenton reaction with Fenton reagents (Fe2+-H2O2) was used to synthesize 

composites of carbon material and metal oxides (or hydroxides). Because carbon 

material could be firstly oxidized by Fenton reagents and secondly Fe3+ in Fenton 

reagents can be used as iron sources. Hence, in this work, composites of Fe(OH)3 and 

expandable graphite nanosheets (Fe(OH)3/EG), Fe(OH) 3 and multi-walled carbon 
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nanotubes (Fe(OH)3/MWCNTs), Fe2O3/MWCNTs, NiFe layered double hydroxides 

and MWCNTs (NiFe LDHs/MWCNTs) were prepared by Fenton reaction with 

sonication assistance. and Fe2O3/MWCNTs used as anode material in LIBs and NiFe 

LDHs/MWCNTs used as electrocatalyst for OER were investigated, respectively. 

Firstly, after a series of comparison, acidified EG after dealing with Fenton reaction 

(AEG-F) show higher capacity than that of EG after reacting with Fenton reaction (EG-

F), because surface of AEG has oxygen functional groups which can easily react with 

Fenton reagent, while EG with worm-like structure were not easily reacted with Fenton 

reagents due to the thick layered structure. However. considering the energy 

consumption and side-product generated in the process of preparing AEG by 

concentrated sulfuric and nitric, AEG is not suitable as a raw material for preparing 

composite used in this work. MWCNTs as a type of carbon materials show high 

conductivity and have network structure which is beneficial for MWCNTs applied as 

the substrate for preparing composites of carbon materials and metal oxides (or 

hydroxides). After Fenton reaction, MWCNTs-F have high capacity due to the network 

structure and high conductivity of MWCNTs compared with EG-F. Considering the 

temperature influence on particle size and crystal structure of metal hydroxide in the 

process of crystallization, hydrothermal treatment was applied after Fenton reaction 

which was named as EG-F-H and MWCNTs-F-H, respectively. However, the results 

show that MWCNTs-F without hydrothermal reaction has higher capacities than that 

of MWCNTs-F-H. Because the particle size of metal hydroxide on MWCNTs-F surface 

is smaller than that of MWCNTs-F-H, and part of metal hydroxide particles located on 

the surface of MWCNTs-F could drop down to the solution during the hydrothermal 
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reaction. And EG-F also show a higher capacity than that of EG-F-H. In the Fenton 

reaction process, sonication was used to enhance the reaction. Hence, the optimized 

sonication time was also selected according to the properties of composites and the 

optimized sonication time is 3h. 

Composite of Fe2O3/MWCNTs was prepared by Fenton reaction with a  heat treatment 

(200℃) to ensure that Fe(OH)3 was transferred to Fe2O3. It was characterized by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), Fourier-transform infrared 

spectroscopy (FT-IR) etc. The XRD and Selected area electron diffraction (SAED) 

display that Fe2O3 in the composite has an amorphous structure, and SEM shows Fe2O3 

nanoparticles load on MWCNTs surface. This indicates that MWCNTs was oxidized 

by Fenton reagents and introduced oxygen functional groups with negative charge.  The 

electrostatic interaction between MWCNTs and iron ions with positive charge finally 

promote the production of composite of Fe2O3/MWCNTs. The electrochemical 

measurement for composite used as an anode in LIBs shows that the composite of 

Fe2O3/MWCNTs exhibits an excellent cycle performance with a reversible capacity of 

900 mAh/g at 500 mA/g after 500 cycles and a high rate capability of 785 mAh/g at a 

high current density of 2 A/g. It is ascribed that the random ordered amorphous structure 

of Fe2O3 decreases the ion pathway and increase the diffusion of Li ions.  The 

MWCNTs substrate provides an electronic path way and promotes the charge 

transportation and enhances the rate capability. 

Herein, NiFe LDHs/MWCNTs as an electrocatalyst used as a type of EESC was also 

synthesized by obtained by Fenton reaction followed with a coprecipitation process. Ni 

ions was simply added into the suspension of MWCNTs after the process of Fenton 

https://cn.bing.com/dict/search?q=electrostatic&FORM=BDVSP6&mkt=zh-cn
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reaction under pH=9-10, NiFe LDHs/MWCNTs was obtained. XRD and SAED images 

indicate that the composites have low crystalline structure because the temperature and 

pressure used in this reaction is room temperature and atmospheric pressure with short 

reaction time.  Linear sweep voltammetry (LSV), Chronopotentiometry (CP) and multi-

CP were used to test their electrocatalytic properties. The results show that F(3-1)3 

(named based on total ration and molar ratio between Ni: Fe explained in experimental 

part) displays excellent electrocatalytic properties with small overpotential of 212 mV 

and 283 mV at 10 mA/cm2 and 100 mA/cm2, respectively, and a few Tafel slope of 

64.46 mV/dec. The outstanding electrocatalytic performance is traced to the low crystal 

structure of NiFe LDHs nanoparticles which could expose more active sites and 

facilitate the reaction between electrode and electrolyte. MWCNTs is also responsible 

for the excellent electrocatalytic properties, because MWCNTs enhance the 

conductivity of composites and improve the kinetic of OER.  
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Chapter 1 Introduction 

1.1 Research Background  

Due to the environmental pollution, global warming, and the urgent need for energy, 

looking for clean and sustainable energy to alter fossil fuel has become a biggest 

challenge (Gür (2018)). However, the renewable energy sources such as solar, wind, 

geothermal heat were usually limited by time and location. Hence, electrochemical 

EESC are considered as  effective ways to meet the need of global energy demand by 

storing and transportation (Hector D. Abruna 2008, Bruce Dunn 2011).  

LIBs as one type of EESC devices commonly has high energy density, high voltage 

range, low-self discharge. since it was initial commercialization in 1991 by Sony 

company, it has attracted tremendous attention, especially focused on materials (Huang 

et al. 2018). However, graphite as commercial anode materials in LIBs has a relative 

low capacity of 372 mAh/g. Therefore, a great of work have been devoted to develop 

an effective anode material with high capacity, long-cycling life (Mishra et al. 2018). 

Transition metal oxides (TMOs) are usually used as anode materials in LIBs, because 

of their abundance, low cost, and high theoretical capacities. However, the low 

conductivity and significant volume change during the process of charge-discharge of 

TMOs limit their practical application in the field of LIBs.  To resolve these issues, 

many useful approaches such as nanosizing, combing with other conductive materials, 

hierarchical structure designing have been widely studied in the past decades (Roy and 

Srivastava 2015, Srivastava et al. 2015, Zhang et al. 2018a).  

 OER as a positive electrode charge reaction in fuel cells and an anode reaction in water 

splitting have widely application. However, OER is a four electron-proton coupled 
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reaction, high energy is needed to break the kinetic barrier to promote the reaction. 

RuO2 and IrO2 as the typical OER electrocatalysts are too expensive to use in OER. 

Oppositely, TMOs or transition metal hydroxides especially layered double hydroxides 

(LDHs) (Ni, Fe, Co) (Han et al. 2017, Mahala, Sharma and Basu 2018, Zhou et al. 2017, 

Wu et al. 2018c) have been verified to have excellent electrocatalytic performance for 

OER. However, the similar problem like TMOs used in LIBs, the low conductivity and 

unstable structure also hamper their wide application. Hence, combining with 

conductive substrate, hierarchical structure designing, doping with other atoms, 

introducing defects are the effective way to enhance their electrocatalytic performance 

for OER (Wang, Dastafkan and Zhao 2018b, Lu et al. 2017). 

Carbon materials, such as graphene, MWCNTs etc. are common substrate used to 

enhance the conductivity of TMOs. The advantages for carbon materials combined with 

TMOs are (i) enhance the conductivity of TMOs or LDHs, and further increase the 

kinetic of reaction, (ii) impede the aggregation of TMOs or LDHs in the reaction 

process and hence, stabilize the structure change and enhance the stability of reaction, 

(iii) the synergetic effect between each other promote the uniform disperse of TMOs or 

LDHs  and increase active surface area (Zhou et al. 2011, Du et al. 2014).    

The common methods used to synthesize composites of carbon and TMOs or LDHs 

were categorized into two approaches: post immobilization and in situ binding (Khan 

et al. 2015).  Post immobilization is a method that carbon materials directly mixed with 

the pre-synthesized TMOs or LDHs, is was combined by surface functionalized groups 

which added before mixing. However, in this process, the particles of TMOs or LDHs 

may aggregate together on the surface of carbon which cause low electrochemical 
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property. In situ binding method is a type method that TMOs or LDHs particles can 

directly grow on the carbon substrate. And this method with well dispersed TMOs or 

LDHs product, uniform size structure has gradually replaced post immobilization. 

because materials prepared by post immobilization exist weak interaction between 

carbon materials and TMOs or LDHs and the non-uniform dispersion of TMOs or 

LDHs particles on the carbon substrate caused inferior properties when these materials 

used as anode materials in LIBs and electrocatalyst catalysts in OER. In-situ binding 

method such as hydrothermal reaction, solvothermal reaction, chemical bath deposition 

(CBD), carbon substrates often need to be oxidized by strong acid treatment or plasma 

treatment. For example, graphene often was oxidized to form graphene oxides by 

modified Hummers method, and MWCNTs were oxidized by acid treatment in 

concentrated nitric acid and sulfuric acid, in this process, large amount of acid was 

generated and the reaction is fierce. Therefore, methods for oxidizing were time 

consumable, environmentally unfriendly(M.  Li 2014).   Hence, looking for a green and 

scalable method for synthesizing composites of carbon and TMOs or LDHs used as 

anode in LIBs or electrocatalyst in OER is important. 

1.2 Aim and Objectives 

The aim of this work is to prepare composites of Fe2O3/MWCNTs and NiFe 

LDHs/MWCNTs by a simple way. because most methods used to prepare composite 

of Fe2O3/MWCNTs and NiFe LDHs/MWCNTs include two steps: firstly, MWCNTs 

are oxidized by strong acid to remove impurities and introduce oxygen functional 

groups, and then the oxidized MWCNTs react with iron salt to form composites of 

Fe2O3/MWCNTs and NiFe LDHs/MWCNTs. In this work, Fenton reaction is applied 



4 
 

to introduce oxygen functional groups and simultaneously one of Fenton reagents, 

ferrous sulphate used as iron precursor can form iron hydroxide and form bimetal 

hydroxides with nickel ions. Sonication was used to assist the reaction to accelerate the 

reaction.  

Fenton reaction usually used to oxidize organic contaminant to inorganic ions, carbon 

dioxide, water (Enric Brillas 2004).  hydroxyl radical (HO˙) generated by Fenton 

reagent-Ferrous salt and hydrogen peroxide (Fe2+-H2O2), were used to oxidize 

MWCNTs. The results show some oxygen-containing functional groups such as COOH, 

OH, and quinone generated in this process (Li et al. 2005). Fenton reaction with the 

assistant of sonication or photo  to fabricate graphene quantum dots (GQDs) were also 

reported (Parimal Routh 2013, Li et al. 2005, Hao Bai 2014), in this process, graphene 

oxides with underlying C-C bonding is ruptured into small pieces which was called 

GQDs, the sonication or ultraviolet irradiation used to accelerate the reaction. It is 

indicated that the Fenton reaction could oxidize graphene oxide However, no one 

reported the preparation of composites of carbon materials (e.g., Carbon nanotube, 

graphene nanosheets,) and metal oxide by this method.     

In this work, one simple method was used to fabricate composites of Fe2O3/MWCNTs 

and NiFe LDHs/MWCNTs. In the process of reaction, based on mechanism mentioned 

in Li’s work (Li et al. 2005), hydroxyl radical generated in the process of Fenton 

reaction was recognized as one of the most active oxidants, and can introduce some OH, 

COOH and quinone oxygen containing groups on the plane and edge of carbon 

materials, and hence, after oxidizing, Fe2O3/MWCNTs or NiFe LDHs can be formed 

by electrostatic interaction between positive metal ions and negative oxygen groups. 
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1.3 Structure of the Thesis 

The structure and content of thesis are briefly introduced in the following: 

Chapter 1: briefly introduce the background of this research, aim and objectives, and 

the structure of this thesis. 

Chapter2: introduce a review of research on LIBs and OER, including the preparation 

method for synthesizing composite of carbon materials with metal oxide or metal 

hydroxides, the progress in LIBs and OER using composites as anode materials or 

electrocatalysts, the problem now still need be solved. 

Chapter 3 the chemicals and equipment are listed in detail, the detailed preparation 

procedure and characterization method are introduced. 

Chapter 4 compare different carbon materials combined with Fe(OH)3 by Fenton 

reaction, and compare the as-synthesized product by SEM images and electrochemical 

properties.  

Chapter 5 introduce the characterization and electrochemical measurements of 

composite of Fe2O3/MWCNTs material used as anode materials in LIBs. 

Chapter 6 introduce the characterization and electrochemical test of composites of NiFe 

LDHs/MWCNTs material used as electrocatalysts in OER. 

Chapter 7 conclusion for this work and recommendation for future work are concluded.  
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Chapter 2 Literature Review 

2.1 Basic Introduction 

Due to a great deal of consumption on fossil fuels, Energy crisis and environmental 

pollution have become critical and hampered the progress of economy and society. 

Hence, it is urgent to development of sustainable and cleanable energy, like wind, solar 

energy, hydro etc.. However, these energies are usually limited by time and position. 

Hence, looking for a useful device to store and convert energy is necessary. EECS have 

attracted tremendous attention. The convenient portable energy-storage devices, such 

as fuel cells, batteries, supercapacitors have been widely used in mobile phones, laptops, 

electric vehicles etc. (Gür 2018).   

LIBs with high energy density, good cycling stability, high voltage range has been 

recognized as the most promising battery system. It was widely used in various field 

from portable electronic devices to transportation-electric vehicles, solar energy, etc. 

and in the section 2.2, LIBs is introduced in details, especially on the anode materials 

composed of metal oxide and carbon materials. 

OER as a half reaction in metal-air battery or water splitting for hydrogen generation 

have been attracted tremendous attention. However, the sluggish kinetic of OER has 

limited their practical application. Hence, electrocatalyst such as RuO2 have been used 

to overcome the energy barrier and increase the reaction.  But the scarcity of noble 

metal oxide promotes the study on TMOs or LDHs.  The study can help accelerate the 

reaction rate in metal-air battery or water splitting and further promote the development 
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of cleanable energy. It is introduced in section 2.3 focused on the electrocatalyst 

composed of carbon materials and metal hydroxides. 

2.2 Overview for LIBs 

2.2.1 Introduction 

LIBs usually were composed by five main parts: electrode (cathode and anode), 

electrolyte, separator, current collector and shell (Qi et al. 2017). Based on the reaction, 

LIBs store charges by three different mechanisms (Xueying Li 2018): (i) intercalation-

deintercalation, such as graphite, which has layered structure and could make Li ions 

reversibly intercalate into the lattice without ruining their structure, (ii) alloying-

dealloying, such as Si, which can form alloy with Li metal, (iii) conversion reaction, 

which could store charge by electrochemical reactions with transitional metal oxides 

(TMOs) (See Eq. 2-1 and Fig. 2-1). And the reduction and oxidation reaction process 

involve multi-electron transfer, and hence TMOs have high theoretical specific 

capacitance (usually >600 mAh/g) which are 2 or 3 times than that of graphene (372 

mAh/g)。 

𝑀𝑥𝑂𝑦 + 2𝑦𝐿𝑖+ + 2𝑦𝑒− ↔ 𝑥𝑀 + 𝑦𝐿𝑖2𝑂                                (2 − 1) 

In the reaction, M represents metal, Li ions reduces metal oxide to metal. 

However, the application of TMOs as anode in LIBs was limited by their low 

conductivity, high volume change in the reaction process. Hence, to solve these issues, 

numerous studies have been done. One of the effective way is combining with 

conductive materials, such as carbon nanotubes (CNTs), graphene, carbon fibers, etc., 
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carbon materials not only provide a high electric conductive substrate for TMOs, but 

also offer a volume buffer for the volume change of TMOs (Srivastava et al. 2015). 

Among these TMOs materials, Due to the abundance on earth, multiple valence states, 

low cost and easy preparation of Fe2O3, Fe2O3 has been investigated by lots of research 

groups. In this review, Fe2O3 with different carbon materials as anode materials in LIBs 

will be discussed in following sections (Keppeler et al. 2016, Jun Liu 2016, Ma et al. 

2018). 

 

Fig. 2-1 Schematic diagram of the lithium intercalation-de-intercalation reaction mechanism 

in a rechargeable lithium-ion battery containing solid electrodes and a liquid electrolyte. 

Cited from ref (Qi et al. 2017). 

2.2.2 Fe2O3 with Carbon Materials 

Carbon materials commonly include CNTs, graphene, carbon fibers, carbon cloths, 

based on their structures, they are generally divided into 1dimension (1D) structure, 2D 
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structure, 3D structure. Composites of different carbon materials with different 

structure and Fe2O3 used in LIBs were summarized in the following section.  

2.2.2.1 1D carbon materials with Fe2O3 

CNTs with one-dimensional tubular and porous structure, has high electrical 

conductivity (5x105 S/m), good strength and high surface area. It was divided into single 

walled CNT (SWCNT) and MWCNTs. Due to the high reported reversible lithium ion 

capacities of CNTs-based materials which were higher than 1000 mAh/g based on the 

experimental factors (Brian J. Landi 2009). It was believed that CNTs is the most 

promising material for hybrids of Fe2O3/CNTs in LIBs. There are some advantages for 

CNTs as substrates in Fe2O3/CNTs composites: (i) the conductive matrix could enhance 

the conductivity and improves reaction kinetics to increase rate capability, (ii) the 

porous structure ensures uniform dispersion of Fe2O3 which further buffers the volume 

expansion/extraction of Fe2O3 in the process of lithium insertion/extraction and 

improves the cycling performance. Hence, enormous efforts have been devoted to 

prepare composites of Fe2O3/CNTs and investigate their properties  as anode materials 

in LIBs (Zainab Karam 2018, Min Hong 2019).  

A flexible binder-free and current collector free Fe2O3/ SWCNT was prepared by 

oxidizing assembled Fe/SWCNT membrane (See Fig. 2-2 a, b, c) (Zhou et al. 2012). 

Firstly, Fe/SWCNT was synthesized by floating catalyst Chemical Vapor Deposition 

(CVD) at 1100°C with sulfur and CH4 as promoter and carbon sources, respectively. 

Interestingly, for obtaining a paper-like film, a stainless steel (SS) wire mesh was used 

as substrate for the growth of SWCNT, and it transported to the outlet in the process of 
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preparing SWCNT and was considered as Fe sources.  This material shows a high 

reversible capacity of 1243 mAh/g at a current density of 50 mA/g and an outstanding 

cycling stability over 90cycles at 500 mA/g. It is ascribed that the high conductive 

SWCNT network promotes the fast electron transition and impedes the volume change 

of Fe2O3 nanoparticles. Cao et al. also synthesized Fe2O3/SWCNT macro film by a 

simple heat treatment approach (Zeyuan Cao 2013). It was believed that SWCNT 

macro-film with high conductivity and flexibility could enhance the electrochemical 

kinetics and the thickness of film which compare to the characteristic Li diffusion 

length of 300-500nm facilitates the diffusion of Li ions. Hence, Fe2O3/SWCNT film 

has a high specific capacity of 1000 mAh/g and excellent cycling stability over 100 

cycles. SWCNT as a substrate for composites of Fe2O3/SWCNT films has been 

demonstrated that the flexible conductive network is beneficial for composite of 

Fe2O3/SWCNT using as an anode for LIBs. MWCNTs also show excellent electric 

property and they could provide an inner electron pathway for electron transport due to 

their inner wall which is not easily destroyed in the reaction process. Yang et al. 

prepared Fe2O3 nanoparticles (NPs)/MWCNTs films by two steps (See Fig. 2-2d) 

(Yang et al. 2015). Firstly, a CVD gas flow reaction was applied to prepare Fe 

NPs/MWCNTs films with ferrocene and ethanol as catalyst and carbon precursor, 

respectively, and then an annealing process in air under temperature of 500°C was 

applied to convert Fe NPs/MWCNTs films into Fe2O3 NPs/MWCNTs films. The as-

synthesized material performs an initial reversible capacity of 985.8 mAh/g at a current 

density of 30 mA/g and an excellent cycling performance with a reversible capacity of 

375.5 mAh/g at 3 A/g after 800cycles. The high columbic efficiency implies rapid 
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lithium ion and electron transportation due to the porous structure of MWCNTs. The 

small size of Fe2O3 nanoparticles (5-10 nm) could increases the contact area between 

the electrode and electrolyte and further decrease the distance of Li diffusion.  

 

 

 

Fig. 2-2 (a) Schematic of the synthesis of Fe2O3/SWCNT membrane, (b) photograph of the 

flexible membrane obtained after oxidation; (c) SEM images of the Fe2O3/SWCNT 

membrane and corresponding EDS spectrum (inset unit: KeV) Cited from Ref (Zhou et al. 

2012) (d) Preparation procedures of Fe2O3 nanoparticles/MWCNTs composite film. Cited 

from Ref (Yang et al. 2015). 

a 

b 

 
c 

d 

 

 



12 
 

Except nanoparticles, Fe2O3 with other various morphologies combined with CNTs 

were also prepared by different methods. Such as nanobelt, nanorod etc. Wu et al. 

synthesized bundle-like Fe2O3 (width:10 nm) nanobelts on MWCNTs by a 

homogeneous precipitation and thermal annealing method (Wu et al. 2014). The as-

prepared composite shows an initial charge and reversible capacity of 847.5 mAh/g at 

a current density of 100 mA/g and displays good cycling performance with a reversible 

capacity of 865.9 mAh/g at 100 mA/g. The high electrochemical performance is due to 

the MWCNTs network structure which offers an effective electron pathway and buffers 

the volume change of Fe2O3 during the lithium insertion/extraction. A hollow nanorod 

Fe2O3 with inner voids grafted on MWCNTs (H-Fe2O3/ MWCNTs) were fabricated by 

Park and coworkers (See Fig. 2-3a) ( Park et al. 2018). In this work, microsphere and 

porous structure of MWCNTs were made by ultrasonic spray pyrolysis, and then a 

bottom up deposition of β-FeOOH followed with oxidation was used to obtain hollow 

Fe2O3 nanorods / MWCNTs microspheres. During the process of thermal treatment, β-

FeOOH were transformed into hollow Fe2O3 nanorods by dihydroxylation and 

shrinkage, hence, Fe2O3 has a unique porous structure. The porous hollow structure 

enhances the accessibility of electrolyte and the microsphere structure provides a 

conductive pathway for electron in the reaction. Hence, the prepared material displays 

a high discharge capacity of 1307 mAh/g at 1 A/g after 300 cycles with a capacity 

retention of 84% and delivers high reversible discharge capacity of 1159, 1073, 989, 

944, 907, 828, and 703 mAh/g at current densities of 0.5, 1.0, 3.0, 5.0, 7.0, 10.0 and 

15.0 mA/g (See Fig. 2-3b, c). The excellent rate capability is due to the introduction of 



13 
 

voids on the Fe2O3 nanorod during the process of heat treatment, which buffer the 

serious volume change and also shorten the distance of ion and electron transportation.  

 

 

Fig. 2-3 (a) Formation mechanism of H-Fe2O3/MWCNTs microspheres, Electrochemical 

properties of β-FeOOH/ MWCNTs microspheres, H-Fe2O3/ MWCNTs microspheres and 

dense Fe2O3 nanorods: (b) cycling performance along with columbic efficiencies at 1A/g; (c) 

rate capability at various current densities. Cited from Ref (Park, Park and Kang 2018). 

a 

b 

c 
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Apart from directly combing with CNTs, ternary composites by combining carbon layer, 

graphene and reduced graphene oxide (rGO) etc. with MWCNTs and Fe2O3 are also 

investigated (Jiang et al. 2018, Liu et al. 2015b). For instance, Wang et al. prepared a 

carbon coated Fe2O3 hollow nano-horns on MWCNTs by a bottom up assemble method 

(Wang et al. 2012). MWCNTs was firstly oxidized by acidic reflux to introduce 

carboxylic and hydroxyl functional groups for surface nucleation. And then β-FeOOH 

which was formed by the hydrolysis of FeCl3 anchored on the oxidized MWCNTs, and 

followed with transformation of β-FeOOH into α-Fe2O3 by thermal dihydroxylation 

and lattice shrinkage. Finally, an amorphous carbon layer was coated on the surface of 

MWCNTs / Fe2O3 by hydrothermal carbonization of glucose (See Fig. 2-4a, b). The as-

prepared material shows a high reversible capacity of 800 mAh/g at a current density 

of 500 mA/g after 100 cycles and exhibits excellent rate capability, the capacities are 

maintained around 420-500 mAh/g even at a high rate of 1000-3000 mA/g. It is 

attributed to the unique three layer structure: (i) the inner porous conductive MWCNTs 

network increases electron transfer and enhances kinetics of electrochemical reaction 

and further improves rate capability, (ii) the hollow structure of α-Fe2O3 nano-horns in 

the middle layer of composite and the small size increase the surface area between 

electrode and electrolyte, (iii) the outer carbon layer buffer the volume change of Fe2O3 

and prevent Fe2O3 from falling down on the electrode.  

The properties of carbon used for coating on the Fe2O3 are thin with few nanometers 

and flexible. Graphene or rGO also have similar properties, and thus were applied as a 

constituent part. Liu et al. synthesized a 3D rGO/MWCNTs/ Fe2O3 ternary hybrids via 

a simple one-step urea-assisted hydrothermal method (Jinlong Liu 2013). The material 
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exhibits initial discharge and charge capacities of 1692 and 1322 mAh/g at a current 

density of 100 mA/g, respectively and shows excellent cycling performance with a 

reversible discharge capacity of 1118 mAh/g at 100 mA/g after 50 cycles. It is believed 

that 3D porous hierarchical structure of as-prepared ternary composite enhances the 

conductivity and increases the surface area and shortens the Li diffusion. The 

electrochemical properties of anode material are related not only to the intrinsic nature 

of material, but also to the structure, morphology, hence graphene foam (GF) as another 

conductive substrate with hierarchical structure are also attracted much attention of 

researchers. Chen et al. reported a 3D porous lightweight α- Fe2O3 nanorods 

/MWCNTs-GF composite (Chen et al. 2014). MWCNTs were directly grew on the 

surface of micropore of GF to further increase the surface area of GF. And MWCNTs-

GF hybrid material was used as a substrate for Fe2O3 growing by a bottom-up method. 

The direct bottom-up growth method enhances the rigid contact and thus ensures the 

structural stability of material during the repeated lithium insertion/extraction (See Fig. 

2-4c-h)). This design is beneficial for the electrochemical performance of as-

synthesized material. Hence, it has good columbic efficiency and performs high rate 

capability of 900 mAh/g at 200 mA/g to 450 mAh/g at 3000 mA/g and excellent cycling 

performance with a reversible capacity about 1000 mAh/g at 200 mA/g up to 300 cycles. 
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Fig. 2-4 (a) Schematic illustration of preparation of carbon coated α-Fe2O3 hollow nano-

horns on MWCNTs backbones; (b) TEM images of carbon coated MWCNTs@ Fe2O3 

hierarchical structures; Cited from Ref (Wang et al. 2012) (c-e) schematic of α- Fe2O3 

nanorods/MWCNTs-GF fabrication stage: (c) GF,  (d) MWCNTs-GF, (e) Fe2O3 /MWCNTs-

GF, (f-h)the corresponding SEM images. Cited from Ref (Chen et al. 2014). 

In addition to CNTs, carbon fibers also have 1D structure and usually are used as carbon 

matrices in the composites of carbon materials and Fe2O3. Electrospinning as the main 

preparation method for carbon fibers is also the dominant method for fabricating 

Fe2O3/carbon fiber composites (Yuta Kobayashi 2018, Xueyan Huang 2018). For 

example, a quasi 1D Fe2O3/carbon nanofibers hybrid was synthesized by 

electrospinning method (Xiang Zhang 2014). In this paper, polyacrylonitrile (PAN) as 

a b 

c 

f g 

d e 

h 
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carbon sources and iron (III) acetylacetonate (Fe(AcAc)3) as Fe2O3 precursor, after 

electrospinning and post heat treatment, Fe2O3-C nanofibers were obtained. This 

material used as anode material in LIBs exhibits a good cycling performance with a 

reversible capacity of 820 mAh/g at 0.2 C after 100 cycles, and the capacity is 262 

mAh/g even at high current density of 5 C. The outstanding electrochemical 

performance is due to the unique fiber structure which improves the conductivity and 

hampers the pulverization and aggregation of Fe2O3 in the process of reaction. Although 

carbon fiber as a conductive matrix has performed its merits on enhancing the 

electrochemical performance of Fe2O3 as anode in LIBs, a great deal of efforts still 

needs to be done to further improve the cycling performance and rate capability of 

Fe2O3. For instance, a porous carbon nanofibers was prepared by electrospinning with 

PAN as carbon sources and poly (methyl methacrylate) (PMMA) as a sacrificial pore-

forming agent, and then γ- Fe2O3 was in-situ embedded into the carbon matrix (Yujie 

Chen 2018). The composite of γ- Fe2O3/C nanofiber with optimal weight ratio 1.5:1:1 

of γ- Fe2O3, PAN and PMMA displays a superior cycling performance with a high 

discharge capacity of 1088 mAh/g at 0.2 C after 300 cycles and excellent rate capability 

and long-life span when the capacity reach to 600 mAh/g (600 cycles) and 400 mAh/g 

(1000 cycles) scanned at 0.5 C and 2 C respectively. The excellent electrochemical 

performance is attributed to the porous carbon matrix and well dispersed γ- Fe2O3. The 

porosity in carbon matrix accommodates the volume change of γ- Fe2O3 in the process 

of lithium insertion/extraction and carbon matrix provides fast electron pathway and 

increases the kinetics of reaction. In addition to electrospinning method, hydrothermal 

method is also used to synthesize Fe2O3/carbon fiber composite with direct carbon fiber 
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sources. Wu investigated properties of Fe2O3 nanorods on carbon fibers as anode for 

LIBs (Chunyu Wu 2014). The composite was fabricated with carbon fiber by a simple 

hydrothermal method with poly vinylpyrrolidone (PVP) as dispersant. The synergistic 

effect of Fe2O3 nanorods and carbon fibers facilitates cyclic stability and initial 

discharge capacity since carbon fibers offers an electronic network for high electron 

transportation and also buffers the volume fluctuation, 1D Fe2O3 nanorod increases the 

surface area between electrode active materials and electrolyte.   

Carbon nanosprings (CNSs) as 1D carbon material is also studied as a matrix for 

Fe2O3/CNSs. Shao et al. (Shao et al. 2011) prepared α- Fe2O3/CNSs by a precipitation 

and post heat treatment method. The optimal α- Fe2O3/CNSs with weight ratio 1:4 

delivers high charge capacity of 527.6 mAh/g at 0.2 C with 96.9% capacity retention 

after 50 cycles, and capacity keeps around 343.3 mAh/g at the rate of 5 C. The 

uniformly dispersed Fe2O3 and conductive carbon network play a crucial role on 

improving cyclic stability and rate capability.  

2.2.2.2 2D carbon materials with Fe2O3 

2D carbon materials especially graphene and its derivative like graphene oxide (GO), 

rGO have played a vital role in the hybrids of Fe2O3/ graphene (GO, rGO). Since 

graphene was mechanically exfoliated by Novoselov in 2004 (K. S. Novoselov 2004), 

a number of articles about graphene and its derivative have been published . Ideal 

graphene is composed of a monolayer of Sp2 carbon atoms with a hexagonal structure. 

Graphene has a large theoretical specific surface area (2620 m2/g), brilliant thermal 

conductivity (5000 W/mK) and good Young’s modulus (1.0 TPa) (Rao et al. 2009). 
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Graphene, due to the lack of functional groups, is usually oxidized by Hummer method, 

modified Hummer method to introduce oxygen groups for easily reacting with other 

metal salts to form metal oxide/GO composites (Georgakilas et al. 2012). After 

oxidization, the oxidized graphene oxide (GO) is reduced to rGO with few oxygen 

functional groups. It is believed that the high surface area of graphene and its derivative 

(rGO) could offer an ideal matrix to combine with Fe2O3 due to the following reasons: 

(i) graphene and rGO could enhance the conductivity of Fe2O3 and further increases 

reaction kinetics and reduces the resistance of composites, and hence improves rate 

capability, (ii) the 2D flexible layer could strain the volume change of Fe2O3 during the 

charge-discharge and as a result of increasing the reversible capacity and cycling 

performance (Chen et al. 2012, Bai et al. 2012). 

Hydrothermal method is the common method for preparing Fe2O3/rGO composite. Liu 

et al. fabricated α- Fe2O3 nanoplates/rGO by a simple hydrothermal method with water 

and glycerol as hydrothermal solvents (Liu et al. 2014). In this work, GO was well 

dispersed into the solution and adsorbed Fe2+ ions onto their surface, after hydrothermal 

reaction, the formed FeO(OH)was transformed into α-Fe2O3 nanoplates with the help 

of glycerol. GO was simultaneously reduced to rGO by Fe2+ and glycerol. The 

composite exhibits an outstanding rate performance with different reversible capacities 

of 1149, 1041, 986.5 and 899.4 mAh/g at different current densities of 0.1, 0.5, 1 and 2 

C. and an excellent cycling performance with a capacity of 896mAh/g still remained 

after 200 cycles at 5 C. The high electrochemical performance is ascribed to the unique 

nanoplate structure and the synergistic effect. The nanoplate structure with (001) planes 

could decrease the way of Li ion diffusion and facilitate the kinetics of reaction. Li et 
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al. reported that α-Fe2O3 nanoaggregates/rGO with core-shell structure was synthesized 

by a hydrothermal method (Li et al. 2015). And herein, α-Fe2O3 nanoaggregates with a 

high surface area of 47.8 m2/g and a small crystalline size of 10 nm are wrapped by 

rGO to form a core-shell structure. The small size, high surface area and core-shell 

structure are the main reasons for composite of α-Fe2O3 nanoaggregates/rGO with high 

electrochemical performance. It delivers an enhanced specific capacity of 1787.27 

mAh/g after 90 cycles at 0.1 A/g. Interestingly, different structures, such as nanoplate, 

nanoaggregate etc. have different electrochemical performances when using as anode 

in LIBs. and the different morphology of Fe2O3 with graphene oxide also show various 

properties in LIBs. 1D porous α- Fe2O3 nanorod arrays on the both side of rGO was 

reported by Kong via a scalable seed-assisted hydrothermal method (Kong et al. 2016). 

Although lots of efforts have been done on investigating the relationship between 

structure, morphology of Fe2O3/RGO and their electrochemical performance as anode 

materials in LIBs , the relationship is still a challenge and need further deep research 

with the help of advanced in-situ testing instruments to check the evolution of 

morphology of composites in the process of reaction, especially in the charge-discharge 

process (Hao et al. 2016). 

Besides the common hydrothermal method, other preparation approaches also have 

been studied. For example, Xiao and coworkers utilized direct self-assembly route to 

prepare Fe2O3/rGO nanocomposite (Xiao et al. 2015). And with a high iron oxide mass 

loading of 63%, the composite performs a high reversible specific capacity of 600 

mAh/g at 0.1 A/g and a superior rate capability of 180 mAh/g at 10 A/g for 300 cycles.  

Cai also used an electrostatic self-assembly method to synthesize a core-shell structure 
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of Fe2O3 fiber/rGO nanocomposite (Cai et al. 2017a). Inspiring by a corn-like structure, 

the Fe2O3 nanofiber firstly was fabricated by an electrospinning route, and the 

negatively charged rGO was wrapped on the positively charged Fe2O3 nanofiber to 

form composite of Fe2O3/rGO. The unique nanofiber structure with high surface area 

and unlocked channels are in favor of rapid diffusion of Li ion, hence, the composite 

delivers a high initial capacity of 1085.2 mAh/g at 0.1 A/g and has high cycling 

performance with 407.8 2 mAh/g at 5 A/g after 1500 cycles. 

Zhu and coworkers synthesized α- Fe2O3/rGO nanocomposite via a facile and rapid 

microwave approach with Fe(OH)3 as precursor of α- Fe2O3 and hydrazine hydrate as 

a reductant (Zhu et al. 2015). Unlike hydrothermal method which is time-consuming, 

microwave method is rapid and simple. The Fe(OH)3 sol was converted into α-Fe2O3 

nanoparticles anchored uniformly on rGO surface. The as-synthesized material shows 

a high reversible specific capacity of 650 mAh/g at 1.0 A/g after 50 cycles and the rate 

capability is superior with different specific capacities of 720, 670, 610, 520 and 400 

mAh/g at different current densities of 0.5, 1.0, 2.0, 5.0 and 10.0 A/g. The superior 

electrochemical properties are due to the nanosized α-Fe2O3 nanoparticles with 30-50 

nm diameter which could shorten the Li ion diffusion length and minimize the volume 

change of Fe2O3 during the process of charge-discharge. 

Kirkendall effect caused by the differences in diffusion directions and speed between 

various ions in the preparing process was used to manufacture a core-shell structure of  

γ-Fe2O3/graphene at room temperature (Hu et al. 2015). The as-prepared core-shell 

nano-hollow γ- Fe2O3/graphene demonstrates an excellent rate capability with high 
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reversible capacity of 1095, 833, 551 mAh/g at the current densities of 0.1 C, 1 C and 

2 C. it is recognized that the core-shell structure with high surface area and protective 

graphene shell is beneficial for the brilliant electrochemical performance.  

Xu and coworkers applied a simple and eco-friendly way to prepare γ-Fe2O3/rGO 

composite (Xu et al. 2018a). In this route, iron metal was used to reduce GO under 

acidic conditions and in the meantime, Fe2+ ions and electrons were released from iron 

metal and then interacted with oxygen functional groups on GO by electrostatic reaction. 

The composite delivers a stable capacity of 830 mAh/g after 300 cycles at 500 mA/g, 

and it also shows good rate performance with average reversible discharge capacities 

of 650, 520, 460, 320, 250, and 200 mAh/g at various current rates of 0.1, 0.5, 1, 2, 5, 

10 and 15 A/g.  Because of the generation of Fe2O3 and rGO happened at the same time 

which ensure the uniform dispersion and stabilization of Fe2O3 in the rGO layers, and 

avoid the aggregation of Fe2O3.  

As a 2D carbon material, carbon cloth (CC) is also used as carbon substrate for 

combining with Fe2O3. For instance, Li et al. prepared pomegranate-like Fe2O3@C 

nanoparticles on CC by dip-coating method followed with hydrothermal treatment (Li 

et al. 2018c). The chelate compound formed by sodium alginate (SA) and Fe3+ was 

converted into Fe2O3@C by hydrothermal treatment. The formed hierarchical 

pomegranate-like structure of Fe2O3@C with primary particles (118 nm) and secondary 

nanoparticles (13.7 nm) on CC is beneficial for improving the electrochemical 

performance. Due to the pomegranate-like structure which not only increases the 

accessible surface area for electrolyte but also buffers the volume change during the 
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charge-discharge process, and the CC provides a conductive matrix for further 

hampering the structural cracks. Hence, the as-synthesized composite exhibits a 

remarkable cycling performance with a high reversible discharge capacity of 1091 

mAh/g after 100 cycles at 0.2 A/g. The rate performance is good when the current 

density is not beyond 0.5 A/g with discharge capacities of 1008 and 943 mAh/g at 

current densities of 0.1 and 0.2 A/g. In the meantime, Xiong et al. also used flexible 

carbon textiles (CTs) as carbon matrix to prepare Fe2O3@CTs via controllable CBD 

route (See Fig. 2-5a) (Xiong et al. 2018). The mass loading and crystal size of α-Fe2O3 

could be controlled by adjusting the reaction temperature without the use of auxiliary 

substances. The experiment demonstrates that large mass loading and crystal size of α-

Fe2O3 cause a large damnification of the CTs which decrease the electronic 

interconnections between α-Fe2O3 nanocrystals and CTs, while the optimized mass 

loading of α-Fe2O3 on Fe2O3@CTs-90 and Fe2O3@CTs-100(90, 100 mean the 

temperature of CBD) minimize the damnification of the CTs and improve the electronic 

interactions (See Fig. 2-5b).  And especially the optimized Fe2O3@CTs-100 displays a 

high initial discharge capacity of 1159 mAh/g and charge capacity of 1032 mAh/g, but 

the charge/discharge capacity of Fe2O3@CTs under other three temperature of 70-90 

are not good as that of Fe2O3@CTs-100. The enhanced initial capacity of Fe2O3@CTs-

100 is ascribed to the formation of α- Fe2O3 with smaller crystal size and 3D 

interconnected porous structures which enlarge the active surface area between 

electrolyte and electrode, and also reduce diffusion distance of Li ions and electrons.  



24 
 

 

Fig. 2-5 (a) Schematic of recyclable process for scalable controlled assembly of α- Fe2O3 

nanocrystals on flexible CTs; (b) patterns of FeOOH@CTs and Fe2O3@CTs obtained at 

different CBD temperature. (c) schematic of crack and exfoliation of α- Fe2O3 with large 

mass loading on the CTs; SEM images of (d, e) Fe2O3@CTs-70 and (f, g) α- Fe2O3  @CTs-80 

after 100 cycles at 0.5C in the voltage range from 0.01 to 3.0 V; (h) schematic  of the 

enhanced stability and electronic interconnections of ultrathin α- Fe2O3 nanocrystals onto 

the CTs; SEM images of (i, j) Fe2O3 @CTs-90 and (m, n) Fe2O3@CTs-100 after 100. cited 

from Ref (Xiong et al. 2018). 
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2.2.2.3 3D and other carbon materials with Fe2O3 

Except the common carbon material, such as CNTs, GO, carbon aerogel (CA) as 3D 

carbon are also used as carbon matrix to provide a porous conductive structure. Coating 

carbon layer on Fe2O3 is also an useful method to protect Fe2O3 from stacking during 

the charge-discharge process (Liu et al. 2018c).  

CA as a carbonaceous material was used to prepare composite of CA and Fe2O3 by a 

sol-gel process (Yan et al. 2017). Firstly, CA was obtained from resorcinol-

formaldehyde with a thermal process, and then it was simply added into Fe(NO3)3 

solution followed with an annealing process. The result shows that composite of 

Fe2O3/CA-60 show a high capacity of 818 mAh/g at 100 mA/g. it also exhibits a 

remarkable capacity retention with 617 mAh/g after 100th cycles and still remain a high 

capacity of 500 mAh/g when scanned at high current density of 800 mA/g. 

Carbon coating as a useful strategy usually was applied to prevent the volume 

expansion of Fe2O3 in the process of reaction in LIBs. Ma et al. prepared γ-

Fe2O3/carbon composite by a hydrothermal method followed with CVD in an acetylene 

atmosphere (Ma, Ji and Lee 2011). After hydrothermal process, disk-like Fe2O3 was 

obtained. The research indicates that different CVD treatment time influence the 

morphology of Fe2O3 and thickness of carbon layer. When the time is 5 min, a 

nanocarbon (thickness: 2-3 nm) coated porous γ-Fe2O3 microparticles was generated 

and it shows an optimized electrochemical performance. While the time is 3 or 8 min, 

uncoated γ-Fe2O3 and C/Fe3O4 (the thickness of carbon layer: 6-8 nm) were obtained, 

respectively. The optimal γ-Fe2O3/C demonstrates a high cycling performance with a 
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relative high capacity of 900 mAh/g after 40 cycles at 100 mA/g. Cheng et al. 

synthesized pseudo-cubic α-Fe2O3/C nanocomposites by in situ carbonization of 

surfactant in Ar atmosphere with oleic acid capped α-Fe2O3 nanoparticles as precursor 

(Cheng et al. 2011). The thickness of thin carbon layer is around 1-2 nm, the composite 

shows an outstanding cycling performance with a reversible capacity of 688 mAh/g 

after 50cycles at 0.2 C. In the above-mentioned method, Fe2O3 was prepared firstly and 

then coated by carbon layer by carbonization or CVD method. Xu et al. prepared nano-

porous Fe2O3@C composite by a one-pot solvothermal method (Xu et al. 2015). In this 

method, iron salt and glucose as precursors were mixed at the same time, and after 

solvothermal treatment, annealing process at 600 °C under inert atmosphere was 

applied to make carbon layer graphitized.  Compared to bare nano porous Fe2O3 without 

carbon coating and commercial Fe2O3 nanoparticles, it is indicated that an inward 

expansion happened for Fe2O3@C during the cycling process while bare nano porous 

Fe2O3 nanoparticles undergo both inward and outward expansion and commercial 

Fe2O3 nanoparticles only expand to outside. And the reason is that the thin carbon layer 

(6 nm) buffers the outward expansion, and the porous structure of Fe2O3 provides voids 

which can buffer the volume expansion. Hence, Fe2O3@C delivers a high discharge 

capacity of 1195 mAh/g with a high coulombic efficiency of 70% at the first two cycles, 

the composite shows remarkable cycling performance with a reversible capacity of 767 

mAh/g after 100 cycles at 500 mA/g and good rate capability with different capacities 

of 940, 776, 715, 545 at the current densities of 0.2, 0.5, 1, 2 A/g.  The excellent 

electrochemical test results are traced to the porous structure of Fe2O3 which facilitates 

the Li insertion and extraction and against the volume change, the thin carbon layer 
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hampers the outward expansion and make solid electrolyte interface (SEI) film more 

stable in the reaction process.  

In addition to hydrothermal method, sol-gel method, template method (Lim, Sun and 

Suh 2013, Li et al. 2014), self-assembly method (Yan et al. 2017), and spray pyrolysis 

method (Chou et al. 2010) have also been applied to prepare Fe2O3@C composites. Hu 

et al. synthesized ordered mesoporous carbon nanowire (OMCNW)/ Fe2O3 by a soft-

hard dual template method (Hu et al. 2016). In this method, three types of OMCs which 

were named as FDU-15, CMK-8, and OMCNW were prepared with disordered porous 

carbon nanowire (DPCNW) by soft, hard and soft-hard dual template approaches, 

respectively. The electrochemical measurements indicate that OMCNW/Fe2O3 has 

excellent cycling performance with a stable capacity of 774 mAh/g after 1200 cycles at 

a current density of 0.5 A/g. 

2.2.3 Conclusion 

Due to low cost, earth abundance, environment-friendly, Fe2O3 has been used as anode 

materials for LIBs. To solve the issues of low conductivity, easy cracking during 

lithiation and de-lithiation of Fe2O3, combining with conductive materials such as 

carbon materials, conductive polymers, metal materials have become an effective 

approach, especially carbon materials because it has different structures which could 

stabilize the structure of Fe2O3, and impede the aggregation of  Fe2O3 in the process of 

charge-discharge and high conductivity which could enhance the electron 

transportation, increase the rate capability.   However, some barriers are still on the way 
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of achieving composites with high cycling performance and rate capability. Hence, (i) 

looking for low-cost, scalable preparation method for fabricating Fe2O3@composites 

should be further studied, (ii) the relationship between the morphology/structure and 

electrochemical properties are also needed be investigated with advanced techniques in 

further, (iii) the effect of crystalline or amorphous structure of Fe2O3 on the 

electrochemical performance as an anode should be investigated.  

2.3 Overview for OER 

2.3.1 Introduction 

The fast development of advanced technologies, especially in energy field caused large 

consume in natural energy, such as coal, natural gas, and polluted environment 

seriously. Hence, searching for sustainable energy conversion and storage system is one 

of the most important factors which limited the long-term development of society. 

Electrocatalysts, usually used in water electrolysis, fuel cell and metal-air batteries have 

attracted tremendous attention due to their electrocatalytic function in the above field.   

because the half reaction of oxygen reduction reaction (ORR), OER, in the fuel cell or 

water electrolysis are four-electron process. HER as the half reaction is just a two-

electron reaction. Therefore, a higher overpotential is needed when OER or ORR 

happened compared with that in HER (see Fig. 2-6). 
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Fig. 2-6 Polarization curves for HER (left) and OER (right). The ηc and ηa are the 

overpotentials for cathode and anode at the same current (j), respectively. Cited from Ref 

(Suen et al. 2017). 

OER, as an essential half reaction in the water electrolysis or metal air batteries, has 

been widely studied in the past few decades. RuO2 and IrO2, which have excellent OER 

catalytic ability in a large pH arrange, are considered as benchmark electrocatalysts for 

OER. However, due to their high cost and unstable conditions which could easily be 

oxidized, some carbon material, transition metal elements or their derivatives are 

investigated to meet the current requirement in electrocatalysis, like carbon materials, 

TMOs, metal hydroxides. In Zhang’s work (Zhang et al. 2017b), pure MWCNTs 

wrapped by electrochemically inert polymers (i.e. poly (vinyl acetate)) with polar 

oxygen functional groups -COOH, -OH and -O- shows high OER activity. 

Experimental and computational studies expose that the synergistic effect of intrinsic 

topological defects in CNTs as active centres and polar oxygen groups in the polymer 

chains as a ‘kinetics accelerator’ successfully boost the OER activity of metal free 

MWCNTs.  To the metal hydroxides, LDHs are the common materials used as OER 
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catalysts. For instance, NiFe LDHs hollow microspheres were fabricated by one-step 

in situ growth method with SiO2 as sacrificial template (Zhang, 2016). And the special 

hierarchical hollow structure discloses the active sites and increases the surface area 

which result in superior OER electrocatalytic performance.    

2.3.2 Mechanism and Electrocatalytic Kinetic of OER 

2.3.2.1 Mechanism of OER 

In the oxygen evolution reaction, it involves four-electron-proton transfer and hence 

high overpotential is needed to overcome the energy barrier. It is commonly believed 

that the intermediate MOH and MO exist in the first step, however, to the subsequent 

step, two viewpoints about the intermediate and reaction are proposed, as shown in Fig. 

2-7, one approach is that O2 is directly generated by combination of 2MO (the green 

line), another is the decomposition of MOOH intermediate to O2 (the red one).  

In alkaline solution, hydroxide ions were adsorbed and reacted on the active sites of 

catalysts to form OH*, O*, OOH* and finally formed O2 illustrated by red line in Fig. 

2-7 (Fabbri et al. 2014). The blue line represents OER in acidic solution, the 

intermediates are same with that in alkaline solution except for the other products, like 

H* and electron (seeTable.2-1 and Fig. 2-7). Based on the theoretical calculation, it was 

commonly believed that the decisive step is constrained by the slowest kinetic step, and 

this step is defined as the rate-determining step (RDS). However, potential determining 

step (PDS), based on the step with maximum change of Gibbs free chemisorption 

energy of adsorbed intermediates, has replaced the central position of RDS, because 

PDS could emphasizes more the thermochemical aspects of the OER potential.      
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Fig. 2-7 The OER mechanism for acid (blue line) and alkaline (red line) conditions. The 

black line indicates that the oxygen evolution involves the formation of a peroxide (M-OOH) 

intermediate (black line) while another route for direct reaction of two adjacent oxo (M-O) 

intermediates (green) to produce oxygen is possible as well. Cited from Ref (Suen et al. 2017)  

Table 2-1. Elemental reaction steps in OER in acidic and alkaline media. (Zhang et al. 

2017a). 

Acid Alkaline 

𝐻2𝑂(𝑙) + ∗ →  𝑂𝐻∗ + ( 𝐻∗ +  𝑒−) 𝑂𝐻− + ∗ →  𝑂𝐻∗ +  𝑒− 

𝑂𝐻∗  →  𝑂∗ + (𝐻∗ +  𝑒−) 𝑂𝐻∗ +  𝑂𝐻−  →  𝑂∗ +  𝐻2𝑂 (𝑙) + 𝑒− 

𝑂∗ +  𝐻2𝑂(𝑙) → 𝑂𝑂𝐻∗ + (𝐻∗ +  𝑒−) 𝑂∗ +  𝑂𝐻−  →  𝑂𝑂𝐻∗ +  𝑒− 

𝑂𝑂𝐻∗  → ∗  + 𝑂2(𝑔) + (𝐻∗ +  𝑒−) 𝑂𝑂𝐻∗ + 𝑂𝐻− → ∗  + 𝑂2(𝑔) +  𝐻2𝑂(𝑙) + 𝑒− 

In this table, (l) and (g) represent for liquid and gas phases, and * stands for active sites of 

catalyst, and O*, OH*, and OOH* are adsorbed intermediates. 
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2.3.2.2 Evaluation parameters of OER 

The electrocatalytic performance of an electrocatalyst is usually evaluated by some 

basic parameters which include overpotential (η), exchange current density (i0) Tafel 

slope (b), Faradic efficiency, and electrochemical surface area (ECSA), etc. These 

parameters not only measure the performance of electrocatalyst, but also provide 

insightful information related to the mechanism of OER. Hence, a brief introduction 

about these concepts is necessary. 

2.3.2.2.1 Overpotential (η) 

In physical chemistry, the potential used to drive the happen of reaction is usually same 

with the potential of the reaction in equilibrium under the ideal conditions. However, 

an energy barrier needed to be overcome by using higher potential under realistic 

condition. The difference between the realistic potential (E) and equilibrium potential 

(Eeq) is defined as overpotential (η), which is expressed in Eq. 2-2 and 2-3) 

E = 𝐸0′
+  

𝑅𝑇

𝑛𝐹
 𝑙𝑛

𝐶𝑂

𝐶𝑅
                                                            2 − 2 

η = E − E𝑒𝑞                                                                                                           2 − 3 

In the equation 2-2, E is the applied potential and the real potential, E0’ represents the 

formal potential of the whole reaction. R is the universal gas constant and T is absolute 

temperature. n represents the number of transferred electrons in the reaction and F is 

the Faraday constant. CO and CR mean the concentrations of the oxidized and reduced 

reagents, respectively. In the electrocatalytic reaction, η is the most common evaluation 

criterion. For OER, η (OER)=ERHE-1.23 V (RHE means reversible hydrogen electrode),. 
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In McCrory’s work(Charles C. L. McCrory*†‡ 2015), η usually was achieved at the 

desired current density of 10 mA/cm2 per geometric area as the benchmark. However, 

a serious problem about IR-compensation is still exist. The overpotential in most 

publications was corrected with 95% IR compensation, and only few articles show 

uncorrected overpotential followed the corrected potential (Anantharaj et al. 2018). If 

the catalyst is used as a part in water splitting, it is obviously to know, no IR 

compensation can be used, hence, an uncorrected overpotential is necessary to test. For 

IR compensation, three ambiguities are emphasized in Anantharaj’s review (Anantharaj 

et al. 2018). Firstly, the resistance for IR compensation, compensated IR was usually 

thought to be solution resistance (RS) in traditional three electrode cell which is often 

neglected in two electrodes. What is more, two factors such as ionic strength of the 

electrolyte and the distance between the reference and counter electrode, influence the 

magnitude of RS. For the ionic strength of electrolyte, the common electrolyte 

frequently used is 1M H2SO4 or 1M KOH which provides high ionic conductivity. 

Hence, the distance between the reference and counter electrode are the main influence 

factor needed to be considered. Because the separation distance between reference and 

counter electrode influences the Rs value which subsequently causes iR drop. To solve 

this problem, it was found that Luggin capillary configuration is a useful tool to increase 

the distance between the reference and counter electrode and as a result of decreasing 

the magnitude of RS. Although this specialized configuration effectively reduces Rs, Rs 

are still affected by other factors like various hetero-junctions. Hence, uncompensated 

resistance (Ru) now take the place of Rs. In the equation (2-4), iR drop compensated 

overpotential is calculated for an electrocatalyst in OER and HER electrocatalysis. 
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iR drop free ηOER= ERHE-1.23V-EiR                                                    (2 − 4) 

Based on the above equation, if 100% iR drop compensation was used for an 

electrocatalyst, the Rs still exists in a two-electrode system. Therefore, it must be 

emphasized that iR drop uncompensated overpotential is more meaningful than the iR 

drop compensated overpotential at a defined current density.  Secondly, the percentage 

of iR drop compensation and its influence on overpotential at a defined current density 

are also important. There are two methods used to attain the iR drop compensation. One 

is achieved by the electrochemical workstation itself and another way is to use equation 

(2-5) to calculate. 

η (iR (%) drop compensation) = E - IRu                                                             （2 - 5） 

In this equation, E is the overpotential versus RHE at a defined current density without 

iR compensation, I is the defined current density, and Ru represents the observed 

resistance. It is obviously known that the overpotential after iR drop compensation is 

smaller than the overpotential without compensation, and the overpotential will 

decrease if increasing the percentage of iR drop compensation. Hence, description the 

percentage of iR drop compensation is more accurate and persuasive to readers to 

evaluate the electrocatalytic properties of electrocatalysts. However, when the Ru is 

higher than 6 ohms and current density is higher than 100 mA/cm2, the iR compensated 

overpotential cannot truly response the overpotential in realistic cell, especially in a 

two-electrode system. Therefore, choosing suitable substrate electrode with high 

conductivity and low intrinsic resistance which reduce the Ru value to lower than 6 

ohms is necessary. For instances, carbon fibre, Ni foam and foil, and Cu foam and foil 
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are commonly used as substrate. If the current density is higher than 100 mA/cm2, the 

possible unacceptable linear sweep voltammetry (LSV) curves maybe achieved 

(Sengeni Anantharaj 2017).  Therefore, an appropriate percentage of iR drop 

compensation should be chosen and citing the percentage in article is important for a 

research. Thirdly, two methods mentioned above are used to get iR drop compensation 

overpotential, but the consequences obtained by two methods have some distinction, 

The difference between the one obtained from electrochemical workstation and the one 

obtained from manual iR drop compensation is ascribed that the overall current density 

will increase followed with the reduction of overpotential at a defined current density 

when using electrochemical workstation to obtain iR drop compensation. The choice 

about which one is the suitable method using for achieving iR drop compensation 

overpotential is still not resolved. Hence, the method used for iR compensation should 

be emphasized for readers to ensure the accuracy of data in the articles.   

2.3.2.2.2 Tafel slope and exchange current density 

Tafel analysis is applied to determine kinetics of the electrocatalyst in the OER. Tafel 

equation from the well-known Butler-Volmer equation is listed below: 

I = 𝐼0 [exp (
𝛼𝐴𝑛𝐹

𝑅𝑇
× 𝜂) − exp (−

𝛼𝑐 𝑛𝐹

𝑅𝑇
× 𝜂)]                                (2 − 6) 

In equation 2-6, I and I0 represent current and exchange current, respectively, and αA 

and αC denote the charge transfer coefficients for anodic and cathodic reactions, 

respectively, n is the number of electron transferred, F means the Faraday constant 

which equals to 96485 C, R is the ideal gas constant when T is the absolute temperature, 

η expresses the overpotential. In the OER, there is an anodic polarization which could 
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neglect the cathodic contribution, hence the equation 2-6 can be simply changed into 

equation 2-7, as given below:  

 I = 𝐼0 [exp (
𝛼𝐴𝑛𝐹

𝑅𝑇
× 𝜂)]                                                                           (2 − 7)                   

When Eq. (2-7) was translated into the logarithm form as shown in Eq. (2-8), it can be 

obviously noted that current density (i0) and Tafel slope (b) can be calculated 

accordingly and Tafel slope (b) can be expressed as Eq. (2-9) 

 log(𝑖) = log(𝑖0 ) + 
𝜂

𝑏
                                                                               (2 − 8)      

 b =  
2.303𝑅𝑇

𝛼𝐹
                                                                                                 (2 − 9)                     

From Eq.2-8, it could be understood when the slope (b) is smaller, the current increases 

faster, the value of slope (b) is influenced by the transfer coefficient (α). Hence, Tafel 

slope (b) is usually used to provide insightful information for OER and predict the 

electrocatalysis properties of electrocatalyst. Exchange current density (i0) commonly 

reflects the intrinsic bonding/charge transferring interactions between the 

electrocatalyst and reactant. It is achieved by extrapolating the Tafel plot to the 

interception at the reversible potential of electrocatalytic study (for OER, it is 1.23 V 

vs. RHE).  

In Ananthraj’s review (Anantharaj et al. 2018), it is summarized that Tafel slope is 

received by three methods, including electrochemical techniques of voltammetry, 

chronoamperometry (CA)/chronopotentiometry (CP) and electrochemical impedance 

spectroscopy (EIS). Among them, voltammetry is the common method which was 

widely used to obtain Tafel slope in the published articles. However, one point needed 
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to be noticed that the sweep scan rate should be no more than 5 mV/s, because if the 

scan rate over 5 mV/s, a high capacitive current generates and causes a high external 

potential drop.  To decrease the influence of current generated by faradic and capacitive, 

Burke and co-workers averaged the forward and reverse sweeps ahead of plotting on 

the semi-log plots and extracting the Tafel slope (Burke et al. 2015). Due to the demerits 

of voltammetry-derived Tafel plots, a steady-state polarization curves should be 

obtained by static electrochemical techniques, such as amperometry or potentiometry, 

because enough time was provided for a steady state and no capacitance was generated 

in this method. Thus, the Tafel slope obtained by this technique could reflect the 

intrinsic catalytic activity of the catalyst. Compared to the voltammetry method, it 

seems that static electrochemical method is accurate when getting rid of the influence 

of capacitance current, however, other resistances such as intrinsic resistance of catalyst, 

the resistance of interface between electrode and catalyst，solution resistance, etc., are 

still exist. To further solve this issue, EIS is used to determine the Tafel slope.  In Heron 

and co-workers’ work (Heron Vrubel 2013), EIS was proposed and performed at 

different overpotentials with intervals in the activity range of catalyst. Two points 

should be emphasized in Tafel analysis process, one is the potential selected during 

Tafel analysis should be larger than 120mV compared to the onset overpotential of 

OER, another is that two or three decades should be included within the linear potion 

where the slope is measured. 

2.3.2.2.3 ECSA 

It is commonly believed that high ECSA implies high catalytic activity of 

electrocatalyst. Hence, ECSA is also an important factor used to reflect the activity of 
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electrocatalyst. Based on the Eq. 2-10, ECSA is calculated from the double layer 

capacitance (Cdl), and two methods used for receiving Cdl are cyclic voltammetry and 

impedance spectroscopy (Stevens et al. 2016).  

  ECSA =  
𝐶𝑑𝑙

2 
                                                                                 2 − 10 

When using the former method to obtain Cdl, a series of cyclic voltammetry (CV) cycles 

at different scan rates in a range of potential without faradic reaction happened were 

scanned by electrochemical workstation, the difference of anodic and cathodic current 

densities (Δj=ja-jc) measured at a potential point were used to estimate the ECSA. The 

slope of the plot of Δj versus scan rates is Cdl, as shown in Eq. 2-11.  

 𝐶𝑑𝑙 =
𝑑𝑄

𝑑𝐸
=

𝑖𝑑𝑙

𝑣
                                                            2 − 11              

Because the Cdl is calculated in an appropriate region without faradic reaction happened, 

many catalysts which are not conductive until they are oxidized are not suitable for 

using CV method to obtain Cdl. Therefore, EIS is applied to obtain Cdl in where Cdl can 

be extracted from EIS with an equivalent circuit (Boettcher 2015).  

Although Cdl was used to determine electrocatalytic activity of electrocatalyst, it only 

can be used to compare a series of materials with similar chemical and physical 

properties in one study and cannot be used to compare different material in various 

studies. It will be more accurate to combine EIS and Cdl method together to measure 

ECSA than that obtained by just using one single method.  

2.3.2.2.4 Faradic efficiency  



39 
 

Faradic efficiency was used to measure the efficiency of the power of electron 

participated in an electrochemical cell. It can be calculated as the ratio of the number 

of electrons generated from experimentally collected amount of O2 to the number of 

electrons observed theoretically in the process of charge transfer. There are two 

common methods used to calculate Faradic efficiency based on the above definition. 

The first one is drainage method in which the evolved gas was collected and translated 

into the moles by Avogadro’s law, and the theoretical moles calculated by the Faraday’s 

second law (Jia et al. 2017). In most papers, the faradaic efficiency is nearing 100%. 

The second method is gas chromatography (GC), GC is applied to test the amount of 

experimentally generated O2. Compared to the first method, GC could test the O2 in 

regular time intervals while long time should be needed to collect enough O2 to fill the 

cylindrical measuring jar in the first method. When using the first method, a large 

deviation easily caused during the process of collecting gas (Dinh et al. 2018).  Except 

above two methods, fluorescence spectroscopy is also applied to test the amount of O2. 

For example, Song et al. used ocean optics multifrequency phase fluorimeter (MFPF-

100) with a FOXY-OR 125 probe to test the generated O2 (Song and Hu 2014).  In these 

three methods, H-shape cell are necessary to separate the anodic and cathodic generated 

gases, and it is clearly observed that the volume ratio of oxygen and hydrogen is 1: 2.   

Rotating ring disk electrode (RRDE) is a special electrode which could be used to test 

and reduce the oxygen when oxygen generated in the disk glassy carbon electrode at a 

lower scan rate of 5 mV/s, the Pt ring could test and reduce the oxygen to water at a 

constant potential. Hence, RRDE is also a technique applied to obtain FE. Part of the 

generated oxygen is tested and reduced by the Pt ring in the testing process, a parameter 
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of collection efficiency (NCL) should be noticed before starting the test (Jin Suntivich 

2011).  

2.3.2.2.5 EIS 

EIS is a useful electrochemical analytic tool for investigating the kinetics of 

electrocatalytic reaction. EIS was usually used with other techniques to test the 

properties of electrocatalyst or the reaction happened on the interface of electrode and 

electrolyte. Chakthranont and co-workers (Chakthranont et al. 2017) applied EIS and 

in situ X-ray adsorption spectroscopy to reveal the resistance between catalyst film and 

Au substrate and the high number of electrochemically active metal sites. Choosing a 

common and suitable circuit to fit for EIS should be considered. Three parameters were 

discussed in this article: Rf, Rct, Cdl, these three parameters reflect the ohmic loss in the 

catalyst layer, the rate of charge transfer and the electrochemical surface area, 

respectively. Swierk and co-workers (Swierk et al. 2015) used EIS and activation 

energy measurements to find that the FexNi1-xOOH are most active and the pure NiOOH 

and FeOOH catalyst have higher faradic resistance and activation energy than that of 

FexNi1-xOOH. Hence, EIS was usually accompanied with other techniques to test the 

kinetic of electrocatalyst and mechanism of OER under in-situ condition.  

2.3.3 The Design Strategies  

 2.3.3.1 Strategies for improving OER  

Based on the mechanism of OER for catalyst, it is widely believed that the intrinsic 

activity of an electrocatalyst is decided by the adsorption or desorption of some 

intermediates with a volcano-shape plot related with the activity and surface adsorbing 
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property. Hence, to improve the electrocatalytic activity, changing the surface 

adsorption is a directly route. In Zhang’s review (Tang, Wang and Zhang 2018), they 

attempted to summarize and suggest multiscale principles from the aspect of electronic 

structure, hierarchical morphology, and electrode interface. It is obviously known that 

electronic structure directly influences the intrinsic activity of individual active sites. 

To change electronic structure, heteroatoms (N, S, P, B) doping or defects are 

considered as effective ways for enhancing the electrocatalytic activity of metal free 

carbon materials, and the doping of cations (e.g., Ni, Fe, Co) or anions (e.g., O, S, OH) 

is also a promising method for high electrochemical performance of transition metal 

materials, TMOs or hydroxides. From the multiscale principles, hierarchical 

morphology and electrode interface are also two aspects that researchers should concern. 

Lu et al. reviewed the first-row transition metal for OER (Lu et al. 2017). It is 

summarized that three parts, Gibbs free energy, electronic conductivity and 

electrocatalytic active surface, play an important role on the whole overpotential used 

for OER. Hence, to achieve a lower overpotential, the consideration and design 

strategies should around these tree points. It is pointed out that the total overpotential 

equals to the sum of the overpotentials caused by the above three points, as shown in 

Eq. 2-12 

𝜂𝑡𝑜𝑡 =  𝐸𝑎𝑝𝑝 − 𝐸0 = 𝜂𝛥𝐺 +  𝜂𝑐𝑜𝑛 + 𝜂𝑠𝑢𝑟𝑓                                                  2 − 12 

In this equation, ηtot represents the total overpotential for the catalyst at a given current 

density. Eapp is the applied potential. E0 signifies the thermodynamic equilibrium 

potential for water oxidation. ηΔG is the overpotential caused by Gibbs energy and it is 
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influenced by the intrinsic electronic structure of catalyst. ηcon corresponds to the 

potential drop between the active sites and the external circuit, which is related to the 

resistance between catalyst and electrode substrate. ηsurf stands for amount of surface 

active sites of the catalyst which is commonly related to the surface area of the catalyst. 

The similar view on enhancing OER properties are also reviewed in Wang’s work 

(Wang et al. 2018b). And in the following section, different material used for OER 

catalyst was summarized and discussed from the above aspects: (i) tuning the electronic 

structure for improving intrinsic properties, (ii) increasing surface area or active sites, 

(iii) enhancing the conductivity by combing conductive supporting materials, (iv) 

constructing hierarchical porous structure. 

2.3.4 Materials Used in OER 

It is widely known that IrO2 and RuO2 are the commonly electrocatalysts used in OER. 

They are considered as the benchmark of the catalytic activity due to the high 

performance especially in acidic solution which is more stable than TMOs or LDHs. 

Although the excellent performance on electrocatalytic activity of OER, the prohibitive 

cost of noble metal oxides hampers its practical application when largely using in 

industry. Hence, looking for alternatives such as carbon materials, transition metal, 

TMOs or LDHs have attracted tremendous attention in recent years. The following 

sections focus on these materials and it should be emphasized that the pH of solution 

discussed in the following section is alkaline, because transition metal, TMOs or LDHs 

are unstable in acid solution. 

2.3.4.1 Carbon material  
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Carbon materials (graphene, CNTs, carbon fibre) usually exist poor electrocatalytic 

properties. However, when doping with other atoms or non-covalently adsorbing 

certain polymer, the electrocatalytic activity of carbon materials have obvious 

improvement. When doping with some atoms (i.e. N, O, S), the adjacent carbon 

materials are positive charged due to intra-molecular charge transfer. The surface 

electronic structure is tuned by incorporating with other atoms and further the ability of 

adsorption to the reactants (OH- or O2) or intermediates generated in the process of 

OER is modified which finally determine the rate of OER based on the mechanism of 

OER. Zhang believed that the multiple atoms-doping carbon electrocatalyst has better 

electrocatalytic performance than single heteroatom-doping carbon materials (Zhang et 

al. 2017a). For the single atom doped-carbon materials, N is the common atom for 

doping with carbon materials used in the OER. As discussed above, N could change the 

electronic structure of carbon layer by adjusting the electron density near the N atom, 

and this phenomenon facilitates the performance of electrocatalysts in OER. Li reported 

that a free-standing N-doped carbon nanotubes (NCNTs) arrays was synthesized by a 

directed growth method (Li et al. 2017). And NCNTs shows a high activity and stability 

with an overpotential of 265 mV at 10 mA/cm2 and a low Tafel plot of 19.5 mV/dec, 

due to the unique cactus-like hierarchical porous structure and lower charge transfer 

resistance. As a high surface area monolithic, 3D N-doped porous carbon cloth was 

fabricated by Balogun and co-workers (Balogun et al. 2016). This catalyst has a low 

overpotential of 360 mV at a current density of 10 mA/cm2. The outstanding 

electrocatalytic performance is ascribed that N-doping, high surface area and 3D porous 

structure improve the electrocatalytic activity of the catalyst in OER.  
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Except N atom, S and P are also used as doping atoms to improve the electrocatalytic 

properties of carbon materials. They usually connected with N to form multiple 

heteroatoms-doping carbon material. Qu studied the N, S-codoping mesoporous carbon 

nanosheets prepared by a high efficiency and environmentally-friendly method with 

dopamine (DA) covered on the graphene oxide in the form of a uniform layer and then 

reacted with a-mercaptoethanol (Qu et al. 2016). After then, the N, S-codoping carbon 

nanosheets obtained by pyrolysis of GDS with a high S-doping efficiency. This catalyst 

shows admirable bifunctional ORR and OER electrocatalytic activity. It is believed that 

the high content of N, S and O provides high concentration of active sites and the 

synergetic effect between doping atoms and carbon material increases active sites of C, 

the oxygen functional groups provide by O atom make the catalyst more hydrophilic 

and are easily reacted on the interface of electrolyte and electrocatalyst. In addition, the 

mesoporous structure, the crinkles of carbon nanosheets, and the high conductivity are 

also the main reason to facilitate the reaction of OER. A macro-porous carbon fibre 

doped with N, F, P was fabricated by electrospinning method following with thermal 

annealing process (Wu et al. 2018a). It is found that the carbon fibres with uniform 

dispersed heteroatoms show excellent ORR and OER electrocatalytic performance.  

Apart from doping with heteroatoms, defect engineering for carbon materials to 

enhance the surface area is also an effective way to improve the OER performance of 

carbon materials. A facile H2 etching method was applied to prepare coaxial cable-like 

carbon fibre coated with nanostructured porous- and defect-rich graphene material 

(Wang et al. 2018a). This material exhibits excellent dual electrocatalytic performance 

for OER and ORR.  
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Apart from the above doping or defect method, a polymer assisted strategy is utilized 

to form electrocatalytic carbon materials wrapped with polymers. Unlike the doping 

method which commonly obtained by high temperature with high energy consumption, 

the polymer assisted method is facile and simple. Zhang prepared a series of polymer 

(i.e. poly (ethylene-alt-maleic) (PEMAc), poly (acrylic acid) (PAA), poly (vinyl alcohol) 

(PVA)) assisted MWCNTs catalyst (see Fig. 2-8) (Zhang et al. 2017b). The best 

PEMAc@MWCNTs electrocatalyst displays a low overpotential of 298mV at 10 

mV/cm2 and a small Tafel plot of 52 mV/dec. It is noticed the carbon material is not 

destroyed and the topological Stone-Wales defects of MWCNTs are still the main 

active sites and the functional groups on the wrapped polymer is used as a “kinetics 

accelerator” to facilitate and stabilize the OER intermediates and adjust the adsorption 

energies, and finally enhance the OER activity of polymer assisted MWCNTs.  Mo and 

co-workers also synthesized MWCNTs wrapped with poly (diallyl dimethylammonium 

chloride) (PDDA) by the similar method (Mo et al. 2018). A homogeneous dispersion 

of MWCNTs and polymer were obtained by dispersing and sonicating the purified 

MWCNTs and polymer in a desirable solution (i.e. acetone, water) and then the solution 

was evaporated or vacuum-filtered to form the polymer wrapped MWCNTs. It is found 

that PDDA with electron withdrawing property could lead a p-type “doping”, while the 

electron-donating polyethyleneimine (PEI) causes a n-type “doping”. The previous 

PDDA/MWCNTs electrocatalyst has more effective electrocatalytic ability than 

PEI/MWCNTs in water oxidation reaction. The directional interfacial electron charge 

transfer between MWCNTs and PDDA brings more carbon sites with positive charge, 

and the quaternary ammonium cations adsorb more OH- ions by electrostatic interaction 
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at the electrode/electrolyte interface, both of above two functions improve the 

MWCNTs electrocatalytic performance.  

 

Fig. 2-8 (a) Schematic illustration of preparation procedure for flexible OER electrocatalyst 

based on polymer @MWCNTs composite membranes, (b) a photograph of the flexible free-

standing PEMAs @MWCNTs 90 membrane. Cited form Ref (Zhang et al. 2017b).  

 2.3.4.2 Transition metal or TMOs 

In addition to carbon materials, transition metal and TMOs with low cost, highly active 

and long-term stability are extensively investigated by tremendous researchers during 

the past years to replace the expensive precious metals or precious metal oxides (Song 

et al. 2018, Han, Dong and Wang 2016). 

Transition metals as abundant elements on the earth were investigated by many 

researchers in electrocatalytic field, especially Ni, Fe, Co. However, although transition 

metal usually have electrocatalytic performance, the drawback of aggregating in the 

process of electrocatalytic reaction, lacking of high conductivity limit their wide 

application. Hence, most metal materials usually composited with carbon materials, or 

3D metal substrate to increase the active sites, enhance the conductivity and hamper the 

aggregation of metal atoms during the process of electrocatalytic reaction. For example, 

a b 
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Han et al. synthesized FeNX/C catalysts by pyrolysis of thiourea and agarose with α-

Fe2O3 as Fe precursor (Han et al. 2018). When the pyrolysis temperature was 700°C 

and the mass ratio of urea and α-Fe2O3 was 20, the catalyst exhibits a better OER 

performance than that of 20% Pt/C, although its OER performance is not good as that 

of IrO2. The outstanding OER performance is due to the positively charged carbon and 

N atom rounded Fe which could adsorb OH- and thus further facilitate the transfer of 

O2
2- and O2- generated in the process of OER. Except single metal element, bi- or tri- 

metallic materials show more advantages than mono-metallic materials. NiFe/C 

electrocatalyst was prepared by a simple method with Fe doped Ni(OH)2 as precursor 

and glucose as carbon source, after annealing at high temperature, a sandwiched-like 

NiFe material coated by graphene sheets on the both sides was obtained (Feng et al. 

2015). The unique structure with conductive graphene sheets promotes the transfer of 

electron and OH- and impedes the aggregation of NiFe nanoparticles.  Besides, the 

porous structure could increase the contact surface area between active sites and 

electrolyte and further improve the OER electrocatalytic activity of NiFe/C material. 

Ni3Fe/N-C sheets was synthesized by an effective dissolution-recrystallization-

pyrolysis method (see Fig. 2-9) (Fu et al. 2017). In this process, NH3 was used to 

provide N sources and increase the porosity of the materials, chitosan (CS) could form 

a porous carbon during pyrolysis. Ni3Fe sheets embedded into the carbon nanosheets, 

thus avoiding the aggregation of Ni3Fe, the N doped carbon sheets also improve the 

electric conductivity of metal material, promoting the transfer of electron and 

improving the electrocatalytic activity of material. A bifunctional electrocatalyst of 

Ni3FeN/Co,N-CNF (carbon nanoframes) was synthesized and studied by Wang, et al. 
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(Wang et al. 2017a). And a lower overpotential (270mV) and lower Tafel slope are 

obtained compared with that of Ni3FeN and IrO2. The reason is that the size of Ni3FeN 

nanoparticle as a part of hybrid material is smaller which could expose more active sites. 

The carbon materials with high conductivity could improve the electrochemical kinetics.  

 

Fig. 2-9 Schematic illustration of the preparation procedure of the Ni3Fe/N-C sheets. Cited 

from Ref (Fu et al. 2017).  

Carbon materials such as graphene, CNT, CC used as substrate is a good choice due to 

its high conductivity and porous structure and chemical stability. Ni foam is also a 

common three-dimensional substrate used as supported material. For instance, Xu 

founded that amorphous NiFe nanotube arrays on Ni foam synthesized by 

electrodeposition method have excellent OER performance in 1M KOH solution with 

small overpotential of 216 mV at 50 mA/cm2 (Xu et al. 2018b). They claimed that the 

excellent electrocatalytic activity is due to their intrinsic advantages: (i) the composition 

of Ni, Fe has a synergistic effect with strong electron reaction which could increase 

more active sites, more mass and charge transport competence, (ii) the amorphous 

phase is favourable for high charge transfer rate and increasing the exposed active sites, 

(iii) the high surface area, abundant active sites are beneficial for enhancing the 

electrocatalytic performance for composite of Ni foam and NiFe nanotube arrays.   
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In addition to Ni and Fe, Co is also a common metallic element used as electrocatalyst 

(Chen et al. 2018). Cai fabricated a 3D Co-N-codoped hollow carbon sphere materials 

with dopamine as nitrogen and carbon source and PMMA as template by a simple 

vacuum-assisted impregnation method (Cai et al. 2017b). The catalyst shows good 

OER performance with an overpotential of 490 mV at 10 mA/cm2 in 0.1M KOH. X-

ray photoelectron spectroscopy (XPS) verifies the existence of N and C elements. It is 

accepted that carbon materials doped with N have high charge mobility which could 

enhance the catalytic activity. Although, XRD and XPS also confirm the presence of 

Co-O bond. There is no clear evidence to prove that the excellent OER performance is 

attributed to the existence of metal oxide in this work. However, in Tong’s work (Tong 

et al. 2018), it is pointed out that the real active sites to facilitate the formation of O2 

from OH- is CoOOH/Co-N catalyst which formed by partially oxidized Co atoms on 

the surface of Co-N species, Hence, a confusion that the real catalytic active sites for 

metal material is the metal itself or metal oxides existed on the surface or generated 

during the reaction is still need to be further investigated. In Liu’s work, XRD, XPS 

and X-ray adsorption fine structure (X-ray absorption near edge structure, XANES) and 

extended X-ray absorption fine structure (EXAFS) spectroscopy were applied to 

indicate the presence of cobalt oxides (Liu et al. 2018b). And it is concluded that the 

superior OER electrocatalytic activity of Co/NBC-900 is due to the high content of 

conductive pyridinic C-N and C-B structures and also the existence of surface oxides 

on the outer layer of metallic cobalt which could increase the electron transport 

capability and supply more electrocatalytic active sites for easy access of electrolyte. 

The result and discussion show that the existence of cobalt oxide on the surface could 
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make the catalyst film more hydrophilic which is beneficial for the access of electrolyte. 

Fu et al. discussed more details about the surface composition and improvement of 

OER of NiCo alloy nanoparticles on N-doped carbon nanofibers synthesized by 

electrospinning and post-calcination method (Fu et al. 2018). The results of XPS show 

that Co2+, Co3+, Ni2+, Ni3+ located on the surface of sample, and Co3+, Ni3+ have been 

hydroxylated during the OER process which is beneficial for enhancement of OER 

performance of product. Mentioned metal oxides, many efforts on preparing 

metal/metal oxides composite also attract tremendous attention. It is believed that 

metal/metal oxide composite displays a higher catalytic activity when comparing with 

single metal oxides materials. The metal in the material contributes to improve the 

electrical conductivity of composites and the different metal generated lattice strain is 

responsible for different redox potential and structural ordering, and this improves the 

electrocatalytic performance of sample (Wu et al. 2018b, Liu et al. 2015a). 

2.3.4.3 LDHs 

LDHs have layered structure with metal ions formed host layer and anions intercalated 

into the layer to balance the positive charge caused by partially trivalent metal ions 

which in the place of bivalent metal ions. Up to now, due to the adjustability of metal 

compositions, exchange of interlayered anions and various of derivatives, such as 

oxide(hydroxides), phosphides, nitrides, selenides etc., a great of effort have focused 

on the research of LDHs, especially NiFe LDHs which have indicated that they have 

outstanding OER performance (Wang et al. 2018c, Gong and Dai 2014). However, the 

low conductivity, small active sites on bulk LDHs limited their further application. 

Hence, design and efficient solutions have been done by many workers. The effective 
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strategy includes decreasing Gibbs energy by adjusting electronic structure, increasing 

surface area to exposed more active sites, enhancing the conductivity of LDHs by 

combing with conductive materials, etc.. 

2.3.4.3.1 Electronic structure changing 

It was verified that doping with other elements such as V, Cr, Au, Co could adjust the 

electron structure and improve the oxidation potential of Ni or Fe to influence the 

electron density and enhance OER activity (Dinh et al. 2018).  

For instance, NiFeCr LDHs was directly grown on the carbon paper by one-step 

hydrothermal reaction (Yang et al. 2018). It is found that the electrocatalyst has a low 

overpotential of 225 mv at 25 mA/cm2 and a small Tafel slope of 69 mV/dec. The 

results of XPS and X-band electron paramagnetic resonance spectroscopy (EPR) 

indicate that Cr has changed the electronic structure of Ni compared to bimetallic NiFe 

and NiCr LDHs, and partially substitutes for Fe in the M(OH)2 layer. The excellent 

OER performance is attributed to not only the introduction of Cr which adjusts the 

electronic structure and influences the intrinsic activity, but also the utilization of 

hydrophilic carbon paper with high surface area and the strong interaction between 

LDHs and carbon paper which facilitates the high electrocatalytic performance and 

long-term durability. V as an earth abundant element is also studied to dope with NiFe 

LDHs. Li et al. synthesized V doped NiFe LDHs on Ni foam by a hydrothermal method 

with low overpotential of 195mV at 20 mA/cm2 and low Tafel slope of 42 mV/dec (Li 

et al. 2018a). The electrochemical analysis and density functional theory (DFT)+U 

show that the doping of V enhances the electrocatalytic activity of Fe by electronic 
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interaction and decreases bandgap between the valence and conduction bands which 

modulate the electronic structure. Hence, NiFeV LDHs performs an outstanding OER 

electrocatalytic activity. Excepting for directly fabricating trimetallic LDHs by 

hydrothermal method, electrodeposition is an easily method to introduce metal ions to 

the host layer of NiFe LDHs. Zhu et al. integrated electronegative Au uniformly on the 

surface of arrayed NiFe LDHs on Ni foam (Zhu et al. 2017). The small content of Au 

influences the structure of LDHs, and XPS demonstrates that electronegative Au could 

adsorb electron and promote the formation of Ni3+ cation and thereby enable the OER 

performance of LDHs. Zhang and co-workers also used hydrothermal and 

electrodeposition method to synthesize sAu/NiFe LDHs on Ti mesh (Zhang et al. 

2018b). They used DFT+U+vdW (van der Waals effects) to prove that the single atom 

Au could decrease the free energy and improve the OER performance. The in-situ 

Raman spectroscopy indicates that the in situ formed oxyhydroxide act as active sites 

in OER. In addition to cation doping, defect engineering strategy is another effective 

method to tune electronic structure. Xie and co-workers  introduced base-soluble Zn (II) 

and Al(III) NiFe-LDHs, when the Zn (II) and Al(III) were selectively etched, atomic 

M(II)/M(III) defects formed (Xie et al. 2018).  The results show a low overpotential of 

200 mV at 20 mA/cm2 and a small Tafel slope of 34.9 mV/dec. It is believed that the 

electronic state of metal sites rounded the atomic defects would balance the change of 

charge when atomic defects generated after selectively etched. The XPS and EPR 

demonstrate that M(II) defects generate unsaturated O-coordination of Ni(II)-O-Fe(III) 

couple sites and Ni, Fe sites are shifted to a lower valence in the D (defect)-NiFeZn 

LDHs, which is beneficial for OER (See Fig. 2-10). DFT +U calculations elucidate that 
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the defect sites of Ni(II)-O-Fe(III) in the M(II) defect structures have a lower OER 

overpotential than Ni(II)-O-Ni(III) defect sites in the M(III) defect structures, Hence, 

D-NiFeZn LDHs shows a better OER performance than D-NiFeAl LDHs.   

 

Fig. 2-10 Schematic defect structures of (a)D-NiFeZn LDHs and (e) D-NiFeAl LDHs; (b), (f) 

Ni 2p and (c),(g) Fe 2p XPS results of the as-synthesized LDHs (the distinct negative shift of 

the signals indicates modified electronic structures); and electron paramagnetic resonance 

spectra of (d)NiFe, NiFeZn, and D-NiFeZn LDHs and (h) NiFe, NiFeAl, and D-NiFeAl 

LDHs. Cited from Ref (Xie et al. 2018). 

2.3.4.3.2 Morphology and structure control 

It is commonly accepted that ultrathin and hierarchical LDHs with high specific area 

usually have more exposed active sites than bulk LDHs. Decreasing the size of LDHs 

or constructing hierarchical structure or 3D structure of LDHs could increase the 

specific area and hence generate more active sites, facilitate the penetration of 

electrolyte, these merits are beneficial for improving the OER performance. For 

example, Dinh and co-workers fabricated porous ultrathin NiFeV LDHs on Ni foam 

a b c d 
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(Dinh et al. 2018). The thickness of LDHs is about 10 nm, and these porous nanosheets 

assembled to form a flower-like structure on Ni foam (See Fig. 2-11a). It is believed 

that the porous structure provides more space for electrolyte penetration and diffusion. 

Hence, the high specific area with more exposed active sites and the porous structure 

with fast electrolyte penetration and diffusion are favourable for improving OER 

performance. Similarly, Hierarchical NiFe LDHs hollow microspheres (HMS) was also 

prepared by one step in situ growth method with SiO2 as a sacrificial template (See Fig. 

2-11b and 11c) (Zhang et al. 2016a).  N2-adsorption/desorption analysis reveals that 

NiFe-LDHs HMS has a larger specific surface area of 155.4 m2/g than that of NiFe-

LDHs nanoparticle (NP) (22.9 m2/g). The ECSA results also show that the value of Cdl 

of NiFe-LDHs HMS is 4.6 times higher than that of NiFe-LDHs NP. Hence, the 

enhancement of OER electrocatalytic activity of NiFe-LDHs HMS with a small onset 

overpotential of 220 mV is ascribed to the high surface area and hollow structure with 

mesopore (3-5 nm) which could increase the exposed active sites, enhance the 

transportation of charge and mass. The hard templates usually were used to prepare the 

hollow structure, but the removal of template not only increase the cost of preparing, 

but also may destroy the structure which have been formed. Hence, in David’s work, a 

self-templated method was used to synthesize hierarchical NiFe-LDHs hollow 

nanoprisms (see Fig. 2-11d-f)) (Yu et al. 2018a). Ni precursor as the template and Ni 

source, was dissolved and transformed into the active component of electrocatalyst. 

Due to the hierarchical and porous structure, NiFe LDHs hollow nanoprisms has a high 

OER electrocatalytic activity with overpotential of 280 mV at 10 mA/cm2 and a small 

Tafel slope of 49.4 mV/dec. It is concluded that the high OER performance is 
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influenced by the porous nanoprisms structure which could facilitate the electrolyte 

penetration and diffusion, and increase the contact area between electrode and 

electrolyte. 

 

 

Fig. 2-11 (a) FESEM image (cited from Ref (Dinh et al. 2018); (b), (c) TEM image and sketch 

of NiFe-LDHs HMS; Cited from Ref (Zhang et al. 2016a); (d) scheme of formation of 

hierarchical NiFe-LDHs hollow nano prisms by a self-templated strategy, and (e), (f) 

FESEM and TEM images of Ni-Fe LDHs hollow prisms obtained after the hydrolysis 

reaction. Cited from Ref (Yu et al. 2018a).  

Except for direct synthesizing LDHs with hierarchical structure, 3D conductive metal 

used as substrate in the process of preparing LDHs can increase specific surface area 

with more exposed active sites, enhance the electronic conductivity with fast electron 

transfer, the 3D dimensional structure with more space promotes the fast release of 

oxygen gas generated in the process of reaction. Hence, constructing hierarchical 

a b c 
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structure on 3D conductive substrate is an effective pathway for achieving high OER 

performance for electrocatalyst. Ni foam, Cu foam as typical 3D conductive substrate 

have attracted a great deal of attention. Ni foam as common substrate in electrochemical 

field was used as substrate for synthesizing NiFe LDHs nanoplates in Duan’ work (Lu 

et al. 2014). The NiFe LDHs nanoplates vertically grown on the Ni foam and formed 

3D porous film, the results indicate that the NiFe LDHs nanoplate exhibits outstanding 

OER performance with a low overpotential (280 at 30 mA/cm2) and a small Tafel slope 

(50 mV/dec).  

Cu as a high conductive metal also used as a substrate for preparing LDHs. For instance, 

a core-shell structured Cu@NiFe LDHs was obtained by a facile and safe approach (see 

Fig. 2-12) (Yu et al. 2017b). It is believed that the NiFe LDHs nanosheets have a strong 

interaction with Cu nanowires which ensure high electronic transportation, and the 

vertically NiFe LDHs ultrathin nanosheets on Cu nanowires have many exposed active 

sites. Hence, an excellent result is achieved with overpotential of199 mV and 281 mV 

at current density of 10 and 100 mA/cm2, respectively. And this electrocatalyst also 

shows outstanding HER performance and is used as bifunctional in water splitting. 

Similar work about Cu@CoFe LDHs also has been investigated (Yu et al. 2017a).  

When the electrodeposition time is 90s, the hierarchical Cu@CoFe LDHs exhibits 

overpotential of 252 mV and 318 mV at 10 and 100mA/cm2, respectively, and a Tafel 

slope of 44.4 mV/dec.   
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Fig. 2-12 Schematic illustration of the fabrication procedures of the self-standing 3D core–

shell Cu@NiFe LDHs electrocatalysts. (RT represents for room temperature) Cited from 

Ref (Yu et al. 2017b). 

Due to the unique layer structure of LDHs, the anion in the layer could be exchanged 

by a series of anions, such as NO3
-, ClO4

- etc. and LDHs can also be exfoliated into few 

layers or single layer. The increased interlayer distance or the ultrathin nanosheet of 

LDHs have large specific area and expose more active centres. Hence, by enlarging or 

exfoliating the structure of LDHs, the OER electrocatalytic properties of LDHs have 

been improved. Zhong et.al. prepared Ni2Fe-LDHs with interlayered anion of sodium 

dodecyl sulfonate (SDS) on carbon fiber (Zhong et al. 2017). They summarized the 

outstanding OER performance is attributed to the enlarged interlayer distance which 

could accelerate the electrolyte diffusion. However, it contradicted to the research about 

the investigation of NiFe LDHs with different anion intercalation (Hunter et al. 2016). 

The study demonstrates that LDHs with different anions will be quickly replaced by 

carbonate in alkaline electrolyte under ambient air, and in the virtually carbonate free 

alkaline electrolyte, the activity is related to the function of anion basicity, and they 

suggested that nitrite species bound to the edge site of Fe in the pre-catalyst influenced 
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the water oxidation activity. Hence, for LDHs with the intercalation of SDS which 

expand the distance of LDHs, when it is dispersed in alkaline solution without 

protecting by inert atmosphere, the SDS might quickly be replaced by carbonate. Hence, 

the product should be analysed in detail to check the existence of SDS or CO3
2-for 

further discussion. In addition to the method of increasing interlayer distance of LDHs, 

the exfoliation of LDHs into few layers or single layer is also an useful approach to 

achieving electrocatalyst with high OER activity (Tingting Wang 2019). Because the 

few layer or single layer LDHs usually have more exposed active site, and form 

numerous edges and corner sites which could accompany with more dangling bonds 

and decrease coordination number of active sites and promote the adsorption of 

intermediates generated in OER process. All these results will reduce the overpotential 

and enhance the OER activity. Song and Hu prepared a series of exfoliated LDHs by 

using liquid method to study their OER performance (Song and Hu 2014). Firstly, NiFe 

LDHs with carbonate as intercalated anions was prepared by hydrothermal method 

while NiCo and CoCo LDHs with Br were fabricated by topochemical way. Then the 

interlayer distance of as-prepared LDHs will be expanded by exchanging the anions by 

ClO4
- for NiFe LDHs and NO3

- for NiCo and CoCo LDHs. After dispersing and stirring 

vigorously in formamide for 24h, the clear solution was collected, the bulk LDHs 

formed into single layered tested by XRD and SEM and AFM (see Fig. 2-13).  Finally, 

the electrochemical analysis demonstrates that the single layer of LDHs display 

enhanced OER electrocatalytic activity which is shown by LSV, turnover frequency 

(TOF), etc. It is concluded that the increased high surface area is the main contributor 

for the significant improvement of OER performance. The reduced size, increased edge 
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sites with the unchangeable MO6 network are also the influence factors for the 

enhancement of OER activity. 

 

Fig. 2-13 Schematic representation of materials structures. (a) Layered hydroxides, d1 is the 

interlayer distance. (b) LDHs with interlayer anions and water molecules; d2 is the 

interlayer distance, d2>d1. (c) Exfoliated LDHs monolayers dispersed in a colloidal solution. 

Each single layer is composed of edge-sharing octahedral MO6 moieties (M denotes a metal 

element). Metal atoms: purple spheres; oxygen atoms: red spheres; interlayer anions and 

water molecules: grey spheres. Hydrogen atoms are omitted. Cited from Ref (Song and Hu 

2014). 

2.3.4.3.3 Enhancing the conductivity of LDHs 

The intrinsic conductivity of LDHs is very small and this limits their OER performance 

and widely applications. Hence, combining with high conductive materials, especially 

carbon materials have been indicated as an effective approach to improving the OER 

electrocatalytic activity of LDHs. The common conductive materials usually include 

Ni foam, carbon materials (CNTs, graphene, carbon nanofiber, carbon quantum dots, 

CNF), especially carbon materials, due to the various carbon materials and different 

defective and structure, the hybrid of carbon materials with LDHs as electrocatalysts 

have been studied by many groups.   

a b c 
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MWCNTs with tube structures are considered as an ideal carbon material for improving 

the OER performance of LDHs. In the composite of LDHs/MWCNTs, LDHs uniformly 

dispersed on MWCNTs and MWCNTs enhance the conductivity and could impede the 

growth of size of LDHs which could increase the contact surface aera with electrolyte,  

further enhance the electron transfer and mass transfer. For instance, Gong et al. 

prepared ultrathin NiFe LDHs nanoplates on mildly oxidized MWCNTs by an 

solvothermal method (Gong et al. 2013). The strong interaction between LDHs and 

MWCNTs forms interconnected electrically conductive networks which facilitate 

electron transfer, the tube structure of MWCNTs and the ultrathin LDHs nanoplates 

increase the active surface area, the tube network of MWCNTs facilitates the electrolyte 

diffusion and transfer. Hence, the composite of LDHs/MWCNTs displays an excellent 

OER activity with an overpotential of 250 mV at 10 mA/cm2. In this work, mildly 

oxidized MWCNTs were prepared by a modified Hummer method, which prevent the 

serious structural destroy of MWCNTs and could keep the tube structure and the high 

conductivity. Hence, the composite shows a remarkable OER performance. 
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Fig. 2-14 (a)SEM image of NiFe LDHs nanoplate grown on a network of mildly oxidized 

MWCNTs. (b), (c) TEM images of NiFe-LDHs/ MWCNTs hybrid. (d) XRD spectra of NiFe-

LDHs/ MWCNTs hybrid (black) and a control β-Ni(OH)2/ MWCNTs sample (red). The lines 

correspond to standard XRD patterns of α-Ni(OH)2 (black, JCPDS card No.38-0715) andβ-

Ni(OH)2(red, JCPDS card No.14-0117). (e) Schematic showing the hybrid architecture and 

LDHs crystal structure. Cited from Ref (Gong et al. 2013). 

Graphene, a layered carbon material, has attracted trmendous attention due to its unqiue 

structure and properties. Combing LDHs with grahene or its derivatives to improve the 

electrocatalytic performance of LDHs have been verified. NiFe LDHs/rGO, for 

instance, has been prepared by a facile solvothermal way with the following of chemical 

reduction (Zhan et al. 2016). Electrochemical results show the NiFe-LDHs/rGO 

exhibits an overpotential of 240 mV at 10 mA/cm2 and a small Tafel slope of 91 mV/dec. 

It is summarized that the porous structure and strong interaction between rGO and 

d 
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NiFe-LDHs are beneficial for the fast electron transfer, more exposed active sites and 

fast release of  oxygen. In addition to rGO, heteroatoms doped graphene and graphene 

with topological defects used as substrate  also caused many researchers’ attention. Yao 

et al. produced positively charged NiFe-LDHs and negatively charged defective 

graphene (DG) by electrostatic interaction (Jia et al. 2017). Fig. 2-15a shows that 

exfoliated NiFe LDHs nanosheets after exfoliation assemble with negatively charged 

DG. NiFe-LDHs/DG 10  has outstanding OER electrocatalytic activity with an 

overpotential of 210 mV at 10mA/cm2 and a small Tafel slope of 52 mV/dec ( See Fig. 

2-15 b). The defects on DG react with metal atoms sites by π- π interaction and form 

strong interaction between LDHs and DG, facilitating the electron transfer and 

improving kinetic of OER. The layer and porous structure provides high surface area 

and enough path for reaction and releasing of produced gas. In another work, defective 

N-doped graphene oxide as a substate, NiFeCo LDHs vertically grown on it  (See Fig. 

2-15c, d) (Zhou et al. 2018a). In this work, three merits for improving OER are 

summarized: (i) the defects on N-GO provide active sites for metal ions and enhance 

the interaction between LDHs and N-GO which promote the electron transfer and 

stabilizes the composite, (ii) the arry-like structure could expose more active sites and 

facilitate the penetration of electrolyte and release the generated gas quickly, (iii) the 

high valence state CoIII is beneficial for OER by tuning electronic structure of LDHs.  
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Fig. 2-15 (a) Schematic illustration of the fabrication of NiFe LDHs-NS@DG nanocomposite. 

(b) LSV curves of different electrocatalysts in 1 M KOH solution ( the inset is the 

overpotential required at a current density of 10 mA/cm2), Cited from Ref (Jia et al. 2017). 

(c) ORR and OER LSV curves (at 1600 rpm) of Ni2CoFe-LDHs+GO, Ni2CoFe-LDHs, Ir/C, 

and Pt/C-20%. (d) Schematic of the in-situ growth of LDHs nanosheets on nitrogen doped 

GO (N-GO). Cited from Ref (Zhou et al. 2018). 

a 
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In addtion to CNTs, graphene or graphene derivatives, carbon fiber, carbon quantum 

dots (Tang et al. 2014), carbon nanofram (Wang et al. 2017b), porous grahitized carbon 

(Ni et al. 2017), even graphite foam (Li et al. 2018b), expandable graphite (Guo et al. 

2018) also have been investigated. For these carbon materials, the high surface area 

with more active sites, high electronic conductivity which increase electron transfer and 

kinetics of OER and defective or heteratom doped sites which maximize the interaction 

between carbon materials and LDHs, are favorable for OER. 

2.3.4.3.4 Amorpous metal oxides or hydroxides 

Due to more active sites generated by the short range order of amorphous structure and 

small clusters exsited in amorphous material, electrocatalysts with amorphous structure 

usually have outstanding OER performance.  Hence, numerous research have focused 

on amorphous materials, such as metal hydroxides, metal oxides. The common 

strategies for preparing amorphous materials is electrodepostion and self-assembly (Liu 

et al. 2017, Xiaomei Wang 2018). For example, Lu and Zhao synthesized amorphous 

NiFe composite nanosheets on macroporous Ni foam electrode by electrodepostion 

method (Lu and Zhao 2015). The product shows excellent OER performance due to the 

hierarchical porous structure generated by Ni foam and small amorphous NiFe particles 

and high conductivity of Ni foam. These phenomena could increase the sepecific 

surface area and ehance the electron transportation. It is commonly recognized that 

combing with conductive materials can not only enhance the conductivity of LDHs, but 

also impede the growth of particles which downsize the scale of particle and further 

expose more activce sites. A ultrafine amorphous NiFe LDHs and nanocarbon 

composite were prepared by one pot solution method (Yin et al. 2018). In this work, 
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carbon materials came from the N contaning carbon source (2-mercapto-5-

nitrobenzimidazole (MNBI)) which is considered as a ligand react with metal ions and 

confine the growth of NiFe LDHs, after solvothermal treatment, organic ligand forms 

nanocarbon on the amorphous surface of NiFe LDHs. The hybrid of NiFe LDHs and 

nanocarbon display high OER activity. The overpotentials are 210mV and 260mV at 

10 and 100 mA/cm2 and Tafel slope is 35mV/dec. It is demonstrated that the amorphous 

and distorted structure, strong interaction between NiFe LDHs and nanocarbon are 

responsible for the enhancement of OER performance. Ren et al. fabricated a hybrid 

electrocatalyst of NiFe LDHs and nickel phosphide with a core-shell structure (Yu et 

al. 2018b). Here, the high conductive nickel phosphide as the substrate provides 3D 

porous structure for the electrodepostion of amorphous NiFe LDHs.   

NiFe(oxy) hydroxide as another high OER electrocatalyst was also studied in its 

amophous form (Zhou et al. (2018b). Liu et al. synthesized NiFeOOH by a facile 

electrodepostion step on 3D partially exfoliated graphite foil (Ye, Zhang and Liu 2017). 

The result shows a remarkable overpotential (214 mV at 10 mA/cm2) especially at high 

current density (251 mV at 500 mA/cm2). The reseason is that the 3D graphite foil 

substrate ensures the formation of hierarchical structure which could promote the 

diffusion of gas generated in the process of reaction. Shen et al. developed amorphous 

Ni(Fe)OxHy coated nanocone arrays (NCs) on stainless steel mesh (SSM) by a two step 

approach, i.e., acid corrosion and nickel (oxy)hydroxide depostion (Shen et al. 2018) 

(See Fig. 2-16). It is demonstrated by EIS that the charge transfer resistance of SSM-

NCs/Ni(Fe)OxHy is only 0.13 Ω which is the important contributing factor for superior 

OER performance.  It is pointed out that the reasonss for lowing charge transfer 
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resistance listed as: (i) the formation of self-supported nanocone arrays on the wires of 

SSM substrate decreases the solid surface /surface contact area, (ii) the inner 

uncorroded SSM wires enhance the electric conductivity, (iii) high surface area 

between electrode and electrolyte due to the nanocone structure exposes more active 

sites. In addition to NiFe (oxy)hydroxide, other metals (oxy)hydroxides also have been 

investagated. Such as CoV(oxy)hydroxide (Liu et al. 2018a). It is summarized that 

electrodepostion is the common and facile method used for preparing amorphous 

bimetal (oxy) hydroxides with random ordered structure to provide more active sites 

and amorphous bimetal (oxy) hydroxides usually combined with 3D conductive 

substrate to increase the surface area and enhance the conductivity of electrocatalysts. 

 

Fig. 2-16 Schematic for the fabrication process of SSM-NCs/Ni(Fe)OxHy via acid corrosion 

and nickel (oxy)hydroxide deposition. Cited from Ref (Shen et al. 2018). 

In summary, TMOs or LDHs have attracted much attention as electrocatalyst in OER. 

However, some disadvantages are still exist, for example, low conductivity hampers 

the kinetic of reaction, the big size of particles decreses the  active surface area. Hence, 

much research have been studied on how to improve their electrocatalytic activity. 

There are some common pathway: (i) combing with conductive material to enhance the 

conductivity of composite and enhance the kinetic of reaction, (ii) downsizing the shape 

of partices to increase active surface area, (iii) doping with other element for improving 
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the electronic structure which  decreases the energy barrier to pomote the happen of 

reaction.  
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Chapter 3 Experiment 

3.1 Introduction 

In this chapter, materials, equipment used in this work are introduced by the following 

section. Section 3.2 and 3.3 introduce the used materials, chemicals and equipment in 

detail. Section 3.4 gives the detailed information about characterizing the properties of 

as-prepared samples.  Section 3.5 provides the information about how to assemble a 

coin cell from active material (anode material) to cell and how to measure their 

electrochemical performance as anode in LIBs. Section 3.6 gives the information of 

how to prepare sample and the electrochemical measurements in OER. the detailed 

preparation methods for different samples are introduced in following chapter 4, 5 and 

6. 

3.2 Chemicals and Materials   

In this research, all chemicals were used without further purification. The chemicals 

are listed in table 3-1. 

Table 3-1(I) Chemicals used in this work 

Chemical  grade supplier 

Fe2SO4·7H2O AR 
Sinopharm Chemical 

Reagent Co, Ltd 

H2O2 (30%) AR 
Sinopharm Chemical 

Reagent Co, Ltd 

KOH AR 
Sinopharm Chemical 

Reagent Co, Ltd 
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Table 3-1 (II) Chemicals used in this work 

Chemical grade supplier 

NaOH AR 
Sinopharm Chemical 

Reagent Co, Ltd 

H2SO4 (98%) AR 
Sinopharm Chemical 

Reagent Co, Ltd 

HNO3 (68%) AR 
Sinopharm Chemical 

Reagent Co, Ltd 

Ni(NO3)2·6H2O AR 
Sinopharm Chemical 

Reagent Co, Ltd. 

Ethanol AR 
Sinopharm Chemical 

Reagent Co, Ltd. 

Nafion® 117 solution 5% Sigma-Aldrich 

NH4OH GR 
Sinopharm Chemical 

Reagent Co, Ltd. 

Alumina powder 

(0.05μm0.3μm,1μm) 
~ CH instruments Inc. 

LiPF6 
EC: DMC=1:1 

Vol% 
DoDoChem 

Lithium plate  
Shengzhen Kejing Star 

Technology Co.Ltd. 

Cu foil   
Shengzhen Kejing Star 

Technology Co.Ltd. 

Celgard 2300 PP 
Shengzhen Kejing Star 

Technology Co.Ltd. 
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Table 3-1 (III) Chemicals used in this work 

Chemical grade supplier 

Super P  
Shengzhen Kejing Star 

Technology Co.Ltd. 

Expandable graphite (EG)  
Qingdao Tianshengda 

graphite Co.Ltd. 

MWCNTs Industrial grade Timesnano 

N-methyl pyrrolidone (NMP) 
anhydrous, 

99.5% 

Sinopharm Chemical 

Reagent Co, Ltd. 

polyvinylidenefluoride (PVDF) 
average Mn 

~71,000   

Sinopharm Chemical 

Reagent Co, Ltd. 

isopropanol AR 
Sinopharm Chemical 

Reagent Co, Ltd. 

 

3.3 Instruments for Preparation and Test 

 The instruments used for preparation and properties test in this work are listed in 

table 3-2. 

Table 3-2 (I) Experimental equipment  

Equipment Manufacture Model 

XRD BRUKER, Germany Bruker D8 

SEM Zeiss, Germany SIGMA 

EDX Oxford Instruments, UK INCA 

TEM JEOL Ltd., Japan JEM 2100 
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Table 3-2 (II) Experimental equipment  

Equipment Manufacture Model 

BET Micromeritics instrument 

(Shanghai) Ltd. 

ASAP2020 Plus 

XPS Kratos Analytical Ltd., UK AXIS Ultra DLD 

FTIR BRUKER, Germany TENSOR-37 

CHI Chinstruments.com CHI 760E 

Autolab Metrohm PGSTAT302N 

Multi-channel 

potentiostat/galvanostat 
Princeton Applied Research PARSTATTM MC 

Glove box Mikrouna UPURE 

Ultrasonic Cell Crusher  Scientz Ningbo JY98-IIIN 

Ultrasonic Cleaners Scientz Ningbo SB-5200DTDN 

Compact Precision 

Disc Cutter 

Shengzhen Kejing Star 

Technology Co.Ltd. 
MSK-T-07 

Electric crimper 

machine 

Shengzhen Kejing Star 

Technology Co.Ltd. 
MSK-160E 

Hydraulic 

Disassembling 

Machine 

Shengzhen Kejing Star 

Technology Co.Ltd. 
MSK-110D 

Pine modulated speed 

rotator 
Pineresearch MSR 
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3.4 Characterization  

3.4.1 XRD 

XRD (XRD, Bruker D8) was used to study the crystal structure. In this work, A Cu X-

ray tube and LynxEye detector was applied. The testing voltage was 40 KV and the 

current was 40 mA. The measurement was proceeded with Cu Kα radiation (λ = 0.1542 

nm) at a speed of 8 °/min in the Bragg angle (2 theta) range from 10 ° to 80 °.  Bragg’s 

law (Eq. 3-1) was used to obtain the information about distance of planes in the crystal.  

2d sinθ = nλ                                                                                            (3 − 1)                                                                                       

Where d is the spacing distance of planes in the crystal, θ represents the incident 

angle, n stands for any integer and λ is the wavelength of the beam. 

3.4.2 SEM 

SEM (Zeiss, Germany) was used to study morphology of all the as-synthesized 

materials. The voltage used in here was arranged from 1 KeV to 10 KeV based on the 

electronic conductivity of different samples. In-lens detector and Secondary electron 

detector (SE2) were selected for SEM imaging. 

3.4.3 TEM and EDX 

A transmission electron microscopy (TEM) measurement was applied to test the inner 

morphology of samples as prepared in this work on a JEOL JEM 2100 UHR 

transmission electron microscope. Before the test, the sample was firstly dispersed in 

ethanol/water solution (Vol.: 1:1) and following with ultra-sonication for 1h and then 

the ink was dropped onto the carbon-coated copper grid. After drying, the sample was 
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put into the chamber for TEM analysis. Selected area electron diffraction (SAED) and 

element mapping were also tested by TEM with assisting of EDX (Oxford Instruments, 

UK). 

3.4.4 FT-IR 

The IR spectra were measured by (FT-IR) (TENSOR-37 (Bruker Co.) The wavenumber 

range is from 4000 to 500 cm-1.  1 mg of dried sample was mixed with 100mg of dried 

KBr and milled to form homogeneous phase and then it was pressed into a thin wafer 

before the test. 

3.4.5 XPS 

 XPS could offer the information of element and valence. Hence, here XPS was used to 

test the element and valence of the as-prepared samples on a Kratos AXIS Ultra DLD 

(Kratos Analytical Ltd., UK) photoelectron spectrometry. High-Resolution XPS 

(HRXPS) was also conducted at the same time.  

3.4.6 N2 Adsorption-Desorption Measurement 

N2 adsorption-desorption measurement was utilized to test the specific surface area and 

pore size distribution etc. N2 adsorption-desorption isotherm was obtained by testing 

N2 adsorption mass under different P/P0. Brunauer-Emmett-Teller method (BET) was 

used to calculate the specific surface area of as-prepared samples based on the data of 

N2 adsorption-desorption isotherm.     
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3.5 Electrochemical Measurements for LIBs 

3.5.1 Preparation of Electrode Pad and Assembling Coin Cell  

The working electrode was prepared by mixing the following materials in NMP 

solution: 70wt% active material (Fe2O3/MWCNTs), 20wt% super P and 10wt% PVDF, 

and the mixture was sonicated for 30min and then stirred for overnight at room 

temperature in an airtight-bottle. The formed slurry was scraped on a Co foil current 

collector by a doctor blade, and then it was dried at 60°C for overnight. The dried 

electrode was cut into disks. Weight the quality of each disk (m0) to calculate the mass 

of active material. Put these disks into oven again to dry them at 60°C for 4h to remove 

the influence of moisture. The mass of each materials was calculated by the following 

method. 

Firstly, weight the quality of 10 Cu foil plates with the same diameter of above-

mentioned Cu foil disk to get the average mass of each Cu foil (mCu). The mass of active 

material, super P and PVDF were marked with m1, m2 and m3, so the weight of active 

material on every disk can be calculated by Eq.3-2: 

m1= (mo-mCu) ⅹ70%                                                                                    (3-2) 

The cell was assembled in an argon-filled glove box (moisture and oxygen levels were 

smaller than 1ppm) with 1M LiPF6 solution in ethylene carbonate/ diethyl carbonate 

(EC: DEC, 1:1 by volume) as the electrolyte, Celgard 2300 (PP) as the separator, and 

lithium foil as the counter electrode.  
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3.5.2 Land Test 

The packaged coin cell was tested by Land test system. The data of the charge-discharge 

curves, cycling performance, and rate capability were obtained. The voltage was in a 

range of 0.01-3V and the temperature was kept at room temperature. current densities 

for testing rate capability were 100, 200, 500, 1000 and 2000 mA/g, six cycles was 

installed for each current density. and it was well recognized that the higher the current 

density, the smaller the reversible capacity.  

3.5.3 CV and EIS 

The CV and EIS data were tested by Autolab, the potential window is from 0.01 V to 3 

V with a scan rate of 0.5 mV/s. EIS was tested with a 10mV amplitude signal from 100 

kHz to 0.01Hz, and the impedance data were fitted by an equivalent electrical circuit of 

R(CR)WC.   

3.6 Electrochemical Measurement for OER  

3.6.1 Preparation of Electrode 

Electrocatalyst (4mg) was firstly dispersed in a solution with 780μl isopropanol, 200 μl 

ultrapure water and then the mixture was sonicated for at least 1h, After sonication, 20 

μl Nafion solution (Nafion, 5 wt%) was added into above suspension and sonicated for 

30min. 10 μl homogeneous ink was dropped onto the glassy carbon electrode (diameter: 

5 mm) which have been polished by aluminium oxide (Al2O3) suspension. The 

electrode with active material was dried at room temperature. The mass loading of the 

catalyst was about 0.2 mg/cm2.  
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3.6.2 Electrochemical Test 

All the electrochemical measurements were tested in a traditional three-electrode 

system by an electrochemical workstation (CHI 760e), Ag/AgCl filled with saturated 

KCl solution and Pt plate were applied as reference electrode and counter electrode, 

respectively. The electrolyte was 1M KOH. All potentials measured were calibrated to 

the RHE by the following equation: ERHE=EAg/AgCl +0.059xpH +0.197 (where pH=13.8 

in 1M KOH). High purity O2 gas was bubbled through the electrolyte for 30min before 

electrochemical test to removal the air and ensure the stable environment during the 

whole test process. The working electrode was rotated at 1600rpm to removal the 

oxygen generated on the surface of working electrode.  

LSV was measured at a scan rate of 5 mV/s with 95% iR-compensation and Tafel slop 

was calculated based on Tafel equation. Before the LSV test, 15 cycles of CV were 

performed for activation. Overpotential was calculated by the following equation: 

η=ERHE-1.23. EIS was measured by using an AC voltage with a 5 mV amplitude in a 

frequency range from 100 KHz to 0.1 Hz. The ECSA was expressed by Cdl. CV curves 

with different scan rate were sweeping. The differences Δj=ja-jc at 1.29V vs.RHE 

divide the corresponding scan rates to obtain the slope which was twice of Cdl and Cdl 

stands for ECSA. CP and multistep CP measurements were carried out without iR 

compensation. An airtight H shape cell was used for testing Faradaic efficiency, and it 

was tested by basic drainage method and the current density used for the test was 50 

mA/cm2. 
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Chapter 4 Preparation of Composites of Fe(OH)3/EG Nanosheets and 

Fe(OH)3/MWCNTs and Their Electrochemical Performance 

4.1 Introduction 

In this chapter, composites of Fe(OH)3/EG nanosheets, Fe(OH)3/AEG nanosheets and 

Fe(OH)3/MWCNTs were prepared by Fenton reaction. EG-F-H, MWCNTs-F-H were 

also synthesized by hydrothermal method reacted with EG, AEG, MWCNTs after 

Fenton reaction. SEM was used to characterize the morphology of as-synthesized 

composites. And CV and galvanostatic charge discharge (GCD) were used to test their 

electrochemical properties. The results show AEG-F has higher capacity compared with 

EG-F, because AEG treated by acid has more oxygen functional groups which easily 

reacted with iron ions. MWCNTs-F has higher capacity than that of EG-F, EG-F-H, 

MWCNTs-F-H, due to the network structure. In the preparation process, sonication was 

applied as an assistance to promote Fenton reaction, and considering the reaction time 

and electric energy consumption, the optimized sonication time was 3h. 

4.2 Experimental Section  

4.2.1 Preparation of Composites 

4.2.1.1 Acid Treatment to EG 

Weighted 150mg EG and added it into round-bottom flask, concentrated sulfuric acid 

(H2SO4) was dropped into the flask. after continuously stirring the mixture at room 

temperature for 1h, concentrated nitric acid (HNO3) was added into the above 

suspension. Then, the mixture was heated to 120°C for 1h with a reflux. After cooling 

down to room temperature, the acid treated EG was repeatedly washed with deionized 
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water and ethanol until the pH of solution was 7. The product treated by concentric 

HNO3 and H2SO4 was named as AEG 

4.2.1.2 Fenton Reaction 

Weighted 150mg EG, dispersed it into 150mL ethanol solution and sonicated for 1h at 

room temperature to try to obtain a well dispersed EG suspension, then the mixture was 

filtrated with DI water. The obtained EG was then dispersed into 300mL DI water 

(0.5mg/mL), 705.6mg Fe2SO4 were added into the suspension with continuously 

stirring for 30min to ensure iron ions uniformly contact with the surface of EG. 

Hydrogen peroxide (H2O2 30%, 80mL) was dropwise added into the previous solution 

and stirred for 30min. After stirring, 1M NH4OH was used to control the pH around 7-

8 or 10-11and pH is about 2-3 without adding NH4OH solution, and then the mixture 

was sonicated for 4h. After sonication, the product was washed with DI water and 

ethanol until the pH to 7. The sample was dried in a vacuum oven at 60°C for 12h. The 

products obtained from AEG or MWCNTs were also prepared by the same approach. 

The products obtained by Fenton reaction were named as EG-F, AEG-F, MWCNTs-F, 

respectively. 

4.2.1.3 Hydrothermal Reaction 

After Fenton reaction, the products (EG-F and MWCNTs-F) were washed by water and 

ethanol and then were dispersed in water to form a mixture, respectively. After adjusting 

the pH of suspension with NH4OH to 9-10, the mixture solution was transferred to 

Telfon-lined autoclaves and hydrothermally treated at 180°C for 12 h. Then the 

products were filtrated by water and ethanol and dried in a vacuum oven at 60°C 

overnight. The products were named as EG-F-H, MWCNTs-F-H, respectively.  
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4.2.2 Electrochemical Test 

Three electrode-system with a graphite electrode as working electrode (diameter: 6mm), 

Ag/AgCl as a reference electrode (filled with saturated KCl) and Pt plate as a counter 

electrode were used to test electrochemical properties of sample. The graphite electrode 

should be polished firstly by using Al2O3 powder with different size on a polishing cloth, 

then washed by DI water and sonicated just for 1min in ethanol. The electrode active 

material was prepared by mixing the electroactive material (94wt.%), 

poly(tetrafluoroethylene) (5 wt.%) binders in NMP solution and sonicated to form a 

homogeneous slurry, and then the suspension was dropped onto the polished graphite 

electrode and dried at 40°C for overnight. The dried electrode was tested in 1M KOH 

solution. 

4.3 Characterization 

As illustrated in Fig. 4-1, the preparation process of composites was divided into two 

steps. In first stage, Fenton reaction was used to introduce oxygen functional groups on 

carbon material, due to the existence of hydroxyl radical (HO·) generated by the 

reaction of hydrogen peroxide and ferrous ion which acted as a catalyst. After 

introducing oxygen functional groups on the surface of carbon material, the carbon 

material with negatively charged oxygen functional groups will reacted with the 

positive charged iron ions by electrostatic interaction effect. Finally, composites of 

Fe(OH)3/carbon material were produced after washing and filtrating. 
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Fig. 4-1 Schematic illustration of preparing composite of Fe(OH)3 and carbon materials 

(graphene nanosheet and MWCNTs). 

4.3.1 pH Control 

Fig. 4-2 shows TG curves for EG and EG-F prepared under different pH. Two steps of 

loss of mass are observed with the increase of temperature. The first weight loss around 

200℃ is ascribed to the loss of adsorbed water. And the second weight loss around 400℃

-500℃ is the removal of oxygen functional groups. From the curves, it can be seen, the 

series of EG-F exhibit less weight loss at around 200℃ due to the existence of Fe(OH)3 

which has a tight attachment with -COO- groups on EG surface. With the increase of 

pH, the weight loss become smaller and smaller, due to more generation of Fe(OH)3 on 

EG surface. Which can also be seen in Fig. 4-3. 

Fe2SO4  H2O2  

sonication  

Adjusting the pH of 

the mixture 
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Fig. 4-2 TG curves of EG and EG-F obtained under different pH. 

 

 

Fig. 4-3 SEM of EG-F with (a) pH=2.7, (b) pH=9 and (c) pH=11.  

a 

b c 
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The SEM images in Fig. 4-3 show that the number of Fe(OH)3 particles increase with 

the increase of pH, and when pH=11, the particles almost cover the surface of EG. The 

size and shape of Fe(OH)3 particles on EG with different pH have no obvious change. 

This demonstrates alkaline solution is helpful for the generation of Fe(OH)3 particles. 

From the CV curves in Fig. 4-4, it can be seen EG-F with pH around 2-3 shows a good 

cycle stability compared with other EG-F (pH=9, 11). Because more Fe(OH)3 particles 

cover on the surface of EG when pH=9 and 11 (Fig. 4-3). It is easy for Fe(OH)3 particles 

to enter electrolyte without the cover of carbon layer. For EG-F with pH around 2-3, 

the number of Fe(OH)3 particles are smaller and the layered structure of EG could 

prevent most of them from dropping down on surface of EG.  

 

 

Fig. 4-4 CV curves of EG-F with (a) pH=2.7, (b) pH=9 and (c) pH=11 at 20 mV/s in 1 M 

KOH. 

a 

b c 
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4.3.2 Comparison of EG and AEG 

Fig. 4-5 shows SEM images of EG and AEG, it indicates that the worm-like structure 

of EG was separated into layered structure with thickness of 40-50nm. Because the acid 

treatment with concentrated sulfuric and nitric acid introduced more oxygen groups by 

oxidation effect of strong acid, like O=C-OH, C-OH, especially on the edge of EG, 

which can enhance the interaction between oxygen functional groups and solution and 

further separate the worm-like structure to become layered structure as illustrated in 

Fig. 4-5b.    

 

Fig. 4-5 SEM images of (a) EG and (b)AEG.  

 

Fig. 4-6a, b show CV curves of EG, AEG, EG-F and AEG-F. It can be seen that the 

products of EG-F and AEG-F show obvious redox peaks within the potential window 

from -0.4 to -1.0V (vs. Ag/AgCl) at a scan rate of 20 mV/s, while EG and AEG only 

show rectangle-like shape and no obvious sharp peaks are observed. Based on the shape 

of CV curves, EG and AEG perform capacitor properties while EG-F and AEG-F show 

visible redox peaks which mean redox reaction happened in the scanning process.  The 

similar peaks also were observed in previous work on iron oxide electrodes (Wang et 

al. 2014). The redox peaks correspond to the redox reaction between ferrous and ferric 

a b 



84 
 

ions which also indicate the existence of iron ions on the surface of EG-F and AEG-F. 

The GCD curves shown in Fig. 4-6c demonstrates the redox reaction happened due to 

the plateaus in the corresponded potential range which is match with potential of redox 

peaks of CV curves. It is well known that the specific capacitance is proportional to the 

average area of CV curves,  the area of CV curves of AEG-F is much larger than that 

of EG-F. it was believed that AEG was treated by concentrated acid which usually used 

to oxidize carbon materials could introduce more oxygen functional groups, and EG 

only have little oxygen functional groups after Fenton reaction, AEG have more 

negatively charge functional groups and easily reacted with the positively charged iron 

ions. What is more, the worm-like structure also limited the further contact between EG 

and iron ions during the Fenton reaction process, while the layered structure of AEG 

with more oxygen functional groups is easy to react with iron ions. Hence, more 

Fe(OH)3 generated on the surface of AEG (Qi et al. 2013). That is the reason that AEG-

F have higher capacity than that of EG-F. 
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Fig. 4-6 CV curves of (a) EG, AEG and (b) EG-F, AEG-F at a scan rate of 20 mV/s in 1 M 

KOH, and (c) GCD curves of EG-F and AEG-F in the same electrode system at 1A/g. 

As shown in Fig. 4-7, the cathodic and anodic current located in the peaks of CV curves 

of EG-F and AEG-F are much larger than that for EG-F after 30th cycle and for AEG-

F after 50th cycle. The average current of cathodic and anodic current is reduced to 

77.94% for EG-F after 30 cycles and 77.63% for AEG-F after 50 cycles. Therefore, the 

cycling performance of AEG-F is much better than that of EG-F. which is ascribed to 

that previous acid treatment and layered structure of AEG prevent Fe(OH)3 

nanoparticles from peeling off on the surface of AEG. However, the cycling 

performance of these two active materials are not good enough, the thickness of 

graphene nanosheets is still too large, some Fe(OH)3 nanoparticles just loaded on the 

a b 

c 
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surface of EG and AEG and hardly enter into the layer of graphene nanosheets. Hence, 

the Fe(OH)3 nanoparticles easily contact with electrolyte and dissolve into electrolyte 

and the Fe(OH)3 nanoparticles also not well uniformly loaded on the surface of EG and 

AEG (see Fig. 4-8). It is concluded AEG-F shows higher electrochemical properties 

than that of EG-F, EG-F-H and AEG-F. due to the reason that AEG is oxidized by 

concentric H2SO4 and HNO3 with more oxygen functional groups after acid treatment, 

which could reacted with more iron ions and finally formed Fe(OH)3/AEG.  

 

Fig. 4-7 CV curves of (a) EG-F and (b) AEG-F in 1M KOH at a scan rate of 20mV/s.  (Pt 

wire as counter electrode). 

 

Fig. 4-8 SEM images of (a) EG-F and (b) AEG-F.  

a b 

a b 
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4.3.3 Comparison of EG and MWCNTs 

As shown in Fig. 4-9, the area of CV curves of MWCNTs-F is much larger than that of 

MWCNTs-F-H, EG-F and EG-F-H at 20mV/s, indicating that the capacity of 

MWCNTs-F is higher than that of other three samples. Compared with EG-F, due to the 

network which not only easily react with Fenton reagent to introduce more oxygen 

function groups, but also provide an inner electron path way for electron transportation. 

Hence, MWCNTS-F shows a higher capacity than that of EG-F. In the SEM images in 

Fig. 4-10, it is noticed that small Fe(OH)3 nanoparticle with diameter smaller than 

100nm on the surface of MWCNTs in the image of MWCNTs-F (Fig. 4-10a), while 

some well crystallized Fe(OH)3 particles with diameter around 200nm located between 

the wrapped MWCNTs in the SEM image of MWCNTs-F-H (Fig. 4-10b). The size of 

Fe(OH)3 nanoparticle of MWCNTs-F-H is a little larger than that of MWCNTs-F, 

indicating the speculation that during the hydrothermal process, Fe(OH)3 nanoparticles 

become larger. 

 

Fig. 4-9 CV curves of sample EG-F, EG-F-H, MWCNTs-F, MWCNTs-F-H in 1M KOH at 20 

mV/s (Pt wire as counter electrode). 
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Fig. 4-10. SEM images of (a) MWCNTs-F and (b) MWCNTs-F-H. 

As observed in Fig. 4-11, the CV curves of raw MWCNTs show small bumps at -0.6 

and -0.89 V (vs. Ag/AgCl), and two sharp redox peaks of MWCNTs-F and MWCNTs 

-F-H are also located nearby these two positions with a little shift. And the CV curves 

of MWCNTs and MWCNTs-F are well matched with GCD curves of these two products 

shown in Fig. 4-12. Because of that the charge and discharge process of MWCNTs is 

main due to electrostatic phenomenon, that is, the accumulation of the opposite charges 

on the interface of electrode and electrolyte, which is known as electric double layer 

capacitance (EDLC).  The process of charge and discharge for MWCNTs-F is the 

combination of redox reaction and double layer charge discharge process, in where a 

a 

b 
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redox reaction happened. Due to the CV and GCD curves, it is concluded that 

MWCNTs was oxidized after Fenton reaction, and iron hydroxide was grown on the 

surface of MWCNTs or wrapped by MWCNTs. And after hydrothermal reaction, partial 

of iron hydroxide was dissolved into the solution from the surface of MWCNTs and the 

part of the left iron hydroxide become bigger than that of MWCNTs-F during the 

hydrothermal process which decreased the surface area between electrode and 

electrolyte. Hence, MWCNTs-F shows higher capacitance than that of MWCNTs-F-H. 

 

Fig. 4-11 CV curves of (a) MWCNTs, MWCNTs-F, MWCNTs-F-H and (b) CV curves of 

MWCNTs in 1M KOH at 20 mV/s (Pt wire as counter electrode). 

 

Fig. 4-12 GCD curves of MWCNTs and MWCNTs-F in 1M KOH at 1A/g (Pt wire as counter 

electrode). 

a b 
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4.3.4 The Sonication Time Influence on Cycling Performance  

During the Fenton reaction, sonication was used to assist and promote the Fenton 

reaction. Here, sonication time was optimized based on the electrochemical stability of 

products.  

 

 

 

Fig. 4-13 CV curves of the first cycle and the 300cylce of MWCNTs-F prepared at different 

sonication time 2h, 3h, 4h, 5h, 6h, 7h. 
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Fig. 4-14 CV curves of the first cycle of MWCNTs-F prepared at different sonication time 

2h, 3h, 4h, 5h, 6h, 7h, 8h. 

In Fig. 4-13 and 4-14, the current densities of MWCNTs-F sonicated at 2h, 3h, 4h are 

larger than the current densities of MWCNTs-F sonicated at 5h, 6h, 7h,8h. It is 

speculated that the long-time sonication breaks the tube structure of MWCNTs and also 

decrease the length of MWCNTs.  The broke structure exposes more active sites, and 

hence introduce more oxygen functional groups covered on the surface of MWCNTs in 

the process of Fenton reaction.  The decreased length structure of MWCNTs and more 

oxygen functional groups decrease the conductivity of composite. Therefore, the 

current densities of MWCNTs-F sonicated at long time are not good as that of 

MWCNTs-F prepared at short sonication time.  However, the cycling performance of 

MWCNTs-F synthesized at different sonication time is not consistent with the current 

densities of them. When the sonication time is 3 or 4h, the current densities decrease 

smaller compared with others. It is ascribed to that the longer MWCNTs could wrap the 

Fe(OH)3 nanoparticles, and after long-time sonication, the length of MWCNTs 
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decreased which cannot protect Fe(OH)3 nanoparticles from peeling off on MWCNTs. 

When the sonication time was 2, only few oxygen functional groups generated on the 

WMCNTs, the MWCNTs cannot have strong interaction with Fe(OH)3 nanoparticles 

after many cycles. Hence, the cycling performance of MWCNTs-F sonicated for 2h is 

the worst. Considering the cycling performance of MWCNTs with different sonication 

time, the optimized sonication time is 3h.  

4.4 Conclusion 

In this work, EG, AEG, MWCNTs were used to prepare composites of Fe(OH)3 /carbon 

materials by Fenton reaction. After the preparation and electrochemical test, it is 

concluded that compared with EG-F, AEG-F show high capacitance due to the previous 

concentrated acid treatment which could introduce more oxygen functional groups 

reacted with iron ions and hence, more of Fe(OH)3 nanoparticles loading on AEG and 

there are strong interaction between of Fe(OH)3 nanoparticles and AEG. Compared with 

EG-F, MWCNTs-F exhibits high capacity because the tube and network structure of 

MWCNTs make it easily to be oxidized to introduce more oxygen functional groups. 

And the tube structure of MWCNTs provides an inner path way for electron 

transportation. And the length structure wrapped Fe(OH)3 nanoparticles could impede 

the peeling off Fe(OH)3 nanoparticles from the surface of MWCNTs and improve the 

cycling performance of MWCNTs-F. Sonication is used to assist and accelerate the 

Fenton reaction. The optimized sonication time is 3h based on the cycling performance 

of MWCNTs-F when considering the time and electric energy consumption. 
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Chapter 5 Scalable Preparation of Fe2O3/MWCNTs by Fenton 

Reaction and Their Application in LIBs 

5.1 Introduction 

In this chapter, composite of Fe2O3/MWCNTs was synthesized by Fenton reaction with 

a precipitation process. The detailed preparation process was introduced in the 

following section. The composite was characterized by XRD, SEM, TEM etc., their 

electrochemical properties as anode materials in LIBs were measured by land test, CHI, 

Autolab, etc..  

5.2 Experimental Section 

5.2.1 Preparation of Material of Fe2O3/MWCNTs 

Firstly, 150mg MWCNTs were dispersed in 300mL DI water and sonicated for 30min 

to obtain well-dispersed MWCNTs suspension. Then, 705.6mg FeSO4·7H2O was 

added into the MWCNTs suspension following 30min stirring at room temperature. 

After that, 80ml H2O2 was added into the mixture and sonicated for 3h. Finally, the 

suspension was filtered and washed by DI water until the pH of the solution was 7 and 

then the filtered product was dried in an oven at 60°C for overnight. After drying, the 

product was heated at 200°C for 3h to make sure that Fe(OH)3 has totally convert to 

Fe2O3. 



94 
 

5.3 Materials Characterization 

5.3.1 SEM and TEM 

The morphology of Fe2O3/MWCNTs was performed by SEM and TEM images (see 

Fig. 5-1a, b, c). SEM image shows that Fe2O3 nanoparticles coated on the surface of 

MWCNTs and few of Fe2O3 nanoparticles aggregated together due to the high surface 

energy of nanoparticles, but most of them were anchored on the surface of MWCNTs 

because of the interaction between MWCNTs and Fe2O3 nanoparticles caused by the 

oxygen functional groups which was introduced by Fenton reaction. As shown in Fig. 

5-1b, black particles is Fe2O3 and the long, curved tube is MWCNTs. It can be observed 

from Fig. 5-1b and 1 c that partial of Fe2O3 nanoparticles locate in the tube of MWCNTs 

and this demonstrates that the walls of MWCNTs were partially destroyed during the 

Fenton reaction process.  The inset SAED pattern shows a broad diffraction ring which 

typically indicates that Fe2O3 has an amorphous structure (Li et al. 2013). From the 

high resolution TEM images (Fig. 5-1c), the distance of the layer is 0.34nm 

corresponding to the (002) of MWCNTs, and the distance in the inner of MWCNTs is 

0.184nm which is the lattice plane of (024) of Fe2O3 and this implies some iron oxide 

particles embedded into the tube structure of MWCNTs.  
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Fig. 5-1 (a)SEM image, (b) TEM image and (c) high resolution TEM image of 

Fe2O3/MWCNTs (the inset is the corresponding SAED pattern). 

5.3.2 XRD 

XRD pattern shows that the diffraction peaks located at 24.1, 33.1, 35.6, 40.8, 54.1, 

62.4 and 63.9 indexed to (012), (014), (110), (113), (024), (116), (214) and (300) are in 

agreement with the peaks of α-Fe2O3 (JCPDS #33-0664) (Zhang et al. 2013). However, 

the product Fe2O3/MWCNTs only have two peaks related to MWCNTs which 

positioned at 26, 42 corresponding to the (002), (100), this further prove that the 

 

 

  

a 

b c 
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structure of Fe2O3 in the product of Fe2O3/MWCNTs is amorphous which is consistent 

with the result of SAED pattern. 

 

Fig. 5-2 XRD pattern of Fe2O3/MWCNTs and Fe2O3. 

5.3.3 FT-IR 

To investigate the organic functionalities and chemical composition of MWCNTs after 

Fenton reaction with acid treatment (washed by 1M H2SO4 solution and then water), 

FT-IR was applied to study the oxygen functionalities. Fig. 5-3 is the FT-IR spectrum 

of MWCNTs after Fenton reaction washed by acid and water and Fe2O3/WMCNTs. It 

can be clearly shown that the broad and obvious absorption peak located around 

3434cm-1 proves the hydroxyl groups (-OH), and the density of that peak of 

Fe2O3/WMCNTs is much larger than that of MWCNTs after Fenton reaction with 

washing by acid, since the nanoparticles of Fe2O3 could adsorb a great of hydroxyl 

groups on their surface. And the existence of hydroxyl in MWCNTs after Fenton 

reaction indicates that MWCNTs was oxidized in the process of Fenton reaction. The 
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absorption peaks located at 1633, 1390 and 1045cm-1 relate to the vibration of C=C, C-

H and C-O respectively (Yang et al. 2013, Guo et al. 2013, Lee et al. 2013). The peaks 

positioned at 667 corresponding to meal-oxygen (Fe-O) stretching indicate the presence 

of Fe2O3 (Ren et al. 2016, Chaudhari and Srinivasan 2012). 

 

Fig. 5-3 FT-IR spectrums of Fe2O3/MWCNTs and MWCNTs after Fenton reaction washed 

by acid. 

5.3.4 N2 Adsorption-Desorption Measurement 

N2 adsorption-desorption measurement was used to measure the surface area of 

Fe2O3/MWCNTs and MWCNTs (Fig. 5-4).  The isotherms display typical IV isotherm 

lines which show typical property of mesoporous materials, verifying that 

Fe2O3/MWCNTs and MWCNTs have mesoporous structure, due to the network 

structure. They have classical H3 hysteresis loops at relative high pressure which 

usually caused by non-rigid aggregation by the plate-like particles. Here, it is caused 

by the multiwall of MWCNTS. The specific surface area SBET was calculated by BET 
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method, The SBET of Fe2O3/MWCNT is 62.21m2/g and it is smaller than that of 

MWCNTs (132.74m2/g). The reason is that Fe2O3 nanoparticles on the surface or 

located in the tube cover and occupy the surface area and pores of MWCNTs. Hence, 

the SBET of Fe2O3/MWCNTs is smaller after Fenton reaction (Penki et al. 2015).  

 

Fig. 5-4 N2-adsorption/desorption isotherms of Fe2O3/MWCNTs and MWCNTs. 

5.3.5 XPS 

XPS was applied to investigate the chemical and valence states of Fe2O3/MWCNTs. As 

shown in Fig. 5-5a, the XPS spectrum represents the existence of Fe, C, O elements. 

The high resolution of Fe 2p XPS spectrum shown in Fig. 5-5b reveals that it is 

deconvoluted into four peaks, and the binding energy peaks located at 711.5eV and 

725.5eV stand for Fe2p3/2, Fe2p1/2, respectively, the other two peaks positioned at 

719.1eV and 733.8eV represent the related shakeup satellites of Fe2p3/2 and 

Fe2p1/2.This implies that the valence of oxidized Fe is mostly 3. The C 1s spectrum in 

Fig. 5-5c was fitted into three peaks which reveals the presence of C=C, -C-O, and -O-

C=O positioned at 284.3 eV, 285.7 eV, 290 eV, respectively (Park et al. 2018). The 
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high resolution O1s spectra shown in Fig. 5-5d are deconvoluted into three peaks, 

representing the oxygen bond of metal oxide (530 eV), metal hydroxide (531.4 eV) and  

H-O-H (532.9eV) (Lu et al. 2015). 

 

 

Fig. 5-5 XPS spectrum of (a) Fe2O3/MWCNTs and high-resolution spectra of (b) Fe 2p, (c) C 

1s and (d) O 1s. 

5.4 Electrochemical Test 

5.4.1 CV 

The electrochemical performance of Fe2O3/MWCNTs as anode material in LIBs was 

discussed in the following section. The half-cell was assembled by Fe2O3/MWCNTs as 

anode or working electrode, Li foil as reference and counter electrode. Fig. 5-6a shows 

a b 

c 
d 
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CV curves of Fe2O3/MWCNTs which was scanned at a scan rate of 0.05 mV/s in the 

range of 0.01-3.0 V. As shown in Fig. 5-6a, two peaks are observed at about 1.3 V and 

0.55 V in the first cathodic cycles, which implies a solid-solution-like compound was 

formed (1.3 V) during the process of insertion of Li ions into the amorphous Fe2O3 and 

Fe3+ is reduced to Fe0 at the potential of 0.55 V (Jiang et al. 2014, Huang et al. 2016). 

That is, a few parts of lithium insert into the amorphous structure of Fe2O3, and Fe2+ is 

reduced to Fe0 at last. In the anodic process, two anodic peaks located at 1.5V and 2.3 

V demonstrate that the Fe0 is oxidized to Fe2+ and then Fe3+ (Chaudhari et al. 2013). It 

is obviously noticed that the peaks intensity decrease in the 2nd cycle compared to the 

1st cycle. The significant reduction in the first two cycles is attributed to the inevitable 

formation of solid electrolyte interface (SEI) film and decomposition of electrolyte 

(Wang, Wang and Wang 2015). There is no obvious change after the second cycle for 

composite of Fe2O3/MWCNTs, indicating that composite of Fe2O3/MWCNTs has good 

capacity retention and structural stability. As shown in Fig. 5-6b, the cathodic peaks of 

commercial Fe2O3 located around 0.4 V is ascribed to the formation of SEI layer, after 

the second cycle, the cathodic peak around 0.7 and anodic peak around 1.7-2.3V 

indicate the reversible conversion reaction between Fe2+ to Fe0. 
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Fig. 5-6 (a) CV curves of Fe2O3/MWCNTs and (b) Fe2O3 at 0.05 mV/s. 

5.4.2 GCD 

The GCD curves of Fe2O3/MWCNTs at a current density of 100 mA/g in the voltage 

range of 0.01 to 3 V are shown in Fig. 5-7a. The initial discharge and charge capacities 

of Fe2O3/MWCNTs are 1914 and 1893 mAh/g, and the plateau of discharge curves 

around at 0.8 V-1.0 V is due to the reduction of Fe3+ to Fe0, and the charge plateau at 

1.5-2.2 V indicates the oxidization of Fe0, they are well matched with the CV curves 

shown in Fig. 5-6a (Cai et al. 2017a). Fig. 5-7b is the GCD curves of commercial Fe2O3. 

The first initial discharge capacity is 1302 mAh/g, while the first charge capacity is 

746.2 mAh/g, the columbic efficiency is only 57.2%. The low columbic efficiency is 

due to the irreversible loss of capacity caused by the side reaction between electrode 

and electrolyte, and the significant volume change during the charge-discharge process 

without the protecting of carbon matrix. The high efficiency and reversible capacity of 

Fe2O3/MWCNTs is attributed to the amorphous structure with small size which buffers 

the volume change and increases the contact surface area between electrode and 

a b 
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electrolyte. The MWCNTs substrate not only enhances the conductivity of Fe2O3, but 

also prevents the pulverization of Fe2O3 during the reaction process. 

  

Fig. 5-7 GCD curves of (a) Fe2O3/MWCNTs and (b) Fe2O3 at 100 mA/g. 

5.4.3 Cycling Performance and Rate Capability  

To evaluate the cycle stability of Fe2O3/MWCNTs, the cycling performance was 

studied at a current density of 500 mA/g (0.5 C) from 0.01V to 3V as shown in Fig. 5-

8a. Firstly, the material should be activated at a current density of 100mA/g (0.1 C) for 

the first 6 cycles to stabilize the material. After the 6 cycles activation, the discharge 

and charge capacity of Fe2O3/MWCNTs firstly decreases and then increases followed 

with stable steps. In the initial cycles which performs increased capacity, the columbic 

gradually close to 99, even to 100%, it implies that the activated process is finished in 

a slow process, and the irreversible decomposition of electrolyte happen slowly in this 

process. In the increasing process of capacity, it is suggested that the decomposition of 

electrolyte also forms a reversible organic polymeric/gel-like layer which could 

generated a ‘pseudo-capacitance-type’ behaviour and the size of electroactive material 

is reduced by the repeated volume expansion in the process of cycling and hence 

a b 
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facilitates the contact surface area between electrode and electrolyte. And this 

behaviour contributes parts of capacity to the increased capacity (Li et al. 2015, Wang 

et al. 2012, Fang et al. 2018). Last, the capacity keep stable at 900 mAh/g at a current 

density of 500 mA/g after 500cycles which indicates that the composite has a good 

cycling performance. 

 The rate capability is one of the most critical qualifications for LIBs. Fig. 5-8b displays 

the rate performances of Fe2O3/MWCNTs and Fe2O3 at current densities of 100, 200, 

500, 1000, 2000 mAh/g. the average discharge capacity of Fe2O3/MWCNTs at every 

current density were 1435, 1066, 979, 896, 785 mAh/g respectively. And when the 

current density returns to 0.1C, the capacity is recovered to 1341 mAh/g, this indicates 

that the materials could be maintained stable even under a high current density and the 

composite performs an excellent conductivity and kinetic. Compared with the 

capability of Fe2O3, the capacities of Fe2O3/MWCNTs are larger at all the current 

densities, and after 30 cycles, it recovers to the similar capacity value of initial cycle 

and keep stable after 100 cycles, while the capacity of Fe2O3 are not well recovered and 

after 30 cycles. This is ascribed to the random ordered amorphous structure and the 

conductivity support of MWCNTs (Jiang et al. 2014, Huang et al. 2016). 
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Fig. 5-8 Cycling performance of (a) Fe2O3/MWCNTs at 500mA/g (activated at first 6cycles 

under 100mA/g) and (b) rate capacity of Fe2O3/MWCNTs and Fe2O3 at different charge-

discharge rate from 0.1C to 2C, each rate was used for 6cycles. 

 5.4.4 EIS 

In order to further explore the electrochemical performance, EIS measurement was 

applied for Fe2O3/MWCNTs before the charge-discharge and after 500 cycles of 

charge-discharge and Fe2O3. Nyquist plots are shown in Fig. 5-9. In the middle 

frequency, the semicircle is related to the charge transfer resistance (Rct) and interfacial 

resistance. The slope of the straight line in low frequency is associated with the Warbug 

(Zw) which is assigned to the transport and diffusion of Li+ ion from electrolyte to the 

electrode (Cai et al. 2017a). As Fig. 5-9a shown, the diameter of semicircle in the 

middle frequency of Fe2O3/MWCNTs after 500 cycles of charge-discharge is smaller 

than that of Fe2O3/MWCNTs before charge-discharge, it is proposed that the charge 

transfer resistance is smaller after 500 cycles due to the milling effect during the 

repeated process of lithium insertion/extraction, which causes the smaller sized 

nanoparticles and hence increases the contact active surface area. The decreased Li+ ion 

a b 
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transportation and diffusion are ascribed to that the SEI film become thicker and thicker 

during the reaction process (Hao et al. 2016, Liu et al. 2015b). Compared with Fe2O3, 

the Fe2O3/MWCNTs has small Rct and Zw (Fig. 5-9b), because the conductive 

MWCNTs network which not only impede the aggregation and also provide an 

electronic path for fast charge transfer, another reason is that the amorphous structure 

combined with MWCNTs offers reinforced capacitive-like behaviour, that is well 

matched with the increased and stable cycle performance of Fe2O3/MWCNTs. 

 

Fig. 5-9 Nyquist plots of Fe2O3/MWCNTs before charge-discharge and after 500 cycles 

charge-discharge (a) and Nyquist plots of Fe2O3/MWCNTs and Fe2O3 without charge-

discharge (b). 

5.5 Summary  

In this chapter, composite of Fe2O3/MWCNTs was prepared by a simple and scalable 

Fenton reaction process followed with co-precipitation. During the preparation process, 

no environmentally harmful by-product such as concentric acid commonly used for 

oxidizing MWCNTs was produced. The XRD and SEM indicate that the structure of 

Fe2O3 in composite of Fe2O3/MWCNTs is amorphous. The electrochemical test 

demonstrates that the composite displays an excellent cycle performance with a 

a b 
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reversible capacity of 900 mAh/g at a current density of 500 mA/g after 500 cycles and 

a high rate capability of 785 mAh/g at a high current density of 2 A/g. It is ascribed to 

the random ordered amorphous structure of Fe2O3 provides a short ion pathway and the 

small size of Fe2O3 particles buffers the volume change, MWCNTs substrate offers an 

electronic path way for high charge transfer and improving the rate capability. 
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Chapter 6 Low-Crystalline NiFe LDHs/MWCNTs Composites 

Fabricated by Fenton Reaction and Their Application in OER 

6.1 Introduction 

In this chapter, low-crystalline NiFe LDHs combined with MWCNTs composite was 

fabricated by facile Fenton reaction and precipitation. Fenton reaction is used to oxidize 

MWCNTs and provide iron sources. The composite of NiFe LDHs/ MWCNTs was 

used as electrocatalyst in OER. According to the XRD, TEM test, the NiFe LDHs show 

low crystalline structure. And the low crystalline structure is beneficial for OER. The 

electrocatalytic measurement also indicates that the composite of F(3-1)3 (named by 

molar ratio and total molar of Ni,Fe, explained in the experimental section) shows an 

excellent electrocatalytic property. 

6. 2 Experiment Section 

6.2.1 Preparation of NiFe LDHs/MWCNTs Composites 

Firstly, 150mg MWCNTs was dispersed into 300mL ultra-pure water, and sonicated 

for 30min by microfluidizer (power: 300w) to obtain a well-dispersed MWCNTs 

suspension. Then a certain quantity of FeSO4·7H2O was dissolved in the above mixture 

and stirred for 30min to make sure the enough contact between ferrous ions and 

MWCNTs. After then, H2O2 was dropped into the mixture followed with another 30min 

ultra sonication with the same power. Then, Ni(NO3)2·6H2O was added into the above 

mixture with ammonia until pH reach to 11 and then the mixture was stirred for 6h at 

room temperature. After washing with ultra-pure water, and drying in oven at 60℃ for 

12h, the product of NiFe LDHs/MWCNTs composite was obtained. Based on the total 
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molar and the molar ratio of Ni and Fe, the materials was named as F (molar ratio of Ni 

and Fe)total molar (mmol), for example, when the molar ratio of Ni and Fe was 3:1 and 

the total molar was 3mmol, the prepared material was named as F(3-1)3. 

6.3 Material Characterization 

6.3.1 SEM and TEM 

It can be seen from SEM images that NiFe-LDHs coat on the surface of MWCNTs, and 

some aggregation of NiFe LDHs also can be observed (Fig. 6-1a). TEM patterns display 

that most of NiFe LDHs cover on the surface of MWCNTs and few NiFe LDHs exist 

in the tube of MWCNTs which can be shown in Fig. 6-1c, MWCNTs wrap small NiFe 

LDHs nanoparticles, and the distance d=0.23 labelled in Fig. 6-1c indicates the 

existence of NiFe LDHs which represents the lattice plane of (015) of NiFe LDHs, and 

the distance d=0.34 means the lattice plane of (002) of MWCNTs. The SAED pattern 

in the inset of Fig. 6-1b shows a broad halo ring, indicating that NiFe LDHs has low 

crystalline structure (Lu and Zhao 2015). And it has been demonstrated that disordered 

and short range could provide more active sites for electrocatalysis. The element 

mapping shows the exist of Ni, Fe, C, O.  
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Fig. 6-1 (a) SEM image of F(3-1)3, (b) TEM image of F(3-1)3 (the inset is the SAED 

patterns), (c) HRTEM image of F(3-1)3 with different scales and (d) EDS element mapping 

images of F(3-1)3. 

6.3.2 XRD 

The XRD patterns display the structural information of NiFe LDHs (Fig. 6-2).  it can 

be clearly noticed that obvious diffraction peaks at 26, 42 and 43.7 corresponding to 

the (002), (100), (101) plane demonstrate that MWCNTs have no noticeable change 

(Gupta and Saleh 2011). The diffraction peaks at 11.4, 22.9, 33.5, 34.4 and 38.9 indexed 

to the reflections of (003), (006), (101), (012), (015) is consistent with the XRD pattern 
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of NiFe LDHs (JCPDS#40-0215). For samples with  the molar ratio of  3:1 of Ni: Fe, 

the intensity of major peaks of NiFe LDHs increase with the increase of total molar,  

For different molar ratio of Ni and Fe, when the molar ratio is 4:1,  apparent XRD peaks 

of NiFe LDHs is not observed which means when the quantity of Ni increase,  ferrous 

salt used for Fenton reaction was not to enough to oxidize MWCNTs and hence, only 

few NiFe LDHs is generated and located on the surface of MWCNTs during the 

precipitation process (Zhang et al. 2016b, Hunter et al. 2016).  

 

Fig. 6-2 XRD patterns with different molar ratio of Ni: Fe and different total molar. 

2θ 
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6.3.3 N2 Adsorption-Desorption Measurement 

N2 adsorption-desorption measurement was applied to evaluate the surface area of NiFe 

LDHs/MWCNTs (Fig. 6-3). As shown in Fig. 6-3, MWCNTs and NiFe 

LDHs/MWCNTs display typical IV isotherm line which is typical for mesoporous 

materials. They have classical H3 hysteresis loops at relative high pressure (Zhou et al. 

2018a, Gadipelli et al. 2016, Xia et al. 2012). And the specific surface area SBET was 

calculated by BET method, which are summarized in Table. 6-1. The SBET of F(3-1)3 

is 98.28 m2/g and is the smallest than that of others materials. Since some NiFe LDHs 

nanoparticles locate in the tube of MWCNTs. Hence, when the molar ration of Ni: Fe 

is 3:1, SBET become smaller with the increase of total molar, because that more NiFe 

LDHs nanoparticles coat on the surface of MWCNTs and take the place of tube. 

However, the SBET of F(1-1)3 is the biggest due to the fierce Fenton reaction with large 

ferrous salt quantity which caused the damage of the wall of WMCTN and few F(1-1)3 

product generated in the preparation process locate and cover on MWCNTs. 
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Fig. 6-3 N2-adsorption/desorption isotherms of (a) F(1-1)3, (b) F(2-1)3, (c) F(3-1)1, (d) F(3-

1)2, (e) F(4-1)3and (f) F(3-1)3 and raw material of MWCNTs. 
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Table. 6-1 SBET, overpotentials at different current densities of 10, 50,100 mA/cm2, Tafel 

slopes, Cdl value of materials of F(1-1)3, F(2-1)3, F(3-1)1, F(3-1)2, F(3-1)3, F(4-1)3. 

Products 

characterizations 

F(1-1)3 F(2-1)3 F(3-1)1 F(3-1)2 F(3-1)3 F(4-1)3 

BET(m2/g) 166.34 133.89 115.57 110.49 98.28 139.50 

Overpotential 

(mV) (10 

mA/cm2) 

261 245 240 235 212 253 

Overpotential 

(mV) (50 

mA/cm2) 

292 278 289 276 264 284 

Overpotential 

(mV) (100 

mA/cm2) 

312 298 305 294 283 300 

Tafel slope 

(mV/dec) 

52.598 54.661 52.136 58.225 62.466 49.359 

Cdl (mF/cm2) 1.05 0.78 1.52 1.095 0.945 1.205 
 

6.3.4 XPS 

The chemical and valence state of F(3-1)3 was investigated by XPS. As shown in Fig. 

6-4a, XPS spectrum represents the existence of Ni, Fe, C, O elements. The high 

resolution XPS spectrum of Ni 2p in Fig. 6-4b reveals the two spin-orbit peaks of 

Ni2p3/2, Ni2p1/2 and their shakeup satellites peaks. And the spectrum can be fitted into 

four peaks corresponding to Ni2+ at 856.18 eV and 873.74 eV and Ni3+ at 857.31 eV 

and 874.82 eV respectively (Ye et al. 2017). Similarly, Fe 2p XPS spectrum is 

deconvoluted into three peaks, and the binding energy peaks located at 712.15eV and 

725.49 eV are stands for Fe2p3/2, Fe2p1/2, respectively, and this implies that the 

oxidation state of Fe is mostly Fe3+ (Guo et al. 2018). And the deconvoluted O 1s peaks 

reveal the presence of C=C, -C=O, and -O-C=O positioned at 284.4 eV, 286.5 eV, 288.8 

eV, respectively (Ni et al. 2017). The high resolution O1s spectra are categorised into 

three peaks marked with O1, O2, O3 which indicates metal oxide (530.2 eV), metal 
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hydroxide (531.4 eV) and adsorbed water (532.1 eV), suggesting the existence of NiFe 

LDHs (Ali-Löytty et al. 2016).   

 

  

 

Fig. 6-4 XPS spectrum of (a) F(3-1)3 and high-resolution spectra of (b) Ni 2p, (c) Fe 2p, (d) C 

1s and (e) O 1s. 
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6.4 Electrochemical Measurements 

6.4.1 LSV and Tafel plot 

In order to evaluate the OER performance of NiFe LDHs with different molar ratio of 

Ni and Fe and different total molar ratios, the NiFe LDHs/MWCNTs slurry were 

dropped on glassy carbon (GCE) as working electrode in a three-electrode system in 

1.0M KOH. High purity O2 was bubbled into the electrolyte to get rid of the air for 30 

min before the test. The GCE was rotated at 1600 rpm to remove the gas generated 

during the OER reaction. Firstly, CV test was cycled for 15 cycles in 1.0-1.6V (vs. RHE) 

to active and stable the products loaded on GCE. Fig. 6-5a shows LSV curves for all 

the electrocatalysts at a scan rate of 5 mV/s, it can be noticed that F(3-1)3 is optimized 

with a small overpotential of 212 mV, 283 mV at current density of 10 mA/cm2 and 

100 mA/cm2, respectively, which are the smallest than that of other electrocatalysts (all 

the overpotentials are listed in Table. 6-1). However, the Tafel plot of F(3-1)3 

calculated by Tafel equation is 64.7 mV/dec is the biggest among the as-preapared 

composites.  Due to the more quantity of NiFe LDHs located on the surface of 

MWCNTs which decrease the conductivity of composite of F(3-1)3. Although the high 

Tafel plot is not the smallest, F(3-1)3 still exists the best of electrocatalytic performance 

due to the intrinsic properties of NiFe LDHs. Tafel slope represents the reaction kinetics 

of OER, compared to F(3-1)1, F(3-1)2, the quantity of NiFe LDHs in F(3-1)3 located 

on MWCNTs was the largest, and NiFe LDHs has poor conductivity, hence, 

conductivity of F(3-1)3 is not as well as other two materials, compared to F(1-1)3, F(2-

1)3 and F(4-1)3, we have recognized from XRD that only few NiFe LDHs produced in 

F(4-1)3, hence, it has high conductivity, which is consistent with the Tafel slope of it, 
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and F(3-1)3 have more generated NiFe LDHs than F(2-1)3 and F(1-1)3 when their total 

molar are the same, hence, it has the largest Tafel slope. The high OER performance of 

optimized F(3-1)3 is attributed that the high conductivity and porous structure of 

MWCNTs not only enhance the electron transfer of F(3-1)3, but also increase the 

surface area of NiFe LDHs and impede the aggregation of nanoparticles. And the low 

crystalline of NiFe LDHs exists short range structure and small size and hence could 

expose more active sites which is beneficial for OER (Detsi et al. 2016, Li et al. 2017, 

Doyle et al. 2013, Burke et al. 2015).   

 

Fig. 6-5 (a) LSV curves of the NiFe LDHs with different molar ratio and different total 

molar ratios in 1M KOH at a scan rate of 5 mV/s (95% iR-correction) and the 

corresponding (b) Tafel plots calculated by Tafel equation. 

6.4.2 CP/Multi-CP 

Fig. 6-6a demonstrates the multi-step CP curve of F(3-1)3 with current density from 10 

to 80 mA/cm2 with an increment of 10 mA/cm2 every 500 s without iR-correction. The 

potential at first is 1.47 V (vs.RHE) when the current density is 10 mA/cm2. The 

potentials increase immediately without any delay with increasing of current density 
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and keep constant at each step, these results infer that F(3-1)3 has effective mass and 

electron transportation and high stability in a large range of current densities (Xu et al. 

2018b). The long-term durability of F(3-1)3 is investigated by using CP method with a 

constant current density of 10 mA/cm2 for 40 h. The first potential is 1.469 V and then 

potential become 1.495 V after 40 h, and the potential after 40 h shows 1.9% up (Fig. 

6-6b). The inset in the Fig. 6-6b is the partial CP curves and the blue rectangular line 

shows the potential will regularly raise with the increasing of time and then drop down 

quickly, that is because the generated oxygen gradually cover the surface of working 

electrode and accumulate to a certain degree, and then the oxygen gas is removed by 

rotating WE and the uncovered surface of WE ensure the contact area between 

electrolyte and electrolysis. Hence, the potential shows cut down immediately. And this 

process repeats in the whole reaction(Shen et al. 2018).   
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Fig. 6-6 (a) Multi-step CP curve of F(3-1)3 in 1M KOH, the current density started from 10 

mA/cm2 and ended at 80 mA/cm2 with an increment of 10 mA/cm2 every 500 s without iR 

correction.(b) CP curve of F(3-1)3 in 1M KOH with an current density of 10 mA/cm2 for 40 

h without iR correction and the inset is the CP curve of F(3-1)3 collected in the first 1h. 

6.4.3 ECSA and Faradic Efficiency 

To get insight into OER, ECSA was obtained from Cdl, Cdl was measured from CV 

curves in a potential range of 1.24-1.34 V vs. RHE at different scan rates arranged from 

10 mA/cm2 to 100 mA/cm2.and the difference of capacitive current (Δj=janodic-jcathodic) 

b 

a 
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at 1.29 V vs.RHE were plotted against the different scan rates. And the Cdl is the twice 

of the slope of the plot (Fig. 6-7). However, the Cdl of F(3-1)3 listed in Table 6-1 is not 

the smallest compared with other materials, that is because the Cdl represents a 

capacitive process and in this material, it usually performed by MWCNTs, not the 

intrinsic catalyst of NiFe LDHs which commonly companied with a pseudo-

capacitance. Hence, although the BET and ECSA of F(3-1)3 are not the best, it still 

show superior OER electrocatalytic performance due to the intrinsic electrocatalytic 

properties (Dinh et al. 2018, Lu et al. 2017). The Faradaic efficiency was calculated 

based on the molar of oxygen generated and it is about 108%. 
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Fig. 6-7 CV curves and corresponding slopes of capacitive current densities at 1.29V vs.RHE 

against different scan rates of samples of (a), (b) F(1-1)3, (c), (d) F(2-1)3, (e),(f) F(3-1)1, (g), 

(h), F(3-1)2, (j), (k) F(3-1)3and (m), (n) F(4-1)3. 

6.5 XPS Test for Composites after Activation  

To investigate the difference of NiFe LDHs/MWCNTs before activation and after 

activation, XPS was applied. From Fig. 6-8a and 8b, it is observed that the intensities 

of satellite 2P3/2 peaks of Ni and Fe increase, it is proposed that the hydrated nickel 

oxide and ferric oxide increase after activation in 1M KOH solution (Zhou et al. 2013, 

Fu et al. 2018). The increased binding energy of C-OH and COOH in high solution 

spectrum of C1s as shown in Fig. 6-8c also reveals this phenomenon. The small peaks 

in O1s after activation is the peak of Nafion. 

m n 
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Fig. 6-8 XPS spectra of (a) Ni 2p, (b) Fe 2p, (c) C1s and (d)O1s of product of F(3-1)3 before 

activation and after activation.   

6.6 Summary  

In this chapter, composites of NiFe LDHs/MWCNTs with low crystalline NiFe LDHs 

were prepared by Fenton reaction and coprecipitation method. The optimized material 

of F(3-1)3 performs an excellent OER properties with a small overpotential of 212 mV 

at 10 mA/cm2 and a Tafel slope of 64.46 mV/dec. The superior electrocatalytic 

performance of F(3-1)3 is ascribed to the followed points: (i) NiFe LDHs with a suitable 

molar ratio (Ni: Fe= 3:1) shows outstanding and intrinsic electrocatalytic   properties, 

(ii) the composite has a weak crystalline with random orders and small size could 

expose more active site and facilitate the reaction of OER, (iii) the high conductivity of 
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MWCNTs enhances the charge transfer and (iv) the strong interaction and the 

synergetic effect between NiFe LDHs and MWCNTs ensure the long-term stability and 

fast mass transportation.  
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Chapter 7 Summary and Future Work 

In this chapter, the aim is to summarize every experiment which have done in this work 

and make recommendations for future work which still exist in this work.  

7.1 The Comparison Between Different Composites Prepared by 

Fenton Reaction  

In this part, EG-F, AEG-F were prepared by Fenton reaction. After comparation of their 

CV curves and electrochemical properties, it is concluded that (i) AEG-F shows better 

cycling performance compared with EG-F, because EG was oxidized heavily by 

concentric acid to introduce more oxygen functional groups, and hence AEG is easily 

reacted with Fenton reagents, (ii) EG with worm-like structure are not easily reacted 

with Fenton reagents, because the worm -like structure impede the contact of Fenton 

reagents with the layer of EG. MWCNTs-F was also prepared by Fenton reaction and 

MWCNTs-F-H was synthesized by Fenton reaction followed with hydrothermal 

reaction. Compared with EG-F, MWCNTs-F exhibits better electrochemical 

performance due to the network conductive structure which not only provide an 

electronic path for electrochemical reaction, but also suffer the dropping off Fe2O3 

particles. MWCNTs-F-H also shows the similar phenomenon like EG-F and EG-F-H, 

but the electrochemical property of MWCNTs-F-H is worse than that of MWCNTs-F. 

because that in the process of hydrothermal reaction, part of Fe(OH)3 nanoparticles 

dissolved into the solution and part of them become bigger which decrease the contact 

surface area between electrode and electrolyte.  In the preparation process, sonication 

was used to promote reaction. And considering time consuming cost and the properties 

of composites, the optimized sonication time is 3h. 
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 7.2 Preparation of Composite of Fe2O3/MWCNTs and Their 

Application as Anode in LIBs 

In this part, composite of Fe2O3/MWCNTs was prepared by Fenton reaction followed 

with a 200℃ heat treatment to make sure that Fe(OH)3 was totally convert to Fe2O3.   

The composite was used as anode material in LIBs. XRD and SAED demonstrate that 

the crystal structure of Fe2O3 in the composite of Fe2O3/MWCNTs is amorphous. CV 

and cycling performance test demonstrate that the composite display an excellent 

cycling performance with a reversible capacity of 900 mAh/g at 500 mA/g after 500 

cycles and a high rate capability of 785 mAh/g at a high current density of 2 A/g. The 

outstanding electrochemical performance is attributed that the random ordered 

amorphous structure of Fe2O3 with nanometre size shorten the ion pathway and increase 

the charge transfer. The small size of Fe2O3 particles buffers the volume change during 

the charge-discharge process. MWCNTs substrate not only offers an electronic path 

way for high charge transfer, but also improves the rate capability and prevents the 

aggregation of Fe2O3 in the process of reaction. 

7.3 Preparation of NiFe LDHs/MWCNTs Composites and Their 

Application as Electrocatalyst in OER  

In this part, composites of NiFe LDHs/MWCNTs were fabricated by Fenton reaction 

followed with a coprecipitation process. The composites were characterized by SEM, 

TEM, XRD and XPS. XRD and SAED images indicate that the composites have low 

crystalline structure. The optimized product of F(3-1)3 display excellent 

electrocatalytic properties. and it has small overpotential of 212 mV and 283mV at 10 
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mA/cm2 and100 mA/cm2, respectively, and a Tafel slope of 64.46 mV/dec. The 

outstanding electrocatalytic performance of F(3-1)3 is ascribed to that: (i) NiFe LDHs 

with a suitable molar ratio (Ni: Fe= 3:1) show outstanding and intrinsic electrocatalytic   

properties, (ii) the weak crystalline with random ordered structure and small size which 

could expose more active site and enhance the active surface area between electrode 

and electrolyte, (iii) the high conductivity of MWCNTs enhance the electron transfer 

and increase the kinetics of OER, (iv) the synergetic effect between NiFe LDHs and 

MWCNTs ensure the cycle stability and fast mass transportation. 

7.4 Further Work  

For comparison, it is necessary to get strong acid treated MWCNTs and react with 

Fenton reaction to compare with MWCNTs-F materials.  

The further work on the investigate the type of oxygen functional groups and the degree 

of oxidation is carried out, due to different oxygen functional groups may influence the 

electrochemical performance of composite.  

Due to the metal salts used as Fenton reagents are not just iron, therefore, other metal 

salts could be selected as catalyst in Fenton reaction and act as the sources for 

synthesizing other composites of MWCNTs with other metal oxides (hydroxide), and 

investigate their electrochemical properties in LIBs or OER.  

Considering the merits of amorphous structure of metal oxide (hydroxide) used in LIBs 

and OER, another work on preparing a series of amorphous metal oxide 

(hydroxide)/MWCNTs composite by simple precipitation method is suggested. 
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Considering the phase evolution in the reaction process of LIBs, investigating the phase 

evolution during the electrochemical reaction process is also listed on work.  
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