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ABSTRACT (ENGLISH) 

Design and Synthesis of Nanostructured Transition Metal (Co, 

Mn, Fe, and Ni) Compounds for Electrochemical Water 

Splitting 

 

Li Xue  

Advisor: Prof. Yung Tae Yoo, Ph.D.  

Dept. of Advanced Materials Engineering 

Graduate School of Chosun University 

 

Depletion of fossil fuels, coupled with the climate change related to greenhouse gas 

emissions, has decided the significantly urgent need of developing highly efficient and 

sustainable alternative energy sources. To note, a tremendous effort has been paid to 

diminish greenhouse gas emissions and generate zero-carbon, green, and sustainable 

energy sources. It is well known that hydrogen (H2) is a promising energy source because 

of its unique features (sustainability, lightweight, and high energy density). 

Electrochemical water splitting (ECWS) is one type of sustainable solution for generating 

H2 to meet the energy demands without carbon emission.  

In this work, the development of novel electrocatalysts is aimed to improve energy 

efficiency in ECWS, especially involving oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). Transition metals (nickel, cobalt, manganese, and iron)-based 

compounds including hydroxides and oxides have been explored and evaluated as 

electrochemical catalysts. The transition metal compounds were synthesized on a 

conductive and porous substrate (Ni foam) by utilizing simplistic approaches like the 

hydrothermal method (HT) and electrodeposition (ED). Electrocatalyst performance 

evaluation parameters such as overpotential, Tafel slope, electrochemical active surface 



xiii  

area, exchange current density, long-term stability as well as charge transfer resistance 

were investigated in detail. 

In detail, Nickel hydroxide coated cobalt manganese layered double hydroxide 

(CoMn-LDH@Ni(OH)2) nanowires were prepared by HT followed by the ED method. 

The OER, HER, and overall water splitting activity of as-prepared CoMn-

LDH@Ni(OH)2 were discussed. Iron-doped cobalt manganese spinel-type oxide 

(CoMnFeO4) was synthesized by HT followed by calcination for 1 hour at 300°C. The 

influence of iron concentration and annealing conditions on the catalytic activity of Co-

Mn oxide was studied. The OER performance of this as-prepared CoMnFeO4 was 

discussed. It was concluded that the CoMn-LDH@Ni(OH)2 is more efficient than 

Ni2MnO4, Fe2MnO4, and CoMnFeO4 for OER because the compound incorporates a 

unique heterogeneous nanostructure, synergistic effect of core & shell, and simple 

deposition on nickel foam (NF) substrate without using a binder. 

 

 

Keywords: Electrochemical water splitting, Transition metal compound, Core-shell, 

Nanowire-nanosheet coexistence, Fe-doping, synergistic effect, 
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ABSTRACT (KOREAN) 

초록  

전기화학적 물  분해를 위한 나노 구조 전이금속(Co, Mn, 

Fe, Ni) 화합물의 설계 및  합성 

 

이 설  

지도교수   유 영 태  

첨 단 소 재 공 학 과 

조선대학교 대학원 

온실가스 배출로 인한 기후변화 및 화석연료의 고갈은 효율적이고 지속가능한 

대체 에너지원의 개발이 시급해지도록 만들었다. 온실가스 배출을 줄이고 제로-

탄소 및 지속 가능한 에너지원을 개발하기위해 많은 연구자들은 엄청난 노력을 

기울이고 있다. 그 중에서, 수소(H2)는 가볍고, 높은 에너지 밀도를 가지기 때문에 

지속가능한 대체 에너지 물질로 잘 알려져 있다. 수소를 생산하기 위한 방법은 

여러가지가 있지만, 그 중 ECWS(Electrochemical water splitting)는 Zero-carbon 및 

높은 에너지 수요를 만족시키는 지속가능한 해결책으로 각광받고 있다. 

이번 연구에서는, ECWS 의 에너지 효율을 개선하기 위해 새로운 전기 촉매를 

개발하였고, 산소 발생 반응(OER)과 수소 발생 반응(HER)에 대한 접근 방식을 

모두 포함하고 있다. 이를 수행하기 위해 전이금속(Co, Mn, Ni, Fe) 기반의 산화물, 

수산화물, 셀렌화물을 포함하는 다양한 물질들을 조사하였고 평가하였다. HT 

및 ED 법과 같은 간단한 접근법을 이용하여 전도성 및 다공성의 Ni 기판(NF)상에 

전이금속 화합물을 형성시켰다. 

이를 평가하기 위해 과전위, Tafel slope, 전기화학적 활성 표면적(ECSA), 

교환전류밀도, 장기 안정성 및 전하이동 저항 등의 전기화학적 성능을 포함하는 

다양한 parameter 를 자세히 조사하였다. 
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구체적으로는, HT 법을 이용하여 CoMn 코어를 합성하였고, ED 법을 이용하여 

Ni(OH)2 shell 을 합성하였다. 최종적으로는 코어(CoMn)-쉘 Ni(OH)2 구조를 갖는 

Ni(OH)2 가 코팅된 CoMn 이중 수산화물(CoMn-LDH@Ni(OH)2) 나노 와이어를 

제조하였다. 제조된 (CoMn-LDH@Ni(OH)2)의 산소발생반응, 수소발생반응 및 

overall-water splliting 의 성능에 대해 의논하였다. 

스피넬 구조를 갖는 철이 도핑된 코발트 망간산화물(CoMnFeO4)은 HT 법으로 

합성한 후 300°C 에서 1 시간 동안 하소시켰다. 또한, 철의 농도 및 열처리 조건에 

따라 스피넬 구조를 갖는 Co-Mn 산화물의 촉매 성능 변화를 연구하였다. 이에 따라, 

준비된 CoMnFeO4 의 산소발생반응의 성능이 논의되었다. 이 연구를 통해, CoMn-

LDH@Ni(OH)2 는 CoMnFeO4 보다 더 효율적이라는 결론을 내릴 수 있었다. 특히 

CoMn-LDH@Ni(OH)2 물질의 경우, core 와 shell 의 독특한 계층적 나노 구조가 

만드는 시너지 효과가 있기 때문이다. 또한 이 물질을 합성할 경우 binder 가 

필요하지 않아 증착이 용이하다는 장점이 있다. 

 

Keywords: 전기화학적 물분해, 전이금속화합물, 코어-쉘, Nanowire-nanosheet 

coexistence, Fe-doping, 시너지 효과 
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1.  Introduction 

1.1 Background 

Due to the speedy advancement of the worldwide economy, the living conditions of people 

improved significantly in the 21st century. However, around 0.9 billion people are still living in 

underserved areas with energy deficiency. In 2050, the global human population growth is 

predicted more than 2 billion [1] accompanied by enormously aggravated global energy demands,  

which will increase one time compared to that of the 1990 s (Table 1. 1)[2][3] The distance 

between world energy demand and supply was projected to expand, as shown in Figure 1. 1[4][5]. 

Globally, more than 4/5 of this energy consumption is achieved by the conversion of fossil fuel 

energy resources (FFERs). Also, FFERs such as coal, natural gas, and petroleum which are rich 

in carbon atoms evolute about 2/3 of total global carbon dioxide (CO2) emissions when they are 

used up. Consequently, global warming and climate change become crucial issues due to CO2 

being a big number of greenhouse gases. Therefore, ensuring global energy demands and 

reducing CO2 emissions are becoming the worldwide primary research topic of sustainable 

development [6]. Investigating new green, renewable, and sustainable energy source with 

carbon-free emissions in nature could be an urgent strategy for energy sustainable development 

(Figure 1.2).  

 

Figure 1. 1 (a) The world Energy demand-supply gap and (b) Energy demand [5].  
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Table 1. 1 Total energy consumption in recent years and prediction of future (unit: Mtoe). 

Year Asia Africa 
Middle 

East 
America Europe CIS Pacific Total 

2050 8433 1082 823 3206 1536 1055 143 16278 

2030 7376 838 778 3233 1732 1043 152 15152 

2018 5859 850 803 3380 1847 1081 158 13978 

2010 4825 689 647 3265 1927 1008 150 12511 

2000 2886 487 372 3121 1853 898 129 9746 

1990 2113 381 223 2583 1785 1372 104 8561 

 

Figure 1. 2 The strategy for energy sustainable development.  

Hydrogen (H2) possesses the merits of sustainability, lightweight, and high-energy-density 

(Figure 1.3) and is expected to be the most promising fuel for substituting traditional FFER [6] 

[7] [8]. As we know, H2 can be produced from biomass, water, natural gas, and coal gasification. 

Among all, steam methane reforming is the current main strategy, and more than 90% of H2 is 

being generated from it[4]. However, this technique still emits CO2 into the environment. 

Another option is to utilize earth-abundant feedstock including wind, solar, and water to generate 

H2. Water which is only composed of H and O elements is recognized as the optimal candidate 

to derive H2 production.  
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Figure 1. 3 Comparison of different energy sources. 

1.2 Fundamentals of ECWS 

ECWS is considered as a crucial alternative approach for sustainability by generating 

renewable H2 which is an environment-friendly and promising candidate worldwide replacing 

FFER via converting electrical energy. In detail, ECWS represents splitting H2O to oxygen (O2) 

and H2 under a continuous current electricity supply with a catalyst in an electrolyte solution. 

Typically, it includes two different cell reactions, the anodic reaction (OER) and cathodic reaction 

(HER) (Figure 1. 4)[9]. The OER and HER are expressed as follows:[10] 

OER: H2O (l) - 2 e- → 1/2 O2 (g)+ 2 H+ (aq)                         (Eqn. 1. 1) 

HER: 2 H+ (aq) + 2 e- → H2 (g)                                            (Eqn. 1. 2)  

Overall chemical reaction: H2O (l) → 1/2 O2 (g) + H2 (g)    (Eqn. 1. 3) 
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Figure 1. 4 Illustration of overall ECWS system. 

It is projected that there is a change of 237.2 KJ/mol for Gibbs free energy which is the 

minimum energy demand during a catalytic process. In addition, the standard cell potential (E0) 

can be obtained as follows:  

E0 = − ΔG0 / (n × F)                   ( Eqn. 1. 4) 

here, n denotes the number of transferred electrons, and ‘F’ denotes the Faraday constant. 

Hence, the corresponding E0 is ~ 1.23 V for splitting H2O into its component [11]. While the 

Nernst equation corresponding to HER can be expressed as follows: 

E = E0- RTln[PH2/(P
0α2)]/(2F) = −0.059 × pH (V vs. RHE) = 0 (V vs. RHE)…   Eqn. 1. 5 

here, ‘E’ denotes the Nernstian potential of HER under the standard thermodynamic 

equilibrium condition, ‘E0’ denotes the proton reduction potential which equals 0, ‘R’ denotes a 

constant, ‘T’ denotes temperature which equals 298 K, ‘P’ denotes the pressure, ‘α’ denotes the 

effective concentration of H+, and ‘F’ denotes a faraday constant [12]. 

1.2.1 The Media of ECWS 

On a lab scale, water is used as both reactant and electrolyte in the process of ECWS. As the 

literature reported, resistance in the electrolyte is a key factor to optimize the electrolyte 
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concentration. For instance, the alkaline electrolyte containing 35 wt% KOH has a conductivity 

of 2.7 S cm-1[13]. Besides, corrosion in alkaline media is less and easier to handle than in acidic 

media, followed by cheaper cell catalysts and less maintenance. Moreover, it can generate higher 

purity H2[14]. Furthermore, in comparison to different alkaline electrolytes, KOH causes low 

corrosion and slightly low resistance than that NaOH and more H2 is released in KOH when 

under the same conditions. Therefore, strongly alkaline media containing 1 mol/L KOH (pH = ~ 

14) was chosen for an electrolyte solution during the electrochemical measurements of this 

doctoral study. 

1.2.2 Critical Parameters of ECWS 

ECWS is an uphill reaction, which can be observed from ΔG0 > 0. Therefore, an efficient 

catalyst is becoming critical and necessary for reducing the kinetic barrier to driving ECWS 

effectively(Figure 1. 5)[15]. To compare the catalytic efficiency of catalysts, some critical 

parameters play an important role (Figure 1. 6). The catalytic performance was evaluated by 

overpotential (η), Tafel slope (Ts), stability, and electrochemical active surface area (ECSA).  

  

Figure 1. 5 The illustration of the role of the catalyst in the electrolysis progress.  
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Figure 1. 6 Illustrations of critical parameters of ECWS. (a) Overpotential, (b) Tafel slope, 

(c) Stability in terms of I-t (inset: E-t), and (d) Electrochemical active surface area (ECSA). 

The Ts is another key parameter to characterize the performance from the overpotential against 

the kinetic current, which is described by the Eqn. 1.6:  

η = a + Ts× log Jc          (Eqn. 1.6) 

where ‘a’ denotes a constant, ‘Ts’ denotes Tafel slope, and ‘Jc’ denotes current density. In 

Figure 1. 6b, it is observed that the linear correlation between η and log Jc, denoting Jc change 

as a function of η varies. A smaller Ts suggests faster kinetics of ECWS and a better catalyst.  

In practice, there is another critical parameter to characterize the catalyst. Longer stability is 

expected for a superior catalyst. Typically, two different strategies were performed to express the 
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stability of one catalyst, which were chronopotentiometry (E-t plot) and chronoamperometry (I-

t plot) (Figure 1. 6c). The increment of current or potential with time under a fixed potential or 

current is recorded in the stability test. Usually, researchers set a Jc ≥ 10 mA cm−2 for dozens of 

hours to evaluate the stability of the catalyst. The more negligible decay of the recorded potential 

or current, the more stable the tested catalyst.  

To investigate the surface activity of a catalyst, ECSA is necessary to be measured. The bigger 

ECSA, the better catalytic activity. When a catalyst is deposited on an electrode surface, it can 

be recognized as a capacitor including a double-layer between catalyst film and electrolyte. 

Double-layer capacitance (Cdl) was determined by utilizing cyclic voltammetry (CV) 

measurement in a non-Faradaic potential area with the following equation:  

ic = vCdl               (Eqn. 1.7) 

where ‘ic’ denotes the current, ‘v’ denotes scan rate. Then, ECSA is correlated with ‘Cdl’ 

(Figure 1. 6d) which suggests the amount of active catalytic atoms and may be determined using 

the following calculation: 

ECSA = Cdl / Cs       (Eqn. 1.8) 

where ‘Cs’ denotes a specific capacitance of the electrode and varies in different electrolytes. 

In this work, Cs is taken as 0.04 mF cm−2. Hence, it is easy to summarize the bigger Cdl, the 

bigger ECSA due to the positive proportional relationship between Cdl and ECSA. 

1.2.3 Mechanisms for ECWS 

As aforementioned, ECWS converts electricity to chemical energy in form of H2, a sustainable, 

renewable, and CO2-free fuel. It includes anodic reaction (OER) and cathodic reaction (HER). 

The anodic reaction is a proton-coupled process with sluggish kinetics and acts as the bottleneck 

of the overall catalytic process.[16] To solve this issue, a deep understanding of the mechanism 

is required. As shown in Figure 1. 7, the OER and HER occur in different steps under different 

media. In the case of OER which is located on the left part of the figure, it displays two reaction 

circles: the inner circle includes the reactions which happen in the alkaline condition and the 

outer circle includes the reactions which happen in acid conditions. To note, ‘M’ stands for active 

metal sites, ‘MOH’ stands for metal-hydroxide, ‘MO’ stands for metal oxide with one-electron 

oxidation of MOH, ‘MOOH’ stands for an intermediate which results from the OH− attacks MO, 
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and lastly, two MO are combined to produce O2 and M. The mechanism of OER under acid 

medium is also expressed in the outer circle which displays immediate such as ‘M’, ‘MOH’, 

‘MOOH’ and ‘MO’. MO reacts with H+ instead of OH− in an alkaline medium [17]. For HER 

which is located on the right side. Under the alkaline condition, the H2O molecule absorbs 

electrons to provide adsorbed H deposited on the metal M (labeled as MHad), and two Had can be 

combined to create H2. In addition, the only difference for the acid case is H3O+ which is 

consumed instead of H2O[18].  

 

Figure 1. 7 Simplified illustrations of the mechanism of ECWS.  

1.3 Catalysts Based on Transition Metal Compounds (TMC)  

ECWS is one type of potential strategy for the provision of sustainable energy resources 

including H2/O2 production in the field of rechargeable energy devices[19]. Based on recent 

research, RuO2/IrOx and Pt are the only efficient materials for OER and HER of ECWS[18]. 

These noble catalysts are relatively precious, rarely found, and suffer stability in the environment. 

Therefore, the exploitation of non-noble, earth-abundant, active, and stable catalysts for ECWS 

is of utmost importance. So far, great attention has been attracted to TMC due to its excellent 

features such as being earth-abundant, readily available, and low-cost. Various TMCs including 
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transition metal hydroxides,[20] oxides,[17] and selenides[21] have been used as electrocatalysts 

for ECWS in an alkaline medium. Among them, cobalt hydroxide, manganese hydroxide, cobalt 

manganese layer double hydroxide, cobalt oxide, manganese oxide, cobalt manganese spinel-

type oxide (Co2MnO4), nickel, and cobalt diselenide (NiCoSe2) are reported as promising and 

effective electrocatalysts for ECWS due to their superior performance, high efficiency,  and good 

stability in 1 M KOH.[22]   

1.3.1 Literature Review for TMC 

Most of the highly efficient catalytic materials used in electrolyzed water technology that has been 

researched and developed by their predecessors. In general, Pt, and RuO2/ IrO2 were the benchmark 

for HER and OER, respectively. These materials not only have limited reserves but are also quite 

a high cost.[23–25] Recently, researchers speculate that the oxides, hydroxides, sulfides,[26] 

phosphides [27–29], and selenides[30–32] of Ni, Co, and Fe have high theoretical catalytic 

capabilities due to they belong to the same group as Ru, Ir, and Pt.   

Among the various TMCs (Figure 1. 8), layered double hydroxide (LDH) is particularly 

attractive and has been recognized as the superior candidate for alkaline ECWS[33–35]. The 

catalytic efficiency of these materials can be improved by controlling the shape of nanostructures 

[36]. Komal and her co-workers prepared Ni-Co LDH nanowires through the HT method [35]. The 

high catalytic performance was the consequence of a relatively open LDH structure that allowed 

access to abundant active sites resulting in faster electron transfer [37,38]. Zhou et al. developed a 

catalyst with heterojunction that has a very low overpotential (η10 = 209 mV)[39]. 

CoNi2S4@NiMn-LDH have good performance and a low overpotential (η100 = 269 mV) [40]. 

However, LDH with low conductivity is negative for charge transfer [41–43]. Additionally, bi- 

or multi-metallic transition metal-based oxides (TMO) exhibit better performance as compared 

to that of a single component [44,45]. Some successful studies have been achieved[46–49]. This 

includes spinel transition metal-based oxides (e.g. NiMn2O4,[50] FeCo2O4,[51] CoMn2O4,[52] 



10 

Co2MnO4 [53]). For instance, Menezes and co-workers synthesized nickel-manganese oxides 

with predesign ratios of Ni: Mn to boost the efficiency of OER[54]. K. Lankauf et al. prepared 

the Mn-Co oxides with a low overpotential (η10 = 327 mV)[55]. Similarly, Peng and co-workers 

reported NiCo2O4 with a lower overpotential (η10 = 280 mV)[56]. However, the overpotential 

and electronic resistance could be decreased to further improve the catalytic activity.  

 

  

Figure 1. 8 Electrocatalysts based on TMC for ECWS[57]. 
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1.3.2 Strategies to Boost Electrocatalytic Performance of TMC 

Despite nanostructured TMC exhibiting a large ratio between the surface area and volume, 

fast charge separation and transport, catalytic properties, and long-term stability are required. 

Developing ways to boost the electrocatalytic performance of TMC with chemical stability, 

abundant active sites, and favorable adsorption energy on the surface has been attracting the 

attention of researchers. As previously reported, the ways to improve the catalytic activities of 

catalysts are explained as follows:[58–60] 

i) core-shell nanostructure formation; 

ii) hierarchical nanostructure; 

iii) heteroatomic doping; 

iv) cocatalyst with protective layers; 

v) nanocomposite formation; 

vi) noble metal decoration. 
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Figure 1. 9 Strategies for obtaining efficient transition metal electrocatalysts. 

1.3.3 TMC Investigated for ECWS in This Research Work 

Fundamental studies play a significant role in primary research by contrasting the research of 

leading companies in the corresponding field to develop techniques that can be utilized to 

develop catalysts with high efficiency and superior performance. Evaluating new catalysts that 

bear potential for ECWS is very interesting and expected in basic research programs.  

New catalysts based on TMC and some previously reported TMC have been utilized as 

reference catalysts. They are investigated and collected in this work as recorded in Table 1. 2.  
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Table 1. 2 New catalysts based on TMC and reference catalysts.  

Type New catalysts Reference catalysts 

Transition metal 

hydroxides 

(TMH) 

CoMn-LDH@Ni(OH)2 
Bare NF 

Series of CoMn-LDH 

Transition metal oxide 

(TMO) 

 

Iron-dopped cobalt 

manganese oxide 

(CoMnFeO4) 

 

Bare NF 

Cobalt oxide, Manganese oxide 

Series of CoMn-O4 

Series of Fe- Co2MnO4 

Series of NiMn-O4 

Series of FeMn-O4 

1.4 Methodologies Used for Deposition of TMC 

In our research, we proposed HT, ED, and chemical bath deposition (CBD) routes to fabricate 

TMCs such as TMH and TMO with different nanostructured morphologies. Thereby, the overall 

fabrication process of TMC could be primarily divided into two steps (further discussed in the 

following chapters). Firstly, the formation of fundamental catalysts; secondly, improving the 

catalytic activity by using the ways of a hierarchical nanostructure, core-shell nanostructure 

formation, and heteroatomic doping. We followed these methods for the synthesis of TMC and 

found outstanding results concerning application and properties.  

1.5 Objectives of This Thesis 

Globally, the energy crisis is rising. The critical question is how to fulfill the energy demand 

without causing an environmental problem. This reflects the requirement for sustainable, 

renewable, and affordable energy resources that can provide carbon-free energy. If the energy 

needed to drive electrolysis is provided by sustainable energy resources, then ECWS would bear 
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the potential to fulfill these requirements. Electrocatalytic H2 production is a challenging subject 

because of the issues encountered in the process of ECWS, where efficient and stable 

electrocatalysts are still needed to make an entire process more economically accessible. Based 

on the recent literature on the development of different nanostructures for ECWS, the main 

objectives of the research work are as follows: 

(1) Development of nanostructured earth-abundant electrocatalysts for OER and HER 

reactions via simplistic synthetic routes 

(2) Study their physico-chemical properties to understand their electrocatalytic 

performance. Also, to study the influence of various preparative parameters on surface structure, 

oxidation states, physical, and other chemical properties in concerns with used deposition method.  

(3) Rational design of novel catalysts possessing enhanced catalytic performance by fine-

tuning the aforementioned characteristics. 

Specifically, this work gives insights into the synthesis of TMC-based nanostructured 

electrocatalysts to understand ECWS by heterogeneous catalysis, for the production of 

sustainable hydrogen fuel. The following points have been used as guidelines for this research 

work: 

(1) Synthesize and characterize core-shell nanowires of CoMn-LDH@Ni(OH)2 catalysts via 

the HT method. Study the effect of preparative parameters such as solution concentration, 

and metal molar ratio on the chemical and electrical properties of the obtained catalysts.  

(2) HT deposition of nanowire-nanosheet-like dual structured CoMnFeO4 catalyst on NF 

substrate. To investigate the formation mechanism behind CoMnFeO4 catalysts and the 

influences of various synthesis parameters e.g. Fe concentration, atmosphere conditions, 

annealing temperature, and time on their growth and catalytic properties.  

(3)  Study the stability of obtained electrocatalysts during catalytic activity and unravel the 

reason behind performance improvement.  

(4) Compare the different OER and HER performances of obtained electrocatalysts to 

connect the properties of the catalysts with studied parameters, finding the correlation 

between them to open new outlooks. 
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To accomplish the above-stated objectives, this research consists of five main chapters. The 

first chapter proposed the research background, as TMC-based nanostructured electrocatalysts 

are chosen here as the active material owing to their high catalytic activity and earth-abundant 

nature. Chapter two described the advanced synthesis and characterization techniques used in 

this study. Physical characterizations and performance evaluation of the catalyst materials in 

terms of OER, HER, and ECWS have been evaluated in chapters three and four, respectively. 

Chapter five presents the main conclusion and future work. The ultimate goal is to contribute to 

higher energy efficiency in ECWS for the utilization of sustainable energy sources.  
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1.6 Flow Chart of This Research Work 

Herein, we aim to fabricate new catalysts based on TMC via HT, and ED. The formation 

mechanism of catalysts based on TMC will be discussed by analyzing multiple characterization 

techniques e.g. XRD, Raman, FTIR, XPS, FE-SEM, EDS, and TEM. In addition, the 

overpotential, Tafel slope, ECSA, stability, EIS, MA, and SA properties will be investigated. As 

shown in Figure 1. 10, describes the overall objectives of the whole research process. The details 

of the main materials which were used to synthesize new TMC have been attached in Appendix 

“A”. Further, Appendix “B” contains a list of all instruments used to characterize the 

microstructure and properties. 

  

Figure 1. 10 Flowchart illustrating the whole work.  
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2.  Synthesis and Characterization Techniques 

2.1 Synthesis of TMC  

Nanostructured material is greatly attractive owing to its exclusive physicochemical properties 

and viability in the field of ECWS. The outstanding electrocatalytic activity of nanostructured 

catalysts results from the following reasons: i) abundantly exposed surface atoms and catalytic 

active sites; ii) easily achievable defect and structural engineering; iii) rapid charge transfer. 

These unique properties of nanostructured catalysts have attracted researchers’ great attention to 

the synthesis of such TMC-based-catalysts. Consequently, several different synthesis routes e.g. 

the HT method, ED, and CBD have been adopted to obtain nanostructured catalysts with unique 

morphologies (such as nanowires, nanosheets, and nanospheres) and tailored properties.  

Nanostructured TMC can generally be produced by different basic techniques including the 

top-down and bottom-up approaches which consist of assembling atoms to produce macroscopic 

materials with the merits of control over crystallite size and/ or morphology (Figure 2. 1). Among 

bottom-up approaches, the most common chemical approaches e.g. HT method, ED, as well as 

CBD have been employed due to their low-cost, high efficiency, and easy operation. 

Consequently, the details of these approaches are displayed in the following sections.  

 

Figure 2. 1 The two basic approaches used for the synthesis of nanostructured TMC. 
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2.1.1 HT Method 

 

Figure 2. 2 Schematic of the HT method. 

An HT method is a large pressure solution-phase fabrication in which H2O is used as a solvent 

and an autoclave as a reaction vessel.[61] A schematic of the HT method is displayed in Figure 

2. 2. To control the morphologies of the catalysts, various parameters such as precursor molar 

concentration, reaction time, temperature, and surfactant type can be employed according to the 

types of the main component during the chemical reaction. In addition, nanostructured TMC can 

be prepared with certain morphology, size, and composition by using different types of 

surfactants (such as urea, and acetyl alcohol) and modifying the reaction temperature and/or time. 

There are significant successes in preparing nanostructured TMCs by using this technique. M. L. 

M. Napi et al. successfully deposited nanoneedles like structured fluorine-doped zinc oxide films 

by fine-tuning the reaction time and bath temperature of the HT reaction.[62] L. Ma and 

coworkers discussed the influences of Co concentration on the ZnMn2O nanocrystals which were 

prepared with hollow nanospheres by using HT synthesis.[63] 

2.1.2 ED method 

ED is an economically and technologically viable technique to prepare void-free TMC as thin 

film by depositing nanostructured material onto conductive substrates (e.g. NF, copper foam, 

stainless steel, and FTO glass) from a precursor solution.[64] ED has several merits over other 

nano-processing approaches as follows: [65] i) low cost; ii) wide-scale application for the 

preparation of pure metals and composite nanomaterials; iii) high synthesis rate; iv) easy 

technology transfer between laboratory and industries; v) easy to control the morphology 

(especially the thickness) and composition of the thin film. As shown in Figure 2. 3, there are 
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three electrodes in a typical ED setup, including a reference electrode (RE), a counter electrode 

(CE), and a working electrode (WE). These electrodes are assembled into a potentiostat. Then, 

the WE is immersed in the precursor solution with a certain electric field applied to transfer 

electrons to ions. Consequently, uncharged molecules were deposited on the surface of a 

substrate. Many works of literature reported the successful synthesis of nanostructured TMC by 

using ED. E Hatami et al. fabricated an active Ni-Fe thin film on a copper substrate with a unique 

structure of nanocones. [66] Hao Feng et al. fabricated Co-Fe layered double hydroxide 

nanosheets which significantly boost the OER performance of CoP nanowires.[67] 

 

Figure 2. 3 Schematic of ED method. 

2.1.3 CBD Method 

CBD is another economically and relatively simple technique to produce nanostructured TMC 

as coating or other by depositing nanostructured material onto a conductive substrate (e.g. NF, 

copper foam, and stainless steel). There are many merits of CBD which include low temperature, 

low cost, gentleness, and greenness.[68] Typically, CBD occurs at a relatively slow reaction rate 

of 1~10 nm/min to form a thin film or the other solid product on a substrate. [69] Hence, this 

technique is more suitable for thin-film synthesis. In addition, the CBD system is relatively 

simple, does not require high-cost accessories or a strict vacuum atmosphere, and only needs a 

hot plate with/ without a magnetic stirrer. The chemical reaction also occurs in dissolved 

precursor solution at a low temperature of 30~80°C.[70] Figure 2. 4 illustrates the schematic of 
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CBD. Herein, a precursor solution is stirred and heated by using a hot plate. Consequently, the 

thin film is formed through the following steps: i) formation of ionic species; ii) carriage for 

created ions; iii) ions deposition on the substrate. Besides, the morphology, structure, and 

properties of TMC can be modified by tunning deposition time, bath temperature, molar 

concentration, and pH of precursor solution [71].  

 
Figure 2. 4 Schematic of CBD method. 

2.2 Advanced Characterization Techniques 

2.2.1 XPS 

XPS is a common and simple quantitative spectroscopic system for measuring the valuable 

elemental composition and chemical state of their elements in the solid material. With the help 

of monoenergetic X-rays, the sample is irradiated and analyzed by measuring the escaped 

electrons and their kinetic energy. Moreover, such kinetic energy is detected and the intensity can 

provide the information of concentration for the tested elements. But there is a limitation of the 

sample investigation thickness (< 20 atomic layers of sample surface) owing to photoelectrons 
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with a short non-elastic free path (< 5 nm).[72]  

To examine the surface chemical state of catalysts based on TMC, samples before and after 

the catalytic chemical reaction were characterized by XPS. These XPS analyses were verified 

with a VG Multilab 2000 instrument (1253.6 eV for monochromatic radiation of Mg Kα, Thermo 

VG Scientific, U.K.,). 

2.2.2 XRD 

To compare crystallographic information of nanostructured catalysts, XRD was carried out 

on the as-prepared catalysts. It is a destruction-free technique, which uses the elastic scattering 

of X-rays. A brief description of the principle of XRD is as follows.[73] 

X-rays, when an incident, are scattered by the electrons of the atoms of a crystalline material 

in which the atoms are arranged in a regular pattern. Moreover, the distance between the atomic 

facets is comparable to the wavelength of X-rays. As the result, the scattered X-rays interfere 

either constructively or destructively. Diffraction is due to the distance between planes, which is 

unique to a particular material. This unique inter-plane spacing gives the diffracted X-rays a 

unique characteristic angle. 

In this work, X’pert PRO is used to record the XRD diffraction patterns (Philips, Eindhoven, 

Netherlands) at 40 kV and 30 mA radiation of Cu Kα1, with a wavelength of 0.154060 nm and 

a scanning angle of 5°–80° with a step of 0.02°. 
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2.2.3 FE-SEM 

 

Figure 2. 5 Schematic of FE-SEM [74]. 

In FE-SEM, high-energy electron beams are used to scan the surface of a sample under 

vacuum conditions.[75] This technique is been widely used to examine the quality, morphology, 

crystal orientation, as well as composition of the investigated material. FE-SEM can provide 

images in the range of a few nanometers to micrometers with a high spatial resolution of 50~100 

nm by using an accelerating voltage of electrons of 5~20 kV.[76] A typical FE-SEM system is 

shown in Figure 2. 5. To confirm the morphology of as-prepared catalysts, FE-SEM images were 

verified by utilizing a microscope of JSM-6701F (JEOL, Japan).  
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2.2.4 TEM 

The TEM is critical electron microscopy in which TEM images are mainly obtained from 

ultrathin specimens using the transmitted signals. The high resolution of TEM (atomic scale)  

results in the development of a major analytical method in many research fields, including 

biomedical science, materials science, chemistry, biology, and paleontology[77]. Higher 

magnification resolution information can be given by TEM in terms of multi-direction, while 

there are some certain limitations: i) the procedure of sample preparation is particularly difficult 

and time-consuming; ii) the sample will be damaged during the measurement; iii) the local 

information only about selected spot of the sample can be obtained. In this work, TEM images 

were verified by an instrument (JEOL-3010, 300 kV of accelerating voltage), and a copper grid 

was used for sample preparation. EDS is a common technique that was applied to study chemical 

constituents of catalysts. Typically, an EDS setup consists of four basic units, an electron beam, 

an excitation source, an analyzer, and a pulse processor.  

2.2.5 Raman Spectroscopy 

Raman spectroscopy has become the most useful way to probe the vibrational modes of 

catalysts’ molecules. It is also called Raman scattering due to relying on the inelastic scattering 

of photons. Usually, single-wavelength light involving laser in visible, near-ultraviolet/-infrared, 

even x-ray is performed. In Raman spectroscopy, laser light is used to excite the material, then 

the electromagnetic energy is captured by the objective lens and delivered to the monochromator. 

The elastic scattering related to Rayleigh scattering was filtered out on the detector by a notch 

filter.[78] In this work, the Raman spectrum was performed by a spectrometer of Horiba Jobin-

Yvon LabRAM HR 800 UV, and an excitation source of 532.0 nm Ar-ion laser. In addition, the 

laser power is modified with 5.4 mW, the objective lens is attuned towards 100× and a resolution 

of 0.28 cm−1 in 100-1000 cm−1 is employed. 
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2.2.6 FTIR 

FTIR is a single-beam device in which the transmission spectrum has been obtained via 

rationing a single beam spectrum of the material against that of the background. [79] These two 

spectra have been produced precisely by figuring out the Fourier transform which results from 

their corresponding interferograms. [80] In this thesis, the FTIR was performed by PerkinElmer 

Spectrum 10.5.2 system at 400–4000 cm−1. 

2.3 Electrochemical Characterization 

2.3.1 Linear Sweep Voltammetry (LSV) Measurement 

LSV is a common technique involving a single linear sweep from lower to higher potential 

limit (Figure 2. 6). This is helpful for an irreversible system in which a reverse sweep can’t 

reveal enough information.[81] Generally, the electrochemical system included two-electrode 

and three-electrode cells which compose of a CE, WE, and RE. These electrodes are assembled 

to a potentiostat with a medium. The potentiostat controls potential and records the current of the 

CE from which a curve of potential against the current can be plotted. A dip or peak is observed 

at the potential in which reduction/oxidation starts. LSV is utilized to estimate the current on the 

peak, the potential to deliver half-peak current, and peak current.[82]  

 

Figure 2. 6 LSV plot of (a) OER and (b) HER.  

https://www.ossila.com/products/counter-electrode
https://www.ossila.com/products/working-electrode
https://www.ossila.com/products/reference-electrode
https://www.ossila.com/products/potentiostat
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2.3.2 CV Measurement 

CV is a simple electrochemical measurement that reveals evidence related to the electric 

performance of the catalyst in a cell and evaluates electrode kinetics. A characteristic CV curve 

is illustrated in Figure 2. 7. Some researchers have extended the theory of CV to include electron 

transfer chemical reactions. Results of these theoretical calculations resulted in using CV 

possibly to evaluate constants of the standard rate for electron transfer.[83] In a CV measurement, 

a ‘cyclic’ sweep of potentials involves half cycle-potential from a predetermined beginning 

potential to a switching value and another half-cycle-potential from a reverse scan. Thus, the 

current versus potential plot derived from the value is called a cyclic voltammogram. Moreover, 

the shape of the cyclic voltammogram extremely depends on the experimental conditions and 

analytes concentrations. By tunning the factors, CV can provide information related to the 

stability of TMC oxidation rate, and reversibility of the electron transfer chemical reaction.[84]  
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Figure 2. 7 A typical CV curve. 

2.3.3 EIS Measurement 

EIS is an effective, and simple system for evaluating ECWS cells’ performance. Indeed, a 

quantitative explanation of the impedance data can be gained by utilizing significative equivalent 

circuits. When using such systems, the generation of maximum power has limitations due to their 

relatively high internal resistance. [85] The influence of such various resistances on the total 

internal resistance is determined by using EIS measurement, which is significantly essential for 

the engineering of efficient electrocatalysts for better performance. EIS has been successfully 

utilized in many ECWS research for the development of many novel electrocatalyst designs with 

greater catalytic activity.[86]  

Practically, in the half-cell systems such as OER or HER of ECWS, the catalytic activities 

are restricted by their internal resistances (anodic or cathodic impedance) which makes it possible 

to analyze various factors of internal resistance and adopt applicable methodologies to improve 

the catalytic activity. Moreover, the internal resistance can be analyzed including the resistance 
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of charge transfer (Rct) and electrolyte solution (Rs) (Figure 2. 8). The Rct is the major kinetic 

limitation. In this thesis, EIS was performed at certain potential conditions within 1×10−1 – 1×105 

Hz (frequency) and 10 mV (amplitude). 

 

Figure 2. 8 Nyquist plot of EIS and corresponding equivalent circuit model (inset).  
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3.  Synthesis and Characterization of Electrocatalysts 

3.1 Substrate Cleaning 

Before material fabrication, the rinsing process was carried out to remove the contaminants 

and oxide layers present on the surface of the substrate, avoiding any damage to it. The cleaning 

procedure is critical due to the negative effect of the contaminated surface of the substrate on the 

reproducibility of the experiment. In detail, NFs were cleaned with a 1 mol L−1 hydrochloric acid 

solution to eliminate the contaminants and NiOx layer. Then, NFs were placed in ethanol and 

ultrapure water and rinsed thoroughly under sonication for 15 min each. All the rinsing processes 

were completed in the ultrasonic cleaner, which provides an efficient cleaning via cavitation 

effect to get high-quality deposition. Then the catalyst was dried at 55 °C for 5 hours.  

3.2 Core-shell Nanowires of CoMn-LDH@Ni(OH)2 Catalysts 

3.2.1 HT Synthesis of CoMn-LDH  

To prepare CoMn-LDH, cleaned NFs were immersed in a precursor solution which was 

contained in the stainless-steel reactor with Teflon lining via a facile HT method. The precursor 

solution consisted of MnSO4·H2O (0.0811 g), Co(NO3)2·6H2O (0.5588 g), ammonia fluoride 

(0.0844 g), urea (0.7207 g), and 60 mL ultrapure water. And then, the mixture was gently stirred 

for 20 min by a magnetic stirrer. The sealed reactor was located in a furnace and heated to 120 °C 

holding for 6 hours. Then, the stainless-steel reactor was cool down to room temperature. The 

deposited NF was then rinsed using ethanol and ultrapure water three times and subsequently 

dried at 55 °C for 5 hours. For a comparative study, only Co(NO3)2·6H2O or MnSO4·H2O was 

also a precursor to fabricate Co(OH)2 or Mn(OH)2 under the same conditions. 

3.2.2 ED Synthesis of Ni(OH)2  

For synthesizing CoMn-LDH@Ni(OH)2, nickel hydroxide (Ni(OH)2) was deposited onto the 

aforementioned resulting NF by a simple ED method. The electrolyte was 70 mL NiCl2·6H2O 

aqueous solution with a molar concentration of 0.1 M and the deposition was obtained under the 



29 

cyclic voltammetry technique (CV) in 10 segments at 20 mV s−1 by sweeping from −0.4 to −1.3 

V. The as-prepared sample was rinsed and dried as aforementioned. The mass loading of the 

CoMn-LDH@Ni(OH)2 was calculated by measuring the NF before & after depositing the active 

materials. For comparative study, only Ni(OH)2 was also yielded onto NF under similar 

conditions. Figure 3. 1 shows the fabrication process of the electrocatalysts. 

 

Figure 3. 1 Schematic diagram of synthesis procedures of CoMn-LDH@Ni(OH)2. 

3.2.3 Formation Mechanism  

Core-shell nanowires of CoMn-LDH@Ni(OH)2 were anchored on NF via a facile HT method 

followed by ED method. During the HT procedure, the possible reactions could be suggested as 

follows:  

CH4N2O + 4H2O → 2NH4
+ + 2OH− + H2CO3                (Eqn. 3. 1) 

H2CO3 → 2H+ + CO3
2−                                                    (Eqn. 3. 2) 

NH4F → NH4
+ + F−                                                          (Eqn. 3. 3) 

Co2+ + xF− → CoFx
(x−2) −                                                  (Eqn. 3. 4) 

CoFx
(x−2) − + yH2O → [CoFx−y(OH)y](x−2) − + yHF            (Eqn. 3. 5) 
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aCo2+ + bMn3+ + 2OH− + b/2CO3
2− + zH2O → CoaMnb(CO3)b/2(OH)2·zH2O (Eqn. 3. 6) 

When the temperature was raised to 120 ℃, the CH4N2O started to decompose and released 

OH− (Eqn. 3. 1 and 3. 2) [87]. At the same time, ammonium fluoride (NH4F) occurred in 

hydrolyzed reaction and provided the F− (Eqn. 3. 3), reacted with Co2+ formed CoFx
(x−2)− solution. 

Over time, the hydrolytic reactions of CoFx
(x−2)− & CoFx−y(OH)y](x−2)− occurred (Eqn. 3. 4 and 3. 

5). As the reaction progressed, [CoFx−y(OH)y](x−2)− was slowly hydrolyzed to [Co(OH)x](x−2)− 

producing Co(OH)2 nuclei, and then grew into the parent particles, which precipitated on the NF 

substrate. As the Co(OH)2 parent particles aggregated, then started to crystallize. Subsequently, 

crystals grew along the c-axis, progressively producing the nanowire’s structure [88]. During this 

time, the Mn3+ ions were inserted into the crystal lattice. The Mn3+ ions displaced some Co2+ ions 

in the Co(OH)2 laminates. Finally, CoMn-LDH nanowires were synthesized on the substrate 

surface (Eqn. 3. 6) [89]. In the electrodeposition step, Ni(OH)2 was coated onto CoMn-LDH 

nanowires. The detailed reactions can be described as follows:  

Cl− ⇌ Cl2 +2 e−                               (Eqn. 3. 7) 

H2O + 2e− ⇌ H2 + 2OH−                 (Eqn. 3. 8) 

Ni2+ + 2OH− ⇌ Ni(OH)2                  (Eqn. 3. 9) 

Cl− ions from the NiCl2 solution were oxidized at the anode surface (Eqn. 3. 7). Before 

electrons are transported to the CoMn-LDH surface to reduce it to a metal phase, H2O molecules 

are reduced to hydrogen and OH- at the cathode surface [90] (Eqn. 3. 8). Then, OH− assembled 

and reached a certain threshold. Driven by the difference in concentration and the electric field 

force, Ni(OH)2 was easily fabricated by Ni2+ ions at the cathode-electrolyte interface reacting 

with those excessive OH− (Eqn. 3. 9).  
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3.2.4 Structural Analysis  

 

Figure 3. 2 Structural analysis of CoMn-LDH@Ni(OH)2 and CoMn-LDH: (a) XRD 

patterns and (b) FTIR spectra.  

Figure 3. 2a shows the XRD spectra of the prepared samples. The three peaks around 2θ  = 

44.32°, 51.64°, and 76.33° can be indexed to NF substrate (JCPDS card no. 04-0850)[91]. The 

other detectable peaks located 2θ = 11.32°, 22.34°, 34.42°, 38.91°, 46.62°, and 60.33° match 

properly with crystal facets (003), (006), (012), (015), (018), and (110) of typical LDH (JCPDS 

card no. 10-0144), suggesting the CoMn-LDH was successfully deposited on the NF [92]. New 

peaks at 2θ = 19.31°, 32.93°, and 38.94° emerge following ED method peaks which can be 

indexed well to crystal facets (001), (100), and (101) of β-Ni(OH)2 (JCPDS card no. 14-

0117)[93]. In addition, there is a distinct observation of original LDH peaks which decrease in 

intensity because the mild ED environment results in a little inevitable damage and change to the 

LDH crystal structure.[94] To investigate the surface functional group for obtained electrodes, 

the FTIR spectra for them were carried out and exhibited in Figure 3. 2b. The peak around ~ 

3494 cm−1 is the typical peak of LDH and is ascribed to the O-H stretching mode of water to 

OH− species[95]. The peak at ~ 1425 cm−1 is attributed to the intercalated CO3
2− which maybe 

come from the reactant of CH4N2O [96,97]. The peaks associated with the metal oxide vibrational 

modes of the brucite-like structure are observed around ~ 830 cm−1 and 418 cm−1. Therefore, the 

presence of the CoMn-LDH@Ni(OH)2 is further confirmed by the FTIR analysis which 

coincides with the XRD analysis. 
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3.2.5 Morphological and Compositional Analysis  

FE-SEM and TEM were performed to study the morphology of the as-prepared electrodes. 

Figure 3. 3a&b show a low magnified FE-SEM image of Bare NF, which has an obvious porous 

structure, stable backbone, and a very smooth surface with a lot of grain boundaries. As displayed 

in Figure 3. 3c&d, it is markedly observed that deposited CoMn-LDH@Ni(OH)2 is uniformly 

and densely grown on the NF.  

 

Figure 3. 3 FE-SEM images of (a, b) bare NF and (c, d) CoMn-LDH@Ni(OH)2.  

From Figure 3. 4(a, b), FE-SEM images of the LDH are illustrated. It exhibits orderly 

aligned nanowires (approximate diameter ~ 40 nm) with a distinctly smooth surface. However, 

the well-organized nanostructure changes a little with a distinctly rough and fluffy surface from 

the further electrochemically depositing of Ni(OH)2 thin film on the CoMn-LDH nanowire 

(Figure 3. 4(c, d)).  
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Figure 3. 4 The FE-SEM images of (a, b) CoMn-LDH nanowires; (c, d) CoMn-

LDH@Ni(OH)2 at different high magnifications. 

To further determine the nanostructures of CoMn-LDH@Ni(OH)2, the obtained CoMn-LDH 

(Figure 3. 5) and CoMn-LDH@Ni(OH)2 samples (Figure 3. 6) were estimated by TEM analysis. 

As shown in Figure 3. 5a&b, highly uniform one-dimensional (1D) nanowires with a smooth 

surface are investigated clearly, which is consistent with FE-SEM analysis. Moreover, the EDS 

spectrum displays that elements of Co, O, and Mn are copresence in the material, also Co and 

Mn are in an atomic ratio of ~ 4: 1, matching the molar ratio of precursor. From Figure 3. 5c, it 

is observed that lattice fringes of ~ 0.15 nm and ~ 0.26 nm, indexing to the crystal facets (110) 

and (012) of the CoMn-LDH [98]. As exhibited in Figure 3. 5d-g, there is a homogeneous 

distribution of Mn, Co, and O over the entire material from the EDS elemental mapping analysis.  
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Figure 3. 5 (a) EDS analysis, (b) TEM image, (c) HRTEM image, and (d-g) EDS elemental 

mapping of CoMn-LDH nanowires. 

Figure 3. 6a displays that the 1D morphology is maintained well for the CoMn-

LDH@Ni(OH)2 sample, but the sample’s surface emerges with abundant rough and fluffy 

clouds-like nanosheets (marked with red dotted circles). From Figure 3. 6b of a high-resolution 

TEM (HRTEM) image, the ultrathin Ni(OH)2 nanosheets (located in the area marked with yellow 

dotted lines) are present clearly over the surface of nanowires. Besides, an interface between the 

core (CoMn-LDH) and shell (Ni(OH)2) was observed distinctly (marked with the black dotted 

line). Besides, it is observed that lattice fringes of ~ 0.15 nm and ~ 0.26 nm, indexing to the 

crystal facets (110) and (012) of the CoMn-LDH core[98]. Moreover, Ni(OH)2 phase has a lattice 

spacing of ~ 0.23 nm, assigned to the crystal facet (101) [99]. Uniformly arranged spots were 

distinctly observed in the selected area electron diffraction (SAED) pattern, confirming the 

polycrystalline nature of CoMn-LDH@Ni(OH)2 with a uniform distribution of shell (Ni(OH)2) 

over the core (CoMn-LDH) [92],[100],[101]. Moreover, the EDS spectrum of CoMn-

LDH@Ni(OH)2 displays that elements of Co, O, Mn, and Ni are copresence in the material, also 

Co and Mn are in an atomic ratio of ~ 4: 1, matching the molar ratio of precursor (Figure 3. 6c). 

As exhibited in Figure 3. 6d-h, there is a homogeneous distribution of Mn, Co, O, and Ni over 

the entire material from the EDS elemental mapping analysis. In detail, there is a small cloud of 
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nanosheet near the nanowire which contains the Ni element. It can confirm the presence of 

Ni(OH)2(marked with a green line)(as shown in Figure 3. 6d). In Figure 3. 6e&f, Co&Mn 

distributes with a relatively smaller diameter, suggesting the CoMn-LDH as the core. While, Ni 

distributes with a larger diameter in the whole region, suggesting Ni(OH)2 as the shell (Figure 

3. 6h). The morphological manipulation of CoMn-LDH@Ni(OH)2 displays a core-shell structure 

that provides conduction channels for electron transfer and O2 release. Therefore, this 

arrangement may strongly affect the catalytic performance of the catalyst [102].  

 

Figure 3. 6 (a) TEM image (b) HR-TEM image (inset: corresponding SAED). (c) EDS 

analysis and (d-f) Elemental mapping of CoMn-LDH@Ni(OH)2. 

3.2.6 XPS Analysis  

From Figure 3. 7, the XPS spectra of Ni(OH)2 are exhibited. The Ni 2p spectrum of Ni(OH)2 

is deconvoluted into 2p3/2 (855.3 eV) and 2p1/2 (873.2 eV) as displayed in Figure 3. 7b. The O 

1s spectrum was fitted into two different peaks (Figure 3. 7c). The peak located at 530.9 eV is 

properly matched to oxygen bonding with Ni, while the peak located at 532.5 eV is assigned to 
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absorbed oxygen in terms of OH− and CO3
2− at/near the Ni(OH)2 surface [103].  

 

Figure 3. 7 (a) Full scan XPS spectrum of Ni(OH)2 and high-resolution XPS spectra of (b) 

Ni 2p, and (c) O 1s. 

Figure 3. 8 displays the XPS spectra of CoMn-LDH. The Co 2p spectrum is deconvoluted 

into 2p3/2 (781.1 eV) and 2p1/2 (780.8 eV) (Figure 3. 8b). The Mn 2p spectrum shows two 

different peaks, suggesting the copresence of Mn2+, Mn3+, and Mn4+ states (Figure 3. 

8c)[104,105]. Besides, the O 1s spectrum was fitted into two different peaks (Figure 3. 8d). The 

peak centered at 531.3 eV was assigned to oxygen bonding with Co&Mn, while the peak located 

at 532.6 eV corresponded to physisorbed & chemisorbed H2O molecules at/near the sample's 

surface [106],[103].  
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Figure 3. 8 (a) Full-scan XPS spectrum of CoMn-LDH, and XPS spectra of (b) Co 2p, (c) 

Mn 2p, and (d) O 1s. 

As shown in Figure 3. 9, the full-scan XPS spectrum of CoMn-LDH@Ni(OH)2 revealed the 

copresence of Co, Ni, O, and Mn elements in the sample.  

 

Figure 3. 9 XPS survey spectrum of CoMn-LDH@Ni(OH)2. 
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Figure 3. 10 High-resolution XPS spectra of CoMn-LDH@Ni(OH)2. (a) Ni 2p, (b) Co 2p, 

(c) Mn 2p, and (d) O 1s. 

Figure 3. 10a shows the Ni 2p spectrum of CoMn-LDH@Ni(OH)2 which can be split into 

2p1/2 (873.5 eV) and 2p3/2 (855.6 eV) accompanied by their satellite bands at 879.8 and 861.7 eV, 

confirming the presence of Ni2+ [93]. As compared to the Ni 2p spectrum of Ni(OH)2, the above 

peaks are showing a positive shift to a higher binding energies direction. The Co 2p pattern 

displays two distinct peaks attributed to 2p1/2 (796.7 eV) and 2p3/2 (780.8 eV) accompanied by 

the satellite spin-orbit doublets, suggesting the copresence of Co3+ and Co2+, respectively [98] 

(Figure 3. 10b). These peaks of Co 2p show a ~ 0.3 eV negative shift as compared to those of 

CoMn-LDH. The peak shift demonstrates an intense electronic interaction between the core and 

shell at the interface [107,108]. The Mn 2p spectrum shows a single peak located at around 643.8 

eV. The fitting peaks at 641.6 and 644.3 eV are confirming the copresence of Mn3+ and Mn4+ 

(Figure 3. 10c)[104,105]. In Figure 3. 10d, the O 1s spectrum is fitted into two different peaks. 

The peak positioned at 531.0 eV is attributed to oxygen bonding with Mn and Co, while the peak 

(532.3 eV) corresponds to absorbed H2O molecules at/near the sample's surface [106],[103].  
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3.3 Nanowire-Nanosheet-like Dual Structured CoMnFeO4  

3.3.1 HT Synthesis of MxMnyO4 (M = Co, Fe, and Ni) 

Figure 3. 11 illustrates the fabrication process of the MxMnyO4.  

 
Figure 3. 11 Schematic for the preparation of MxMnyO4 catalysts. 

The precursor was deposited over NF by a facile HT method. Homogeneous CoMn-LDH 

precursor solutions were prepared by dissolving 0.5~3.5 mmol Co (NO3)2·6H2O, 0.5~1.0 mmol 

MnSO4·H2O, 6 mmol CH4N2O, and 5 mmol NH4F in 40 mL DI water. Especially, five different 

molar ratios of Co/Mn viz. 7: 1, 5: 1, 4: 1, 2: 1, and 1: 2 were prepared to decide the optimum 

design of Co/Mn for electrochemical catalytic activity. Similarly, FeMn-LDH (NiMn-LDH) 

precursor solutions were prepared by dissolving 0.5~3.5 mmol Fe (NO3)3·9H2O (Ni 

(NO3)2·6H2O), 0.5~1.0 mmol MnSO4·H2O, 6 mmol CH4N2O, and 5 mmol NH4F in 40 mL DI 

water. Especially, five different molar ratios of Fe/Mn viz. 7: 1, 5: 1, 2: 1, 1: 2 (Ni/Mn viz. 7: 1, 

5: 1, 4: 1, 1: 2) were prepared to determine the optimum design of Fe/Mn and Ni/Mn for 

electrochemical catalytic activity. After 25 min of continuously stirring, the precursor solution 

and rinsed NF substrates were placed in a stainless-steel reactor with a Teflon lining. The reactor 

was tightly sealed, placed into the oven, and heated to 120°C holding for 12 hours. Then, the 

reactor was cool naturally to 20°C. The resulting NF was rinsed with ethanol and DI water several 

times and then dried at 55°C for 5 hours. For a comparative study, a similar procedure was used 

to synthesize MxMnyO4 with different molar concentrations viz. 1, 4, and 8 mM. The precursor 

was calcinated in Ar at 350°C for 1 hour, and a schematic for the calcination device was exhibited 
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in Figure 3. 12.  

 

Figure 3. 12 Schematic of calcination device. 

3.3.2 HT Synthesis of CoMnFeO4 

A homogeneous precursor solution was then prepared via dissolving Co(NO3)2·6H2O (2 

mmol), MnSO4·H2O (0.5 mmol), FeCl3·6H2O (0~2 mmol), CH4N2O (6 mmol), and NH4F (5 

mmol) in DI water (40 mL). After 25 min of continuously stirring, the pre-made solution and 

pretreated NF substrates were placed in a stainless-steel reactor with a Teflon lining. The reactor 

was sealed firmly, placed into an oven, and heated to 120°C holding for 12 h. Then, the precursor 

was calcinated in Ar at 300°C for 1 hour. A similar preparation method was used to synthesize 

Co2MnO4 without adding FeCl3·6H2O, and a series of CoMnFeO4 under different calcination 

temperatures and time were also prepared for a comparative study. The fabrication process of the 

CoMnFeO4 is illustrated in Figure 3. 13. 
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Figure 3. 13 Schematic for the preparation of CoMnFeO4 catalysts. 

3.3.3 Formation Mechanism of CoMnFeO4  

A one-step HT fabrication process followed by a calcination strategy for CoMnFeO4 synthesis 

is illustrated in the above section. At first, the dissolved metallic cations react with OH- generated 

via hydrolysis of CH4N2O, thereby fabricating seed crystal[88]. Next, the freshly formed seed 

crystals deposit on bare NF. This is followed by adjoining nanostructure particles and growth 

along a particular axis to form a certain nanostructure. The optical image of the samples is shown 

in Figure 3. 14. A possible mechanism is as follows: [19]  

CH4N2O + 4H2O → 2NH4
+ + 2OH- + H2CO3                                               (Eqn. 3. 1) 

H2CO3 → 2H+ + CO3
2−                                                                                  (Eqn. 3. 2) 

NH4F → NH4
+ + F-                                                                                        (Eqn. 3. 3) 

Co2+ + xF- → CoFx
(x-2)−                                                                                  (Eqn. 3. 4) 

CoFx
(x-2)- + yH2O → [CoFx-y(OH)y](x-2)− + yHF                                              (Eqn. 3. 5) 

aCo2+ + bMn2+ + cFe3+ + 2OH− + b/2CO3
2− + zH2O → CoaMnbFec(CO3)b/2(OH)2·zH2O 

                                                                                                                           (Eqn. 3. 6) 

CoaMnbFec(CO3)c/2(OH)2· zH2O → CoaMnbFecO4  + H2O + c/2CO2             (Eqn. 3. 7) 
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Figure 3. 14 The optical image of the samples: (a) bare NF, (b) precursor after HT, and (c) 

CoMnFeO4 after annealing. 

3.3.4 Morphological Analysis of MxMnyO4 (M = Co, Fe, and Ni)  

 

Figure 3. 15 FE-SEM images at different magnifications of (a, b) Co2MnO4, (c, d) Fe2MnO4, 

and (e, f) Ni2MnO4. 

The morphological properties of electrodes were studied by FE-SEM and TEM. Typically, 
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the morphologies of MxMnyO4 were investigated and shown in Figure 3. 15. It was observed 

that Co2MnO4, Fe2MnO4, and Ni2MnO4 have entirely different morphology. In detail, the 

morphology of Co2MnO4 is one-dimensional nanowire, while that of Fe2MnO4 and Ni2MnO4 are 

nanowire-nanosheet coexisting structures and nanosheet, respectively. As the precursor parent 

particles aggregated, they began to crystallize and crystal planes grew along the a- or c-axis, 

gradually producing nanosheet or nanowire structure[109]. 

3.3.5 Structural Analysis of CoMnFeO4  

Figure 3. 16a shows the XRD patterns of Co2MnO4 and CoMnFeO4. The three apparent 

peaks at 2θ = 44.4°, 51.7°, and 76.2° can be indexed to NF (JCPDS card no. 04-0850)[91]. Except 

that, some spinel characteristic peaks at 2θ 31.1°, 36.6°, 58.9°, and 64.7° coincide well with (220), 

(311), (511), and (440) crystal planes of Co2MnO4 for both samples (space group Fd-3m with 

JCPDS card no. 84-0482)[53][110]. As clearly illustrated in Figure 3. 16b (amplified the area in 

the red dotted cycle of Figure 3.16a), it is obvious that the main peaks of CoMnFeO4 show a 

slightly negative shift, indicating the expansion of the lattice constant due to a relatively larger 

ionic radius of Fe (Fe2+ ~0.076 nm, Fe3+ ~0.065 nm) compared with that of Co (Co2+ ~0.072 nm, 

Co3+ ~0.055 nm) [111]. Besides, broad and weak peaks of CoMnFeO4 result from poor 

crystallization, high structural disorder, and high concentration of active sites. This is possibly 

beneficial for boosting electrocatalytic performance[46]. In addition, the XRD patterns of the 

CoMnFeO4 series with different Fe contents are also shown in Figure 3. 16c. 
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Figure 3. 16 XRD patterns of (a, b) Co2MnO4 and CoMnFeO4 and (c) CoMnFeO4
 series.  
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3.3.6 Morphological Analysis of CoMnFeO4  

 

Figure 3. 17 (a) FE-SEM images of (c, d) Co2MnO4 nanowires and (e, f) CoMnFeO4 at 

different magnifications. 

Figure 3. 17(a, b) shows the FE-SEM images of Co2MnO4, revealing only nanowires 

deposited on bare NF. Figure 3. 17(c, d) shows the FE-SEM images of CoFeMnO4, revealing 

nanowire-nanosheet dual structured morphology of CoFeMnO4, suggesting the Fe addition 

affects crystal planes of material generation.  

A difference in nanostructures could be seen among the electrodes with various Fe contents 

(Figure 3. 18).  
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Figure 3. 18 FE-SEM images of CoMnFeO4 with Fe concentration of (a, b) 0.5, (c, d) 1.0, 

and (e, f) 2.0 mmol.  
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Figure 3. 19 (a-c) TEM image (d) HR-TEM image (inset: corresponding SAED). (e-n) EDS 

profiles and elemental mapping of CoMnFeO4. 

TEM was carried out to further confirm the unique nanostructure of CoMnFeO4. The 

coexistence of both nanowires and nanosheets is apparent in Figure 3. 19a-c, which coincides 

well with the FE-SEM results. The lattice fringes with an interlayer spacing of 0.23 and 0.25 nm 

were indexed to (440) and (311) planes, respectively (Figure 3. 19d). The SAED pattern 

displayed distinct diffract rings, suggesting single crystallinity of CoMnFeO4 (inset of Fig. 3d). 

EDS elemental mappings were used to investigate the elemental distribution and compositions. 

Figure 3. 19e-n and Figure 3. 20 show uniformly distributed and coexisted Co, Fe, Mn, and O.  
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Figure 3. 20 (a) SEM image, (b) EDS profile, and (c) elemental mapping of CoMnFeO4. 

3.3.7 XPS Analysis of CoMnFeO4  

XPS measurements were carried out to check the elemental compositions and chemical 

valence states. The corresponding full-scan XPS spectra indicated the formation of oxides of Co, 

Mn, Fe, and O (Figure 3. 21). 

 
Figure 3. 21 XPS survey spectra of CoMnFeO4 and Co2MnO4. 

The high-resolution Co 2p spectra of CoMnFeO4 are split into Co 2p3/2 (781.02 eV) and Co 

2p1/2 (796.42 eV) accompanied by two satellite bands, suggesting the presence of Co2+ and Co3+ 

(Figure 3. 22a)[112]. It should be worthy to mention that these peaks of Co 2p spectra for 

CoMnFeO4 show a negative shift (slightly shifted to the direction of low binding energies) of 

around 0.18 eV than those of Co2MnO4. As presented in Figure 3. 22b, the high-resolution Mn 

https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/topics/chemistry/x-ray-photoelectron-spectrum
https://www.sciencedirect.com/topics/chemistry/x-ray-photoelectron-spectrum
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2p spectra of CoMnFeO4 are split into Mn 2p3/2 (639.03 eV) and Mn 2p1/2 (653.35 eV). The 

corresponding two identified peaks at 641.49 and 645.09 eV suggested the presence of Mn3+ and 

Mn4+, respectively[53][111]. Similarly, the negative shift of Mn 2p can also be observed as 

compared to the Mn 2p spectra of Co2MnO4. The negative shift of high-resolution Co 2p and Mn 

2p spectra demonstrated a strong electronic interaction and extra electron transfer on Co and Mn 

ions of CoMnFeO4 compared to those of Co2MnO4[107][46]. The high-resolution Fe 2p 

spectrum of CoMnFeO4 is split into Fe 2p3/2 (710.29 eV) and Fe 2p1/2 (721.13 eV), indicated the 

presence of Fe2+ and Fe3+, respectively (Figure 3. 22c). In addition, the O 1s spectra of 

CoMnFeO4 showed two separate peaks at 529.76 and 531.31 eV, which were fitted into four 

peaks (Figure 3. 22d). Typically, the peak located at 532.21 eV was ascribed to oxygen ions in a 

state of oxygen vacancies[113], and the peak centered at 531.32 eV was ascribed to physisorbed 

and chemisorbed water at/ near the surface of the samples[103,106], the peaks located at 529.91 

and 529.33 eV was indexed to metal-oxygen bond[56]. Overall, the aforementioned results 

confirmed the successful fabrication of pure CoMnFeO4. 

 

Figure 3. 22 High-resolution XPS spectra of CoMnFeO4 and Co2MnO4. (a) Co 2p, (b) Mn 

2p, (c) Fe 2p, and (d) O 1s.  
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3.4 Summary 

In this chapter, hierarchical heterostructure with core-shell nanowires of CoMn-

LDH@Ni(OH)2, unique nanowire-nanosheet-like dual structured CoMnFeO4, and nanosheets of 

NiFeCoSe2 have been successfully fabricated by HT method combined ED, HT method, ED 

method, respectively. With the systematic variation of the synthesis parameters of deposition 

methods such as precursor molar concentration, the molar ratio of metal cations, HT time, 

electrodeposition voltage, and deposition time, the structural and morphological properties can 

be fine-tuned. For CoMn-LDH@Ni(OH)2, the obtained XRD and FTIR analysis fully support 

the formation of β-Ni(OH)2 and CoMn-LDH. FE-SEM, TEM, and HR-TEM depict that Ni(OH)2 

shell covers the CoMn-LDH nanowire which deposits on the NF surface perpendicularly and 

densely. For CoMnFeO4, the XRD patterns indicate the spinel-type CoMnFeO4 was obtained. 

Varying the Fe concentration, the number of nuclei of the cation center changes resulting in 

morphology changes from nanowires to a nanowire-nanosheet dual structure. In the case of 

NiFeCoSe2, the XRD and Raman spectra display the obtained nanocomposite is made up of 

NiSe2, FeSe2, and CoSe2. FE-SEM, TEM, and HR-TEM show the resultant nanostructure is a 

nanosheet with lattice fringes of 0.25, 0.26, and 0.29 nm which nicely match the (120) crystal 

plane of NiSe2, (111) of CoSe2, and (200) of FeSe2, respectively. 
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4.  Investigation of Electrochemical Performance of 

Catalysts and Their Application in Overall Water 

splitting 

4.1 Electrochemical Measurements 

All electrochemical measurements including OER and HER were measured using a 

WonATech, WMPG1000 Multichannel Potentiostat at room temperature in 1 M KOH solution 

with a standard three-electrode configuration. To construct a three-electrode cell, as-prepared 

material, Ag/AgCl, and platinum wire were served as WE, RE, and CE, respectively. The OER 

performances were assessed by LSV curve at a scan rate of 1 mV s−1. Nernst equation (Eqn. 4. 

1) was used to convert all potentials in accord with the reversible hydrogen electrode (RHE) 

[114]. 

ERHE = EAg/AgCl + (0.197 + 0.059 × pH)   (Eqn. 4. 1) 

According to the following equation (Eqn. 4. 2), we can calculate the overpotential (η)[115]. 

η = ERHE – 1.23 V                                     (Eqn. 4. 2) 

The Tafel slopes obtained from the LSV curves were fitted to the Tafel equation (Eqn. 4. 

3):[116] 

η = a + Ts * log Jc                                          (Eqn. 4. 3) 

Where ‘η, a, Ts, and Jc’ indicate the overpotential, a constant, Tafel slope, and the obtained 

current density.  

Long-term stability was recorded via chronopotentiometry measurement. Unless specified 

otherwise, the exposed area of the WE was kept constant at 1 × 1 cm2 for all electrochemical 

characterizations. 

A typical CV method was used to determine the ECSA via the equation (Eqn. 4. 4) as 

follows:[117] 

ECSA = Cdl / Cs                                      (Eqn. 4. 4) 

Where ‘Cdl’ is the double-layer capacitance, and ‘Cs’ is the specific capacitance (Cs = 0.04 

mF cm−2 in a 1 M KOH electrolyte)[106]. The slope of the linear relationship between the double 
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layer charging current and the scanning rate of the CV plots gives the Cdl. 

The specific activity (SA) is formulated below and is generally expressed in mA cm−2: [118] 

SA = i / A                                         (Eqn. 4. 5) 

Where ‘i’ and ‘A’ denote the current and the ECSA of the electrocatalyst, respectively.  

The mass activity (MA) is given below and generally expressed in A g−1: [119,120]  

MA = i / m                                        (Eqn. 4. 6) 

Where ‘i’ and ‘m’ denote the current and the loading mass of the electrocatalyst, respectively.  

This chapter describes a thorough investigation of electrochemical activity for CoMn-

LDH@Ni(OH)2, Co2MnO4, Fe2MnO4, Ni2MnO4, and CoMnFeO4, respectively. The 

optimization of molar ratio and concentration of precursor, OER, and HER performance, origin 

of superior performance, and catalytic mechanism of them were presented.  

4.2 Core-Shell CoMn-LDH@Ni(OH)2 for Overall Water Splitting  

4.2.1 Optimization of CoMn-LDH@Ni(OH)2 via OER Studies 

 

Figure 4. 1 OER polarization curves of CoMn-LDH (1:1), Mn (OH)2, Co(OH)2, and bare 

NF in 1.0 M KOH at a scan rate of 1 mV s-1. (b) Overpotential at a current density of 50 

and 100 mA cm-2 (c) Optical images. 

The OER performances and optical photographs of the bare NF, Co(OH)2, Mn(OH)2, and 

CoMn-LDH nanowires with Co: Mn ratio (1:1) are displayed in Figure 4. 1. It was found that 

the electrocatalyst of CoMn-LDH (1: 1) shows better OER performance and lower overpotential 

than the others. It only needs ~350 and 415 mV of overpotential to deliver 50 and 100 mA cm−2, 

obviously outstanding to Mn (OH)2 (370 mV and 410 mV), Co(OH)2 (> 470 and > 470 mV), and 
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bare NF (> 470 and > 470 mV) (Figure 4. 1a & b). By comparing the catalytic performances of 

bare NF, Co(OH)2, Mn(OH)2, and CoMn-LDH (1:1), we can conclude that CoMn-LDH with 

dual cations Co and Mn has the best electrochemical activity with lower overpotential and faster 

current density response. The enhanced electrochemical catalytic activity for OER of CoMn-

LDH is caused by the synergistic effect of heteroatoms. The optical images of the bare NF, 

Ni(OH)2, CoMn-LDH, and CoMn-LDH@Ni(OH)2 nanowires are shown in Figure 4. 1c, it is 

simple to distinct that they exhibit different surface states and colors with different deposited 

materials. 

 

Figure 4. 2 (a) OER polarization curves of CoMn-LDH with different Co: Mn molar ratios 

in 1.0 M KOH at a scan rate of 1 mV s-1. (b) Tafel plots. (c) Overpotential at a current 

density of 50 and 100 mA cm-2. 

To study further the followed results from the variation of molar ratios on OER performance 

of catalysts, five different molar ratios of Co: Mn (4: 1, 3: 1, 2: 1, 1: 1, 1: 2) were prepared and 

better electrochemical activity was determined by finding the optimum value of molar ratio of 

Co: Mn. Figure 4. 2 shows the OER performances of CoMn-LDH nanowires as a function of 

various Co: Mn ratios. Significantly improved catalytic performance was observed for 

electrocatalysts having a molar ratio of 4: 1 (denoted as CoMn-LDH) compared to 

electrocatalysts having other molar ratios. The optimum molar concentration of the precursor has 

a beneficial impact on electrocatalytic activity because it alters ion insertion and electrochemical 

reaction kinetics, resulting in changes in overall electrochemical performance. [81]. This CoMn-

LDH electrocatalyst was further employed to synthesize hierarchically structured CoMn-

LDH@Ni(OH)2, and the synthesis conditions have been provided in detail in chapter 3, (section 

3.2) 
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4.2.2 Electrochemical Activity for OER and HER 

The OER activities of CoMn-LDH@Ni(OH)2 core-shell nanowires were evaluated along 

with that of bare NF, Ni(OH)2, and CoMn-LDH under the similar conditions. 

 

Figure 4. 3 (a) OER polarization curves of all catalysts at a scan rate of 1 mV s−1 in 1 M 

KOH. (b) Corresponding Tafel plots (c) Comparative plots of overpotential and Tafel 

slopes of bare NF, Ni(OH)2, CoMn-LDH, and CoMn-LDH@Ni(OH)2 at a current density 

of 30 mA cm−2. (d) Long-term stability measurement of CoMn-LDH@Ni(OH)2 at 30 mA 

cm−2 for 25 h. inset: FE-SEM images of CoMn-LDH@Ni(OH)2 after long-term stability test. 

The OER polarization curves for all catalysts including bare NF, Ni(OH)2, CoMn-LDH, and 

CoMn-LDH@Ni(OH)2 in Figure 4. 3a. A substantial increase in current density and decrease in 

overpotential was observed in the case of hierarchical CoMn-LDH@Ni(OH)2 compared to 

pristine CoMn-LDH electrodes. The overpotentials for OER followed the order CoMn-

LDH@Ni(OH)2 <CoMn-LDH <Ni(OH)2 <bare NF. The current density of 30 mA cm−2 was 

achieved by CoMn-LDH@Ni(OH)2 while requiring overpotentials of only 250 mV in contrast 
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with NF bare, Ni(OH)2, and CoMn-LDH requiring significantly lower overpotentials of 450 mV, 

340 mV, and 300 mV, respectively. Interestingly, at a remarkably large current density of 100 

mA cm−2, the overpotential of CoMn-LDH@Ni(OH)2 nanowire electrode was respectively 29.6% 

and 8.8% smaller than those of Ni(OH)2 and CoMn-LDH. Moreover, the estimated values of 

Tafel slopes shown in Figure 4. 3b for bare NF, Ni(OH)2, CoMn-LDH, and CoMn-

LDH@Ni(OH)2 were135 mV dec−1, 132 mV dec−1, 126 mV dec−1, and 102 mV dec−1, 

respectively, indicating a significantly lower value for CoMn-LDH@Ni(OH)2. The 

overpotentials and the corresponding Tafel plots for all samples are shown in the bar chart in 

Figure 4. 3c. The lower values of overpotential and Tafel slope of CoMn-LDH@Ni(OH)2 

suggest better OER performance [94]. Table 4. 1 lists the OER performances of other reported 

LDH-based catalysts. It can be seen that the OER performance of CoMn-LDH@Ni(OH)2 is 

superior. 

Table 4. 1 Comparison of OER performances of previously reported OER electrocatalysts.  

Electrocatalysts Substrate Electrolyte Overpotential 

(mV) 

Reference 

CoMn-LDH Ni foam 1 M KOH 326 This work 

CoMn-LDH@Ni(OH)2 Ni foam 1 M KOH 250 This work 

CoMn LDH - 1 M KOH 325 [92] 

CoMn LDH Glass Carbon  1 M KOH 324 [121] 

CoMn-LDH/MWCNT - 1 M KOH 300 [122] 

CoMn LDH/CNT - 0.1 M KOH 355 [104] 

CoFe LDH Ni foam 1 M KOH 300 [34] 

NiFe LDH Glass Carbon 1M KOH 375 [103] 

The electrocatalysts have another important factor called long-term stability which must be 

considered in addition to electrochemical performance. Long-term stability can be evaluated 

using chronopotentiometry. Figure 4. 3d shows the long-term stability (25 hours) of CoMn-

https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0025
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LDH@Ni(OH)2 at 30 mA cm−2. The overpotential did not exceed 260 ± 3 mV during continuous 

electrolysis for 25 hours. It suggests the strong interaction between the NF substrate and CoMn-

LDH@Ni(OH)2 [123],[37].  

After 25 hours of continuous electrolysis, FE-SEM (inset of Figure 4. 3d) and XPS (Figure 

4. 4) analyses were performed. Structural analysis through FE-SEM investigations revealed the 

preserved arrays of nanowires with minute changes on the surface. This suggests that the 

structure of CoMn-LDH@Ni(OH)2 was highly stable for catalytic OER. In addition, XPS results 

indicated the binding energies of CoMn-LDH@Ni(OH)2 as Co 2p, Ni 2p, Mn 2p, and O 1s after 

stability. These binding energies are almost the same when compared to the original CoMn-

LDH@Ni(OH)2. 

 

Figure 4. 4 XPS spectra of CoMn-LDH@Ni(OH)2 after 25 hours stability test. (a) XPS 

survey spectrum and high-resolution XPS spectra of (b) Ni 2p, (c) Co 2p, (d) Mn 2p, and 

(e) O 1s. 
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Figure 4. 5a shows the HER polarization curves of all the electrodes. The current density of 

the hierarchical CoMn-LDH@Ni(OH)2 electrode was substantially higher whereas overpotential 

(η) was significantly lower than that of the pristine CoMn-LDH electrode. The overpotentials for 

HER followed the order CoMn-LDH@Ni(OH)2 < CoMn-LDH <Ni(OH)2 <bare NF. Current 

density of 10 mA cm−2 was achieved by CoMn-LDH@Ni(OH)2 while requiring overpotentials 

of only 133 mV in contrast with NF bare, Ni(OH)2, and CoMn-LDH requiring significantly lower 

overpotentials of 253, 223, and 187 mV, respectively. Interestingly, at a remarkably large current 

density of 100 mA cm−2, the overpotential of CoMn-LDH@Ni(OH)2 nanowire electrode was 

respectively 25.9% and 17.7% smaller than those of Ni(OH)2 and CoMn-LDH, respectively 

(Figure 4. 5b). Moreover, the estimated values of Tafel slopes shown in Figure 4. 5c for bare 

NF, Ni(OH)2, CoMn-LDH, and CoMn-LDH@Ni(OH)2 were 135, 37, 158, and 27 mV dec−1, 

respectively, indicating a significantly lower value for CoMn-LDH@Ni(OH)2. Table 4. 2 lists 

the HER performances of other reported LDH-based catalysts. It can be seen that the OER 

performance of CoMn-LDH@Ni(OH)2 is superior. 

 
Figure 4. 5 (a) HER polarization curves of all catalysts at a scan rate of 1 mV s−1 in 1 M 

KOH. (b) Comparison of overpotentials at current densities of −10, −50, and −100 mA cm−2 

(c) Corresponding Tafel plots.  
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Table 4. 2 Comparison of HER performances of previously reported HER electrocatalysts. 

Electrocatalysts Substrate Electrolyte Overpotential (mV)a Reference 

CoMn-LDH@Ni(OH)2 Ni foam 1 M KOH 133 This work 

CoMn-LDH@g-C3N4 - 1 M KOH 406 [92] 

CoMn LDH - 1 M KOH 491 [92] 

Cu@NiFe-LDHs - 1 M KOH 116 [124] 

NiCoFe-LTHs CFC 1 M KOH 200 [125] 

CoSe/NiFe-LDH EG 1 M KOH 260 [126] 

NiFe-LDH/NiCo2O4 Ni foam 1 M KOH 257 [93] 

CFC: carbon fiber cloth; EG: exfoliated graphene.  

Figure 4. 6a shows multiple current steps, the corresponding voltage increased and keep 

almost the same value at each stage of the various current range (10 ~ 200 mA cm−2 each 500 s). 

Figure 4. 6b shows the long-term stability (25 hours) of CoMn-LDH@Ni(OH)2 at −10 mA cm−2. 

The overpotential remained at ~133 mV during continuous electrolysis for 25 hours. After 25 

hours of continuous electrolysis, FE-SEM analyses (Figure 4. 6 c & d) were performed. The FE-

SEM images showed that the nanowire arrays were well preserved with only minor changes on 

the surface of the nanowire structure. This indicates excellent structural stability of the CoMn-

LDH@Ni(OH)2 electrode for electrocatalytic HER.  

https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0025
https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0025
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Figure 4. 6 (a) Multiple current process (b) Long-term stability measurement of CoMn-

LDH@Ni(OH)2 at −10 mA cm−2 for 25 hours. (c, d) FE-SEM images of CoMn-

LDH@Ni(OH)2 after long-term stability test. 

4.2.3 Origin of Superior Performance 

We estimated the ECSA using a CV method (Eq. 4). The Cdl was determined by measuring 

voltammograms at different scanning rates (2 ~ 12 mV s−1) (Figure 4. 7 and 4. 8a).  

 

Figure 4. 7 CV curves at different scan rates of (a) CoMn-LDH, and (b) Ni(OH)2.  

https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0030
https://www.sciencedirect.com/science/article/pii/S0021979720312972#s0090
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Figure 4. 8b shows that Cdl values of CoMn-LDH@Ni(OH)2, CoMn-LDH, and Ni(OH)2 

electrodes were 12.14, 8.71, and 7.95 mF cm−2, respectively. Cdl of CoMn-LDH@Ni(OH)2 

electrode was respectively 39.3% and 52.7% higher than those of CoMn-LDH, and Ni(OH)2 

electrodes. The larger ECSA value of CoMn-LDH@Ni(OH)2 electrode (303.50 cm−2) than those 

of CoMn-LDH (217.75 cm−2), and Ni(OH)2 (198.75 cm−2) suggests the presence of more exposed 

active sites which favored the OER process[86]. Moreover, the conductivities and 

electrochemical performances of all samples were assessed by EIS. Nyquist plots of all samples 

with fitted equivalent circuits are respectively shown in Figure 4. 8c and Figure 4. 9. It shows 

that CoMn-LDH@Ni(OH)2 possesses lower Rs (~ 0.53 Ω) and Rct (~ 0.22 Ω) than CoMn-LDH 

(Rs- 0.54 Ω and Rct- 0.24 Ω), Ni(OH)2 (Rs- 0.57 Ω and Rct- 0.48 Ω) The EIS results are consistent 

with other results indicating transfer of electrons at a more rapid rate during the electrocatalytic 

process for CoMn-LDH@Ni(OH)2 electrode compared to CoMn-LDH and Ni(OH)2. 

Additionally, the SA and MA of the electrocatalysts were calculated according to Eq. 5 and 6. At 

an overpotential of 320 mV, the MA and SA of CoMn-LDH@Ni(OH)2 were 7.94 A g−1 and 0.25 

mA cm−2, respectively while the corresponding values for CoMn-LDH and Ni(OH)2 were 6.57 

A g−1, 0.21 mA cm−2 and 4.1 A g−1, 0.11 mA cm−2, respectively (Figure 4. 8d). The above results 

indicate the enhanced OER activity of CoMn-LDH@Ni(OH)2 is due to improvements in charge 

transport at the electrode/electrolyte interface and electrocatalytic active sites[86]. 

https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0030
https://onlinelibrary.wiley.com/doi/10.1002/er.5627#er5627-fig-0007
https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0030
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Figure 4. 8 (a) CV curves at different scan rates for CoMn-LDH@Ni(OH)2. (b) Capacitive 

current density VS. scan rate, (c) Nyquist plots, and (d) Mass and specific activities at an 

overpotential of 320 mV of CoMn-LDH@Ni(OH)2, CoMn-LDH, and Ni(OH)2. 

  

 
Figure 4. 9 The equivalent circuit of CoMn-LDH@Ni(OH)2.  
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4.2.4 CoMn-LDH@Ni(OH)2 for Overall Water Splitting 

 
Figure 4. 10 Electrocatalytic performance of CoMn-LDH@Ni(OH)2 towards overall water 

splitting (a) LSV polarization plot of a two-electrode system (inset: setup of the two 

electrode system) and (b) long-term stability over 25 hours at 10 mA cm-2. 

 

Table 4. 3 Comparison of overall water splitting performances of previously reported 

electrocatalysts. 

Electrocatalysts Substrate Electrolyte Voltage (V)  

@10 mA cm-2 

Durability 

(h) 

Reference 

CoMn-

LDH@Ni(OH)2 

Ni foam 1 M KOH 1.68  25 This work 

NiCo2O4 Ti foil 1 M KOH 1.73  20 [127] 

Ni2.3%-CoS2 Carbon cloth 1 M KOH 1.66  12 [128] 

Co3O4 NCs CFP 1 M KOH 1.91  4 [129] 

Co9S8 Ni foam  1 M KOH 1.71  30 [130] 

Ni(OH)2 - 1 M KOH 1.70 2 [131] 

NiCo2S4 Carbon cloth 1 M KOH 1.68  10 [132] 

CFP: Carbon fiber paper 

To explore the promising application of CoMn-LDH@Ni(OH)2 for overall water electrolysis, 

an electrolyzer was performed with CoMn-LDH@Ni(OH)2 as both cathode and anode in a two-

electrode system. In Figure 4. 10a, it exhibits an overall cell voltage of 1.68 V to deliver 10 mA 



63 

cm-2. Additionally, it shows comparable and outstanding catalytic activity to that of previously 

reported electrocatalysts (Table 4. 3). In Figure 4. 10b, the long-term stability of CoMn-

LDH@Ni(OH)2 was measured and exhibits impressive durability over 25 hours without 

significant decay. 

4.2.5 Mechanism Discussion 

Herein, a basic mechanism of overall splitting of water related to the CoMn-LDH@Ni(OH)2 

core-shell catalyst is described. The water electrolysis process of CoMn-LDH@Ni(OH)2 in an 

alkaline medium occurs in the following steps[106],[133]. 

(i)     OH− + M → M-OH− + e−.                                 (Eqn. 4. 7) 

(ii)    OH− + M-OH− → M-O + H2O + e−                   (Eqn. 4. 8) 

(iii)   OH− + M-O → M-OOH + e−                             (Eqn. 4. 9) 

(iv)   OH− + M-OOH → M + H2O + e− + O2              (Eqn. 4. 10) 

(v)    H2O + e− +M → MHad + OH−                         (Eqn. 4. 11) 

(vi)   MHad + H2O + e− → M + OH− + H2               (Eqn. 4. 12) 

Where M stands for Ni2+/Co2+/Mn3+ in the electrode. Consequently, the cyclic process proceeds 

with the redox couples (Ni2+/Ni3+, Co2+/Co3+, and Mn3+/Mn4+). It is to be noted that highly 

exposed active sites, largely exposed surface area, improved electronic modulation, synergistic 

enhancement and improved long-term durability are the outcomes of the correct engineering of 

this core-shell nanostructure of CoMn-LDH@Ni(OH)2 [134]. When Ni(OH)2 is deposited on the 

surface of CoMn-LDH nanowires, the energy difference between their conduction band acts as 

a driving force for the transfer of electrons from the CoMn-LDH core to Ni(OH)2 shell. 

More prominently, expedited and effective charge transfer as shown in Figure 4. 11 was probably 

due to the following factors: conductivity of the core was high, interfacial contact was excellent, 

and the shell had high activity. In addition, catalytic behavior was improved because the Ni(OH)2 

shell provided the more exposed active sites. The unsaturated Ni2+ ions show strong affiliation 

with OH− which results in boosting the reaction kinetics thereby promoting the charge 

transfer.[40].  
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Figure 4. 11 Schematic of the overall water splitting process by the CoMn-LDH@Ni(OH)2 

core-shell nanowires. 

In this section, the overall water splitting performance of CoMn-LDH@Ni(OH)2 nanowires 

has been described. The as-prepared CoMn-LDH@Ni(OH)2 exhibits significantly enhanced 

OER and HER performances. An anode, this as-prepared CoMn-LDH@Ni(OH)2 electrode 

exhibits excellent oxygen evolution reaction (OER) performance with a lower overpotential of 

250 and 341 mV at a current density of 30 and 100 mA cm−2 respectively (without iR-correction) 

along with a lower Tafel slope of 102 mV dec−1. As cathode, it exhibits outstanding HER 

performance with a lower overpotential of 133 mV at −10 mA cm−2 (without iR-correction) along 

with a lower Tafel slope of 27 mV dec−1. In addition, CoMn-LDH@Ni(OH)2 remains stable for 

more than 25 hours in 1 M KOH electrolyte. Combining two CoMn-LDH@Ni(OH)2 electrodes, 

a superior overall water electrolyzer required a low overall cell voltage of 1.68 V to reach 10 mA 

cm−2 along with superior stability of 25 hours. This can be attributed to the unique hierarchical 

nanostructure, binder-free deposition, and synergistic effect of CoMn-LDH nanowire-core with 
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Ni(OH)2-shell. This study provides a new strategy that can be applied to other sustainable and 

affordable energy conversion storage systems.  

4.3 Heteroatomic Doping of CoMnFeO4 for Water Oxidation 

4.3.1 Performance Optimization of CoMnFeO4 via OER studies 

To determine the optimal Mn-based MxMnyO4 (M = Co, Fe, Ni) electrocatalyst, a series of 

MxMnyO4 were prepared and their OER performances were checked. In addition, the comparison 

of OER performances for series MxMnyO4 was listed in Figure 4. 12- 4. 13 & Table 4. 4-4. 6. 

As a result, CoxMnyO4 with a Co: Mn of 4: 1 and a molar concentration of 4 mM exhibited lower 

overpotential and faster current density response suggesting superior OER performance than the 

other CoxMnyO4. In the case of FexMnyO4, the electrode with a Fe: Mn of 1: 2 and a molar 

concentration of 8 mM exhibited superior OER performance than the other FexMnyO4. In the 

case of NixMnyO4, the electrode with a Ni: Mn of 7: 1 exhibited superior OER performance than 

the other NixMnyO4. The relationship between the molar concentration of precursor and 

electrocatalytic activity of the as-prepared catalyst was carefully investigated and shown in 

Figure 4. 12b & 4. 13b. It was observed that the molar concentration of the precursor had a 

significant influence on electrocatalytic activity. The relatively high molar concentration of 

precursor significantly declined electrocatalytic activity as it decreased the insertion of ions and 

slowed down electrochemical reaction kinetics, so the overall electrochemical performance 

decreased. While the relatively low molar concentration of precursor provided few metal cations 

for the deposition. It may cause a very limited number of area active sites of catalysts and result 

in low electrochemical activity[81]. In addition, compared to the best one of each series of 

MxMnyO4, the CoxMnyO4 exhibited a lower overpotential of 416 mV at 50 mA cm−2 and a faster 

current density of 101.42 mA cm−2 at 1.7 V voltage than that of FexMnyO4 (417 mV and 80.04 

mA cm−2) and NixMnyO4 (> 470 mV and 48.26 mA cm−2). Hence, it was further employed to 
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fabricate the CoMnFeO4. 

 

Figure 4. 12 OER polarization plots of CoxMnyO4. 

 

Table 4. 4 Comparison of OER performances for different molar ratios and concentrations 

of CoxMnyO4.  

Series Co: Mn 
Molar concentration 

(mM) 
η

50 (mV) j
1.7 V (mA cm-2) 

CoxMnyO4 

7:1 8 419 66.57 

5:1 8 423 70.21 

4:1 8 424 73.85 

2:1 8 446 63.73 

1:2 8 > 470 41.48 

4:1 4 416 101.42 

4:1 1 > 470 41.64 

1:2 1 463 53.34 
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Figure 4. 13 OER polarization plots of FexMnyO4. 

 

Table 4. 5 Comparison of OER performances for different molar ratios and concentrations 

of FexMnyO4.  

Series Fe: Mn 
Molar concentration 

(mM) 
η

50 (mV) j
1.7 V (mA cm-2) 

FexMnyO4 

7:1 8 422 72.32 

5:1 8 > 470 <40 

2:1 8 > 470 <40 

1:1 8 > 470 <40 

1:2 8 417 80.04 

1:2 4 465 52.12 

1:2 1 463 53.34 
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Figure 4. 14 OER polarization plots of NixMnyO4. 

 

Table 4. 6 Comparison of OER performances for different molar ratios and concentrations 

of NixMnyO4.  

Series Ni: Mn 
Molar concentration 

(mM) 
η

50 (mV) j
1.7 V (mA cm-2) 

NixMnyO4 

7:1 8 > 470 48.26 

5:1 8 > 470 <40 

4:1 8 > 470 <40 

1:2 8 > 470 <40 
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4.3.2 Influence of Fe Concentration and Annealing Conditions on OER  

 

Figure 4. 15 The OER behavior of samples with different Fe concentrations.  

To obtain the optimal sample, a series of samples with different Fe concentrations from 0.5, 

to 2.0 mmol were synthesized and denoted as CoMnFeO4-0.5, CoMnFeO4-1.0, CoMnFeO4-1.5, 

and CoMnFeO4-2.0, respectively. These compounds were compared for their OER behavior 

(Figure 4. 15). CoMnFeO4-1.5 showed optimal OER performance (named as CoMnFeO4) and 

was employed for further study.  

Electrodes under different annealing conditions were collected to further study the calcination 

process of CoMnFeO4, Figure 4. 16a-b shows LSV curves and overpotentials of samples under 

200 mA cm−2 at different calcination temperatures for 1 h. The sample calcinated at 300°C 

showed better OER performance and low overpotential to reach 200 mA cm−2 compared to others. 

To investigate the origin of outstanding OER performance and crystallinity effect due to 

calcination, XRD analysis was carried out at different calcination temperatures (Figure 4. 16c). 

XRD images revealed that before annealing, the original sample exhibited a typical LDH 

structure[49] (JCPDS card no. 10-0144). After annealing at 200°C, the intensity of characteristic 

peaks corresponding to the LDH structure decreased significantly, and no extra peaks of spinel-

type oxide showed up. The sample calcined at 300°C showed peaks corresponding to spinel-type 

oxide while the peaks for LDH structure disappeared. With the increase in calcination 

temperature to 500°C, the intensity of characteristic peaks for spinel-type oxide increased 

significantly. The broad and weak peaks result from poor crystallization, high structural disorder, 

and a high concentration of active sites. As the literature reporting, the ionic configuration of 

CoMnFeO4 is denoted as (Co2+ Mn2+ Fe3+)[Co2+Mn3+Mn4+Fe3+] O4
2−[135]. The cations with a 

low valence state (such as Co2+, Mn2+) are unstable and tend to be easily oxidized at a temperature 

range from 200 to 450°C, resulting in a large number of vacancies that ultimately change the 
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chemical properties of the sample[111,135]. This is possibly beneficial for boosting the 

electrocatalytic performance[46] It is worthy to probe that 300°C is the appropriate temperature 

for calcination in the current research.  

 

Figure 4. 16 (a) The LSV curves, (b)overpotentials under 200 mA cm−2, and (c) XRD 

patterns of samples at different calcinated temperatures.  

To know the optimal holding time under 300°C, we checked the LSV curves and 

overpotentials of samples at various holding times (Figure 4. 17). The sample calcined for 1 h 

showed better OER performance and low overpotential to reach 200 mA cm−2 compared to others. 

To investigate the origin of outstanding OER performance and the crystallinity effect, we carried 

out the XRD patterns of the samples with different holding times (Figure 4. 17c). The XRD 

images revealed that before annealing, the original sample exhibited a typical LDH structure [49] 

(JCPDS card no. 10-0144). After annealing for 0.5 h, the intensity of characteristic peaks for 

LDH structure decreased, but no extra peaks of spinel-type oxide have been observed. Following 

the extended time to 1 h, the shape of peaks changed significantly, the peaks for LDH structure 

disappeared while the peaks for spinel-type oxide started to show up. As the temperature 

increased, the intensity of characteristic peaks for spinel-type oxide increased, suggesting 

increased crystallization. Samples with poor crystallization hold more active sites, which is 

beneficial for improving OER performance.  
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Figure 4. 17 (a) The LSV curves, (b)overpotentials under 200 mA cm−2, and (c) XRD 

patterns of samples with different calcinated time. 

The LSV curves of samples under inert gas and air showed no obvious difference in the result 

(Figure 4. 18a). To investigate the scan rate of LSV measurement effect on the OER performance, 

we gathered the LSV curves with a series of scan rates 1 ~ 20 mV s−1 (Figure 4. 18b). The 

outstanding OER performance was observed in the case of CoMnFeO4 at 1 mV s-1. 

 
Figure 4. 18 The LSV curves of samples at different calcinated atmospheres (a) and scan 

rates (b). 

4.3.3 Electrocatalytic Activity for OER  

The OER activities of CoMnFeO4 were evaluated and compared with those of bare NF, and 

Co2MnO4. Figure 4. 19a shows the OER LSV polarization curves of bare NF, Co2MnO4, and 

CoMnFeO4. The OER overpotential of bare NF was 434 mV at 10 mA cm−2, while the OER 

overpotential declined to 296 (for deposited Co2MnO4) and 242 mV (for deposited CoMnFeO4) 
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to deliver the same current density. Moreover, the overpotential of CoMnFeO4 (331 mV) was 

much lower than those of bare NF and Co2MnO4 (592 and 414 mV, respectively) at 50 mA cm−2. 

 

Figure 4. 19 (a) LSV polarization plots, (b) Corresponding Tafel curves, (c) Overpotential 

and Tafel slopes of bare NF, Co2MnO4, and CoMnFeO4 at 10 mA cm−2, (d) Multistep 

chronopotentiometry of CoMnFeO4 at 10 ~ 100 mA cm−2 for each 500 s, inset: enlarged 

region of green dotted line circle in Figure. 4. 19d, (e) Long-term stability measurement of 

CoMnFeO4, and (f) LSV plots before and after 80 h stability test.  

To further study the electrocatalytic kinetics of catalysts, the Tafel slopes of CoMnFeO4, 

Co2MnO4, and bare NF were checked and determined to be 102, 149, and 167 mV dec−1, 

respectively (Figure 4. 19b). Moreover, the smaller value of overpotential and Tafel slope of 

CoMnFeO4 indicates more outstanding OER performance and faster reaction kinetics than the 

other electrodes (Figure 4. 19c). Therefore, OER performance has an order: CoMnFeO4 > 

Co2MnO4 > bare NF. In practice, stability is another critical parameter for electrocatalysts.  

Chrono potentiometric measurement can be carried out to investigate the stability. Figure 4. 19d 

shows multistep Chrono potentiometry of CoMnFeO4. It was observed that the corresponding 

potential was stable for each segment in the range of 10 ~ 100 mA cm−2 with 10 mA cm−2 

https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0025
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increment for each 500 s, suggesting that CoMnFeO4 has superior mass and electron 

transportation. This prediction was also confirmed by a short response time (< 2 s) when current 

density shifted from low to high (inset of Figure 4. 19d, enlarged region of green dotted line 

circle in Figure 4. 19d). Moreover, the long-term stability of CoMnFeO4 was performed for 80 

hours at 10 mA cm−2. Sample potential remained for 80 hours with a negligible increase (Figure 

4. 19e). LSV curves after the long-term stability test for CoMnFeO4 are displayed in Figure 4. 

19f. These exhibited negligible decay of overpotential even after 80 hours.  

  

Figure 4. 20 (a) A comparison of overpotentials to reach different current densities for 

CoMnFeO4 and Co2MnO4, (b) the LSV curves in the low current density range of 

CoMnFeO4 and Co2MnO4. 

A comparison of overpotentials to reach different current densities for CoMnFeO4 and 

Co2MnO4 is displayed in Figure 4. 20a. It’s observed that CoMnFeO4 requires a lower 

overpotential than that of Co2MnO4 to reach 50, 100, and 150 mA cm−2. As the current density 

increases, the requirement of overpotential increases. In addition, as presented in Figure 4. 20b, 

the LSV curves of the Co2MnO4 electrode possess a redox peak (~ 1.36 V), while the redox peak 

shifted to the positive direction (~ 1.37 V) in the case of CoMnFeO4, suggesting that the addition 

of Fe may prevent the oxidation of Co2+ [46][113].To note, CoMnFeO4 exhibits outstanding 

electrocatalytic OER performance than those of the previously reported Co- or/ and Mn-based 
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oxides catalysts (Table 4. 7).  

Table 4. 7 Electrocatalytic OER performances of the previously reported Co- or/ and Mn-

based oxides catalysts. 

Electrocatalysts Electrolyte η10 

(mV) 

η50 

(mV) 

Tafel slope 

(mV dec-1) 

Reference 

CoMnFeO4 1 M KOH 242 331 102 This work 

Co2MnO4 1 M KOH 296 414 142 This work 

NiCo2O4 nanosphere 1 M KOH 428 - 141 [136] 

MnCo2O4 microspheres 1 M KOH 510 - 55 [137] 

MnCo2O4 @NCNTs 0.1 M KOH 470 - 106 [138] 

Ce-MnCo2O4-7% 1 M KOH 440 ~ 570 156 [139] 

Ce-MnCo2O4-1% 1 M KOH 430 ~ 568 155 [139] 

Mn2O3 nanoplates 0.1 M KOH 420 - 81 [140] 

MnCo2O4 1M KOH 327 ~ 385 79 [55] 

Ce-MnCo2O4-3% 1 M KOH 390 ~ 440 125 [139] 

After the stability test, FE-SEM and XPS studies were carried out to check the changes in the 

morphology, chemical states, and composition (Figure 4. 21). The FE-SEM and TEM images 

exhibited only minor changes and damages on the edge of the nanosheets with well-preserved 

nanostructure, indicating good structural stability for the CoMnFeO4 electrode (Figure 4. 21a). 

Furthermore, the XPS of the long period tested CoMnFeO4 showed nearly the same spectra of 

every element as compared to the original one (Figure 4. 21b-f). It can be ascribed to the unique 

nanowire-nanosheets coexistence structure supported by porous Ni foam, which is beneficial for 

rapid desorption of gas, resulting in negligible destruction of nanostructure and change in the 

chemical composition and states [47]. 
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Figure 4. 21 (a) FE-SEM, inset TEM, and (b) XPS analyses of CoMnFeO4 after stability 

test of 80 hours. 

4.3.4 Origin of Superior OER activity  

To investigate the origins of the excellent OER activity of catalysts, we compared the ECSA 

of CoMnFeO4 and Co2MnO4 by determining their Cdl with a CV method (the equation is provided 

in chapter 2). In detail, the Cdl was estimated by measuring voltammograms at scan rates of 20 ~ 

100 mV s−1 (Figure 4. 22 & 4. 23a). As shown in Figure 4.22f & 4. 23a, the Cdl of the CoMnFeO4 

(27.2 mF cm−2) was 10.3, 8.5, 15.9 and 2.9 mF cm−2 larger than that of CoMnFeO4-0.5 (17.0 mF 

cm−2), CoMnFeO4-1.0 (18.8 mF cm−2), CoMnFeO4-2.0 (11.4 mF cm−2), and Co2MnO4 (24.3 mF 

cm−2), respectively. It is suggesting bigger ECSA values for CoMnFeO4 (680 cm−2) than that of 

CoMnFeO4-0.5 (425 cm−2), CoMnFeO4-1.0 (470 cm−2), CoMnFeO4-2.0 (285 cm−2) Co2MnO4 

(607.5 cm−2). It suggests that a large amount of accessible active sites are present in 

CoMnFeO4[141]. Furthermore, ECSA -normalized LSV plots were performed to estimate the 

intrinsic OER performance more reliably eliminating the effect of ECSA. In Figure 4. 23b, the 

CoMnFeO4 exhibits a significantly larger current density in response than that of Co2MnO4 when 

https://www.sciencedirect.com/science/article/pii/S0021979720312972#f0030
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applied to the same potential, suggesting more excellent intrinsic OER performance of 

CoMnFeO4.  

 

Figure 4. 22 (a-e) CV curves, (f) Curves of capacitive current density at different scan rates 

of CoMnFeO4-0.5, CoMnFeO4-1.0, and CoMnFeO4-2.0. 
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Figure 4. 23 (a) Curves of capacitive current density at different scan rates, (b) ECSA 

normalized LSV plots, (c) Nyquist plots, inset: a fitted equivalent circuit, and (d) MA and 

SA at a potential of 1.65 V.  

EIS is another critical strategy to further evaluate the conductivity and electrocatalysis 

behavior of as-prepared samples. Figure 4. 23c show the Nyquist plot of all samples, along with 

a fitted equivalent circuit (inset of Figure 4. 23c). CoMnFeO4 shows lower Rs (~ 1.07 Ω) and Rct 

(~ 0.21 Ω) than Co2MnO4 (Rs- 1.19 Ω and Rct- 0.37 Ω), which demonstrate a smaller transfer 

resistance and faster electron transfer of CoMnFeO4. This may be ascribed to its trimetallic 

composition, the unique nanostructure of nanowire-nanosheets coexistence, and the high 

electroconductivity of porous NF substrate.[56] Moreover, the MA and SA of the electrodes were 

crucial evidence for outstanding OER activity. They were obtained according to the Equations 

provided in the experimental section. At a given potential of 1.65 V, the SA (0.18 mA cm−2) and 
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MA (34.34 A g−1) of CoMnFeO4 were 2.25 and 2.45 times the corresponding results for Co2MnO4 

(SA- 0.08 mA cm−2, MA- 13.91 A g−1), respectively (Figure 4. 23d). The SA of CoMnFeO4 and 

Co2MnO4 were compared under the potential range of 1.50 to 1.68 V with a short interval of 0.02 

V (Figure 4. 24b). It was observed that the SA of both samples increased with increasing given 

potentials, while the SA of CoMnFeO4 showed higher values compared to that of Co2MnO4 under 

the same conditions, suggesting a high intrinsic OER activity.  

 

Figure 4. 24 (a) Nyquist plots of CoMnFeO4-0.5, CoMnFeO4-1.0, and CoMnFeO4-2.0. (b) 

SA at a potential range of 1.50 to 1.68 V of CoMnFeO4 and Co2MnO4. 

The electrocatalytic parameters of OER performances for all of the electrocatalysts were 

collected and displayed in the aforementioned Table 4. 7. In comparison to all the catalysts, 

CoMnFeO4 exhibited an outstanding electrocatalytic activity. Herein, we try to conclude the 

essential understanding of OER related to the CoMnFeO4 catalyst. Furthermore, the excellent 

OER activity originated from the following factors: (i) the unique nanowire-nanosheet structure, 

which supplied efficient catalytical active sites with a bigger ECSA; (ii) the direct deposition of 

CoMnFeO4 on the porous NF substrate without binder, which made the nanowires and 

nanosheets well-aligned and prevented them from aggregation to enhance the electron 

transportation and favor oxygen evolution[88]; (iii) the excellent structural stability, which 

resulted from direct and close binding between NF substrate and catalysts which was not easy to 

peel off during the catalytic process; (iv) the altered electronic structure and adsorption energies 

of intermediates, which affected by the synergistic enhancement and interplay of additional 

cations in trimetallic electrocatalysts system[56,142,143]. Combining the aforementioned 
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advantages, the CoMnFeO4 electrode was more superior electrocatalysts than Co2MnO4. 

In this section, to achieve a sufficiently high OER performance of MxMnyO4 samples, our present 

research focuses on not only fabricating CoxMnyO4 but also a series of FexMnyO4 and NixMnyO4. 

Through comparing the OER performances of CoxMnyO4, FexMnyO4, and NixMnyO4, it is 

distinctly observed that CoxMnyO4 precursor solution with a molar ratio of Co: Mn of 4: 1 and 

molar concentration of 4 mM exhibited a superior OER performance. Further, we demonstrated 

a unique nanostructure with nanowire-nanosheet coexistence of CoMnFeO4 supported by NF 

prepared via a novel straightforward two-step synthesis route: HT method of CoMnFe-LDH 

precursor solution with Fe concentration of 1.5 mmol followed by calcination at 300 °C for 1 h 

in Ar. The as-prepared CoMnFeO4 exhibited meaningfully boosted OER performance with a low 

overpotential of about 242 mV, and a low Tafel slope of 102 mV dec−1 at 10 mA cm−2 along with 

continuously stable catalysis for 80 hours. Furthermore, it only requires an overpotential of 331 

mV for CoMnFeO4 to reach 50 mA cm−2. This can be attributed to unique nanostructure of 

nanowire-nanosheet coexistence, binder-free deposition, efficient exposed active sites, the 

synergistic effect of three different cations, excellent intrinsic performance, and the merit of 

combining with porous NF. It is expected that this work will offer a novel strategy for 

synthesizing the unique nanostructure of electrocatalyst for the enhanced electrocatalytic activity 

of OER. 
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5.  Conclusion and Future Scope of Research 

5.1 Conclusions 

This thesis aimed to propose, synthesize, and evaluate nanostructured electrocatalyst of earth-

abundant, low-cost transition metal compounds (e.g. CoMn-hydroxide and CoMnFe-oxide) for 

electrochemical water splitting, especially for OER, and HER. The activities of as-prepared 

catalysts were investigated for water electrolysis chemical reactions by using electrochemical 

techniques. Moreover, the important factors affecting preparation, the electrochemical 

performance of the catalytic process, the working mechanism, and related issues are discussed 

and demonstrated.  

Section 3.2 describes the synthesis of the nanowire with core (CoMn-LDH) covered by a 

shell (Ni(OH)2) via HT and ED methods. Furthermore, the electrochemical water splitting 

performance of these efficient catalysts for OER and HER has been discussed in Section 4.2. The 

catalyst exhibited outstanding OER performance (η30 = 250 mV and Tafel slope = 102 mV dec−1). 

These were remarkably lower than those of Ni(OH)2 (340 mV and 132 mV dec−1), and CoMn-

LDH (300 mV and 126 mV dec−1). On another side, CoMn-LDH@Ni(OH)2 also showed a 

remarkable electrochemical catalytic activity towards HER (η10 = 133 mV and Tafel slope = 27 

mV dec−1). These were notably lower than those of Ni(OH)2 (223 mV, 37 mV dec−1), and CoMn-

LDH (187 mV and 158 mV dec−1). Besides, CoMn-LDH@Ni(OH)2 remained stable for 25 hours. 

Utilizing two CoMn-LDH@Ni(OH)2 electrodes, the superior overall water electrolyzer was set 

up. It required an ultralow overall voltage of 1.68 V and stable catalysis for 25 hours at 10 mA 

cm−2. The work reveals that reconstruction of hierarchical core-shell nanostructure provides the 

ease of OH− adsorption and desorption of generated gases. Moreover, surface modification and 

synergistic effect between Co, Mn, and Ni positively affect enhance the catalytic activities 
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towards water electrolysis. From this study, we can obtain insights of assistance to serve this 

catalyst as a bifunctional catalyst for OER & HER.  

In Section 3.3, the research strategy was focused on the fabrication of a series of CoxMnyO4, 

FexMnyO4, and NixMnyO4 catalysts to achieve high OER performance. Interestingly, CoxMnyO4, 

FexMnyO4, and NixMnyO4 exhibited different morphologies of a nanowire, nanowire-nanosheet 

dual structure, and nanosheet, respectively. In Section 4.3, as compared to the OER performances 

of FexMnyO4 and NixMnyO4, CoxMnyO4 precursor solution with a molar ratio of Co: Mn of 4: 1 

and molar concentration of 4 mM exhibited superior OER performance. While, it was 1: 2 for 

Fe: Mn, and 7: 1 for Ni: Mn, at a molar concentration of 8 mM for FexMnyO4, and NixMnyO4, 

respectively. Further, we demonstrated a unique nanostructure with coexisting nanowire-

nanosheet of CoMnFeO4 supported on NF prepared by a novel and two-step fabrication route: 

an HT method for the fabrication of CoMnFe-LDH precursor followed by a calcination process. 

CoMnFeO4 nanoarrays have been synthesized by varying the Fe concentration from 0 ~ 2 mmol, 

annealing temperature from 200 ~500 °C, and annealing time from 0.5 ~ 2 h. The effects of OER 

performance variation by changing Fe concentration and calcination condition were investigated. 

The results of this investigation have shown the optimal sample which was calcined in the Ar 

atmosphere at 300 °C for 1 h. XRD analysis confirmed that the optimal sample was poorly 

crystallized. Generally, catalyst in poor crystallization has numerous unsaturated active site and 

randomly oriented chemical bonds, which enhances the adsorption of reactants and desorption 

of byproducts and gases. Therefore, the as-prepared CoMnFeO4 exhibited significantly enhanced 

OER performance (η10 = 242 mV and Tafel slope = 102 mV dec−1), along with good stability (80 

hours). It’s observed that the catalytic activity of CoMnFeO4 is relevant to the Fe concentration. 

With 1.5 mmol of Fe concentration, the electrical structure of the catalyst was modulated at a 

high-valent Mn oxidation rate. Taken together, these findings suggest that the coexistence of a 

unique interconnected nanowire-nanosheet structure that provides large ECSA and numerous 

active sites, poor crystallization which has abundant defects in the interfaces, binder-free 

deposition, the synergy of three different cations (Co, Mn, and Fe), excellent intrinsic 

performance, and the merit of combining with porous NF were the main reasons for superior 

OER activity.  

Among these catalysts, CoMn-LDH@Ni(OH)2 exhibits superior OER performance and 

gained particular attention for electrolysis of overall water splitting. In conclusion, this research 
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work provides an advanced strategy for synthesizing the unique nanostructure of electrocatalyst 

for the enhanced electrocatalytic activity of OER and HER and offers a wide scope for the simple 

synthesis of electrocatalysts based on multi-metal hydroxide and oxide to apply in ECWS. 

Expecting this work will be performed on another energy conversion/storage system.  
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5.2 Future Scope of Research 

Based on the present study, we can perform the following work to enrich/reveal this field 

further. 

• For TMH work, the long-term durability of CoMn-LDH@Ni(OH)2 nanowires 

requires more investigations at large current densities (500~1000 mA cm -2). More 

electrochemical characterizations such as Turn over frequency and Faradic 

efficiency in terms of O2 and H2 generation should be monitored. In addition, the 

rate-determining step of the OER process and precise evidence of active sites 

should be investigated deeply and analyzed by Density Functional Theory analyses.  

• For TMO work, the electrochemical characterizations including Turn over 

frequency and Faradic efficiency in terms of O2 should be monitored. In addition, 

the overall water splitting system and urea electrolysis can be set up on CoMnFeO4, 

then it can be employed for the fuel cell industry. Moreover, the performance of 

oxygen reduction reaction (ORR) even dehydrogenation, and H2 peroxide 

reduction should be investigated to further explore potential applications.  

• There are still opportunities for boosting the catalytic activity and apply forward 

the industrialization of ECWS more efficiently and quickly. Utilizing operando 

characterization such as in situ FE-SEM, TEM, and Raman for investigating crystal 

morphology and structure changes during electrochemical intermediates reaction. 

Even though operando techniques are high-cost and complicated, they are very 

necessary for systematically understanding the thermodynamic variations which 

happen on the intersurface between catalyst and electrolyte and identifying the 

catalysts' performance. 

In summary, a more sophisticated analysis of the water electrolysis process of catalysts based 

on transition metal compounds is vastly required, involving detailed techno-economic analysis 

as the last step for wide-scaling purposes. However, using TMC as catalysts for water splitting 

has significant potential for green, sustainable, and high purity H2 production with low cost and 

high efficiency.  
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APPENDICES 

Appendix “A” Main Reagents and Materials 

The reagents and materials used in this work and their origin are listed in Table A.1 

Table A. 1 Main reagents and materials 

Reagents and materials Quality 

NF 
PN-04 pure, thickness: 1.6 mm,  

bulk density: 0.42 g cm−3, Alantum 

Hydrochloric acid ≥ 35% 

NiCl2·6H2O ≥ 98.0% 

FeCl3·6H2O ≥ 98.0% 

CoCl2·6H2O ≥ 98.0% 

Ni(NO3)2·6H2O ≥ 98.0% 

Co(NO3)2·6H2O ≥ 98.0% 

Fe(NO3)3·9H2O ≥ 98.0% 

MnSO4·H2O ≥ 98.0% 

Urea ≥ 98.0% 

NH4F ≥ 98.0% 

KOH ≥ 95.0% 

H2O2 30% w/v. 

Milli-Q ultrapure water 18.4 MΩ cm 

Methanol ≥ 98.0% 

Ethanol Assay 94.02 v% 

Acetone ≥ 99.5% 
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Appendix “B” Synthesis and Characterization Tools 

B.1 Experimental instrument and its usage 

Table B.1 shows the other experimental instruments and their usage 

Table B. 1 Other experimental instruments and their usage 

Instrument Model Usage 

Ultrasonic cleaner BRANSON  2210R-DTH Cleaning substrate 

Drying oven JISICO J-924 AHO Drying sample 

Vacuum oven JISICO J-924 AHO 
Avoiding sample 

oxidation 

Desiccator Korea Ace Scientific Co., LTD Preserve sample 

Analytical 

Balances 
SHINKO DENSHICO., LTD (AF-R220E-D) Weigh the sample 

Electrochemical 

measurement 

WonATeche, WMPG1000 Multichannel 

Potentiostat 
OER, HER 

B.2 Characterization Instruments and Model  

Table B. 2 Characterization instruments and their type 

Instrument Model 

XRD Philips, Eindhoven, Netherlands 

XPS VG Multilab 2000 

FE-SEM JSM-6701F (JEOL, Japan) 

TEM JEOL-3010 

Raman Spectroscopy Horiba Jobin-Yvon LabRam Aramis 151 

spectrometer Different instruments were employed in this study to characterize the materials fabricated 

and trace the reactions during the synthesis processes. This section mainly introduces the catalyst 

characterization techniques used in this work, and the material structure and the specific method 

characteristics of various physical properties are described in detail. The characterization 

technology helps optimize the preparation process of catalysts, improve the quality of materials, 

and lay a foundation for subsequent applications basis.   
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Appendix “C” Electrolyte Preparation and Microscopy Sample 

Preparation  

C.1 1 M KOH Electrolyte Preparation  

1. Wear gloves and calibrate the analytical balance. 

2. Weigh 3.9140 g of KOH white sheet powder and put it into a beaker.  

3. Add 70 ml of deionized water slowly and gently, and seal it in a fume hood.  

4. Stir continuously with a magnetic stirrer for 20 min to ensure that the KOH particles are 

completely dissolved in deionized water to form a uniform electrolyte solution.  

 

C.2 TEM Sample Preparation 

1. Use scissors to cut the sample to an appropriate size of 1 cm* 1cm so that the fabricated 

materials of the sample can be enough for the test.  

2. Put the sample into a 10 mL capacity glass bottle, and pour 6 mL of ethanol to immerse the 

sample. 

3. Use an ultrasonic cleaner to sonicate the sample for 5 h to gain the peeled synthesized material 

from the NF. 

4. Use a Copper grid to support the peeled material to prepare for TEM measurement.  
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