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Abstract 

I 

 

Abstract 

Efficient and durable oxygen evolution reaction (OER) catalysts  for 

alkaline water electrolysis are highly required for future energy storage 

and energy conversion devices. However, objective evaluation and fair 

comparison of different catalysts remain a challenge due to differences 

in OER measurements. The evaluation criteria and the test protocol for 

the OER were investigated to compare the activity and stability of the 

electrocatalysts in the rotating disk electrode, and a standardized testing 

protocol was determined.  

In the past decades, significant progress has been made in 

improving the activity and durability of catalysts by developing new 

materials. In particular, NiFe layered double hydroxides (LDH) 

electrocatalysts have been developed. Here, we synthesized NiFe LDH 

with tunable Ni/Fe composition, which exhibits corresponding dependent 

morphology, layer structure, and chemical states. The Ni3Fe LDH, 

resulting from the optimized local chemical environment with more 

oxygen coordination and ordered atomic structure, exhibits superior 

OER activity than most reported NiFe LDHs on both half cell and single 

cell tests. In situ Raman spectra indicate the active species Ni(Fe)OOH 

at OER conditions and the dynamic phase transition during the cycling 

process.  

Different strategies have been applied to further modulate the 

structure and improve the catalytical performance of NiFe LDHs. The 

introduction of formamide and permanganate ions into the interlayer 

could modify the layer structure and enhance the stability to some extent, 

while hydrothermal treatment can increase the crystallinity and form well 

defined nanocrystal of NiFe LDH and other NiFe-based catalysts.  
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Zusammenfassung 

Effiziente und langlebige Katalysatoren für die 

Sauerstoffentwicklungsreaktion (OER) bei der alkalischen 

Wasserelektrolyse sind für zukünftige Energiespeicher- und 

Rückumwandlungstechnologien dringend erforderlich. Eine objektive 

Bewertung verschiedener Katalysatoren ist jedoch aufgrund der 

unterschiedlichen OER-Messmethoden nach wie vor eine 

Herausforderung. Die Bewertungskriterien und die Testprotokolle für die 

OER-Messungen wurden untersucht, um die Aktivität und Stabilität der 

Elektrokatalysatoren in der rotierenden Scheibenelektrode zu 

vergleichen. Hierauf basierend  wurde ein standardisiertes 

Testprotokoll festgelegt.  

In den letzten Jahrzehnten wurden durch die Entwicklung neuer 

Materialien erhebliche Fortschritte bei der Verbesserung der Aktivität 

und Haltbarkeit von Katalysatoren erzielt. Insbesondere wurden 

geschichtete NiFe Doppelhydroxid (LDH) Elektrokatalysatoren 

entwickelt. Im Rahmen der hier vorgestellten Arbeit wurden NiFe LDHs 

mit unterschiedlichen Ni/Fe-Zusammensetzung synthetisiert die 

verschiedene Morphologien, Schichtstrukturen und chemische Zustände 

aufweisen. Der Ni3Fe LDH, der aus einer optimierten lokalen chemischen 

Umgebung mit mehr Sauerstoffkoordinationsstellen und einer 

geordneten atomaren Struktur resultiert, zeigt sowohl in Halbzellen- als 

auch in Einzelzellentests eine höhere OER-Aktivität als die meisten NiFe 

LDHs die aus der Literatur bekannt sind. In-situ-Raman-Spektren weisen 

auf die aktive Spezies Ni(Fe)OOH unter OER-Bedingungen und den 

dynamischen Phasenübergang während des Zyklusprozesses hin.   

Abschließend wurden verschiedene Strategien angewandt, um die 

Struktur weiter zu modifizieren und die katalytische Leistung von NiFe 

LDHs zu verbessern. Die Einführung von Formamid im Lösungsmittel 

und Permanganat-Ionen in die Zwischenschicht konnte die 

Schichtstruktur verändern und die Stabilität in gewissem Maße 

verbessern, während eine hydrothermale Behandlung die Kristallinität 

erhöhen und gut definierte Nanokristalle von NiFe LDH und anderen 

Katalysatoren auf NiFe-Basis bilden.  
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Chapter 1 Introduction 

1.1 Research background 

1.1.1 Hydrogen economy  

Due to the increased world’s energy consumption over the last decades, the 

shortage of energy and awareness of environment protection have drawn more 

attention. Traditional fossil fuels (for instance, coal, oil, and natural gas), which 

are used as the primary source to meet the global energy requirements, however, 

are not endless and at the same time, promotes serious environmental pollution 

and greenhouse effect. Therefore, reduced or substituted fossil fuels lead to an 

urgent demand for the development of clean energy technologies. Owing to the 

progress of science and technology, several kinds of clean energy technologies 

have been developed and utilized. Among them, solar energy, hydro power, and 

wind energy can be converted into electricity, which is renewable and pollution-

free, however, limited by its storage and transport process due to the splilled grid 

connection.  

Thus, the development and application of efficient technologies to store and 

transport the clean excess electricity is necessary and meaningful. Meanwhile, 

electrochemical processes could act as a crucial role to convert the electricity to 

chemical energy, an indirect prerequisite for storage of renewable energy from 

solar and wind. In addition, water electrolysis is a promising technique to produce 

hydrogen for energy storage and transport. During the water electrolysis process, 

electricity from renewable sources could split water into hydrogen and oxygen. 

The produced green hydrogen can be either used directly in other fields as a 

chemical resource or stored and transported to other regions to produce 

electricity with zero emissions.  
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Utilizing and developing hydrogen as an intermediate energy carrier contains 

a few advantages, as shown in Figure 1.1. First, hydrogen is widely used in 

various industries, like chemical industry, aerospace industry, or more general in 

the transport sector. Second, hydrogen will not bring any extra emissions since 

its only product is water when converted back to electricity. Third, hydrogen 

possess high gravimetric energy density, with promising economic benefits. 

 

Figure 1.1 The production, storage, and usage of hydrogen.1 

However, production of hydrogen also needs appropriate infrastructures with 

the consumption of extra energy. Therefore, highly efficient, and economic 

technique is very important to develop and apply hydrogen energy in a 

commercial scale. The employment of water electrolysis to generate hydrogen is 

the only mature technology currently. But the hydrogen amount via water 

electrolysis is very limited in today’s hydrogen production market, due to 

economic consideration. The efficiency, cost and durability of water electrolysis 

needs to be improved for wider commercial applications. 
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1.1.2 Water electrolysis technology 

In essence, water electrolysis consists of two half reactions, the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER). 

The overall chemical reaction formula of water electrolysis is: 

2H2O → 2H2 ↑+ O2 ↑                         (1-1) 

According to the applied electrolyte and the corresponding ionic agent 

(OH−,H+,O2−), water electrolyzers could  be classified into mainly three types: 

alkaline (e.g. anion exchange membrane, AEM which is a zero gap technology in 

contrast to classical diaphragm based alkaline electrolyzers), proton-exchange  

membrane (PEM) and solid oxide electrolyzers (SOE). The different reactions, 

basic principle temperature and electrodes of these three kinds of electrolyzers 

are illustrated in Figure 1.2.  

 

Figure 1.2 Illustration of three kinds of water electrolyzers, alkaline, PEM and SOE.2 

When considering the commercial application of water electrolyzers, these 

metrics are usually emphasized: performance (activity and stability), and cost. 

Both parameters are mostly determined by the reaction pathways, electrodes, 
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electrolyte (membrane) and temperature. For SOE, it exhibits the highest energy 

effciency, but works at the temperatures above 500 °C (up to 1000 °C) and utilize 

ceramic proton conductors，thus requiring higher expenses to build and operate 

and maintain it. In contrast, PEM and AEM work at relatively low temperatures, 

20 - 80°C. At the acid condition in PEM, only noble metal or oxides, like IrO2, 

RuO2, could survive as anode catalysts, which limits its large-scale application 

due to the shortage stock and high price of noble metals. While AEM, whose 

anode and cathode electrodes are mostly immersed in an alkaline electrolyte, 

allow the application of non-precious catalysts, as a stable and mature technology. 

However, the slow dynamics and effciency are still the challenges for AEM, which 

need further attention and solution to solve them for commercial application.  

 

Figure 1.3 (a) polarization curves of the two half reactions of water electrolysis: OER and 

HER process.3 (b) schematic diagram of the overpotentials of four half reactions.4 (c) 

illustration of the reaction barrier, pathway with and without catalyst.4 
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Back to the reaction itself, it is well known that water electrolysis is a relatively 

slow kinetic process, especially the OER process at the anodes. The equilibrium 

potential of the overall four electron-proton coupled reaction is 1.23 V, but in 

practice, it requires an additional potential to overcome the energy barrier and 

trigger this reaction (named overpotential) (Figure 1.3). Therefore, it is necessary 

to utilize catalysts to  facilitate reaction kinetics by providing an alternative 

pathway to lower activation energy. Detailed information about thermodynamics 

and kinetics in regard to electrolysis can be found in previous reviews.4–6 

1.2 Progress of nickel based OER catalysts 

Ni-based electrocatalysts have been extensively investigated for the OER in 

basic media due to their affordable prices, tunable structures, and promising 

properties. The effective strategies to fabricate highly efficient OER 

electrocatalysts are controlling the morphology, regulating the composition, 

tuning the electronic structure, and integrating hybrid structures into composites. 

So the reported efficient catalysts are not only pure nickel or oxides, but also 

mostly mixed metal and nonmetal compounds, like transition metal oxides and 

chalcogenides. These catalysts includ multiple crystal structures, such as various 

metal oxides belonging to perovskite, spinel and layer-structure families, as well 

as advanced designed nanostructures, for instance, shaped control, core−shell 

design and supported compounds. Part of the progress has been summarized in 

former reviews,7–9 but particular advances are required for the Ni-based materials 

catalyzing the OER at the anode side. This part aims to summarize recent 

advances in the past five years of Ni-based electrocatalysts in oxygen evolution 

in alkaline media, to provide a new perspective on material design for OER 

catalysis. 

1.2.1 Ni metal and Ni oxides 

For the single nickel oxide electrocatalysts, their OER activities mainly 
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depend on metal types, metal oxidation states, morphologies, and surface areas 

without the interference of other metal elements. For example, tuning the amount 

of precursor and reaction temperature leads to the shape-controlled synthesis of 

nickel nanoparticles and dependent OER activities10 (Figure 1.4a, b). Two 

strategies are developed to address the limited surface area of nanoparticles. 

One is the three-dimensional design: Tingting Sun et al. enhance the OER activity 

of nickel nanocrystals by constructing ordered mesoporous nickel sphere arrays11 

(Figure 1.4c). The designed structure leads to an increase in the surface area, 

accelerated mass and charge transport, leading to superior OER activity than 

common nickel nanoparticles and RuO2. The other idea is to reduce the particle 

size to increase electrocatalytically active sites, as such, the prepared ultrasmall 

(2.5-5 nm) NiO nanoparticles outperforms other nanocrystals with bigger sizes.12 

 

Figure 1.4 Ni nanocrystal electrocatalysts. (a,b) SEM and TEM image of (a) Ni 

nanocubes and (b) Ni cuboctahedra.10 (c) SEM image of 3D ordered mesoporous Ni 

sphere arrays and TEM image of one of the mesoporous Ni spheres.11 (d,e) Structural 

analyses of heteroepitaxial β-Ni(OH)2 and β-NiOOH phases on Ni. (d) HRTEM images 

of the Ni octahedron after hydroxylation and after OER stability for 2 h. (e) Magnified 

XRD spectra of the Ni nanocrystals with different shapes under different conditions.13 
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As known from previous work, the dynamic phase transition of nickel 

catalysts can significantly affect their catalytic performance. The Bode cycle 

illustrates the Ni+2/Ni+3 redox transition in hydroxide layer, where the α-Ni(OH)2 

and γ-NiOOH phases are hydrated phases in which water is incorporated, while 

the β-Ni(OH)2 and β-NiOOH phases are not hydrated.14,15 However, the interlayer 

spacing between these phases changes significantly because such an 

intermediate structure could transform under certain conditions, β-NiOOH will 

transform into γ-NiOOH after the incorporation of metal ions, which presents a 

different OER performance.15 Recent work demonstrates the selective transition 

for the shaped nickel nanoparticles: The surfaces of Ni cubes and rhombic 

dodecahedra will transition from β-NiOOH to γ-NiOOH phase, while the more 

active β-NiOOH could be retained on the surfaces of Ni octahedra and exhibits 

resistance to further oxidation to γ-NiOOH, confirmed by TEM observation and 

XRD analysis, as shown in Figure 1.4d-e.13 This finding provides new insight into 

understanding the OER properties of shape-dependent catalysts. 

1.2.2 Ni oxyhydroxide 

Since oxide structures convert to oxyhydroxides during the OER process, 

the development of oxyhydroxide electrocatalysts for OER attracted much 

research attention. Early work found that the OER activity of 3d-M oxyhydroxide 

systems followed the order of Ni > Co > Fe > Mn.16 The activity of Ni 

oxyhydroxides could be further improved by various methods, such as coupling 

with the conductive substrate and embedding other components.17,18 Qun He et 

al. developed efficient α-Ni(OH)2 electrocatalysts with tunable nickel vacancies 

and showed that the increasing concentrations of nickel vacancies could improve 

the intrinsic conductivities of the catalysts, enhancing the formation of active 

species to promote electrochemical oxidation processes (Figure 1.5a).19 

In addition, doping with other transition metals is a common strategy as 

reported in previous works, the effects of incorporating Ti, Mn, La, and Ce cations 
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on the OER activity of Ni1−zMzOxHy (Figure 1.5b).20–22 Among them, the valuable 

role of iron should be highlighted, which exhibits significantly enhanced activity of 

mixed NiFe oxyhydroxides than the intentional and incidental iron 

incorporation.23–25 These results lead to an increasing focus on the development 

of highly efficient NiFe-based oxyhydroxide catalysts, as summarized in previous 

reviews.15,26,27  

 

Figure 1.5 Ni-based oxyhydroxides. (a) The calculated formation energies for γ-NiOOH 

from α-Ni(OH)2 with different VNi concentrations.19 (b) Voltammetry Ni1−zMzOxHy films, 

where M is a metal cation, at approximately upper z ≈ 0.1 and lower z ≈ 0.3.56 (c) The 

role of Fe in mixed NiFe catalysts. The presence of Fe could promote a stabilization of 

low-valent Ni centers, and enhance the OER rate kOER, which may exceed the rate of the 

metal oxidation kMox.28 (d) schematic representations of the water oxidation process 

based on the experimental observations herein for FeOOH.29 

However, the continuous discussion on the role of Ni/Fe and the actual active 

site is still ongoing due to the structure of oxyhydroxide.15,30–35 The mixed metal 
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nickel and iron both happen to occupy the equivalent site of the oxygen 

octahedron, early characterization techniques can hardly provide reliable and 

meaningful evidence to support any hypothesis. In 2015, the Bell group found 

Fe3+ cations in γ-Ni1−xFexOOH have significantly lower overpotential than Ni3+ 

cations in either γ-Ni1−xFexOOH or γ-NiOOH by DFT+U calculation, proving that 

the OER occurs on Fe sites.31 Experimental evidence from operando differential 

electrochemical mass spectrometry (DEMS) and X-ray absorption spectroscopy 

(XAS) also highlighted the special role of Fe in mixed NiFe catalysts (Figure 

1.5c).28 Nancy Li et al. demonstrated that percent Fe3+ doping promotes Ni4+ 

formation and correlates directly with increased catalyst activity in promoting 

OER.34 This concept is consistent with the DFT work of Xueli Zheng et al. which 

emphasizes that the formation energy of the desired Ni4+ sites is systematically 

modulated by incorporating appropriate combinations of Co, Fe, and nonmetallic 

P resulting in the NiCoFeP oxyhydroxide catalyst performing better than IrO2.36 

These seemingly contradictory conclusions could be reconciled by recent work 

on a series of Ni/Fe oxyhydroxide films, which showed that the atomic nature of 

the states of NiFe oxyhydroxides is related to the different elemental ratio of Ni: 

Fe and the environment of Fe in the NiOOH host matrix.29 These internal different 

species could affect the catalytic kinetics with different active sites, namely Ni 

centers for Ni(Fe) OOH with incorporated Fe in small amounts, but Fe-centered 

oxidized states for FeOOHNiOOH with/and more Fe in isolated FeOOH islands 

(Figure 1.5d).29  

1.2.3 Perovskite structure  

Perovskites have attracted increasing attention in recent years because of 

their excellent catalytic performance for water oxidation.8,37–41 Sabatier's principle 

suggested that suitable adsorption energy of Ni-based perovskite has potentially 

considerable activities towards OER. The general atomic model of Ni-based 

perovskite using BaNiO3 as an example is shown in Figure 1.6a. The transition 
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metal nickel is located in the oxygen-coordinated octahedra and is considered to 

be the active site, while the alkali metal sites are not OER active.42 The 

corresponding STEM images in Figure 1.6b show the actual arrangement of all 

metal atoms in BaNiO3 perovskite along the [001] direction, with Ni atoms (dark) 

surrounded by six Ba atoms (light), which is consistent with the crystal model in 

Figure 1.6a.42  

 

Figure 1.6 (a) Schematic of the BaNiO3 crystal structure. (b) HADDF image of the BaNiO3. 

(c) OER activity versus the O p band center relative to EF (eV) of the BaNiO3.42 (d, e) 

Schematic illustrations surface Fe exchange by (d) pre-reduction and (e) pre-oxidation 

reactions in LnNiO3 (Ln = La, Pr, Nd) perovskites. (f) A layer-by-layer EELS analysis of a 

PrNiO3 film subject to the Fe exchange via pre-oxidation.43 

Because of the unique active site, more researchers are trying to find the 

activity descriptor for perovskite catalysts to explain OER activity and guide the 

design of novel catalysts. Previous work discovered a volcanic relationship 

between the transition metal electron number and the OER activity.39 This 

correlation was further optimized by considering metal-oxygen hybridization.41,44 
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Subsequently, further research has highlighted the relative energies of the 

transition metal 3d and oxygen 2p valence electron states in perovskites, termed 

the charge transfer energy. The energy difference could determine the catalytic 

mechanistic pathways, therefore, as the highlighting of O p-band center and d-

band center in other work, are developed as a more universal descriptor for OER 

activity.45–47 For example, the near-linear correlation between O p-band center 

and overpotential of BaNiO3 with various defects and local electronic structure of 

Ni, as shown in Figure 1.6c, validates O p-band center as a good descriptor.42  

Although there is no universal activity descriptor up to now, increased focus 

has been placed on the physical origin of the electronic structure and surface 

properties of perovskite oxides to improve their OER activities. Efficient strategies 

include tuning the electronic structure of transition metal and oxygen by varying 

their physical structure, applying lattice strain and introducing site defects we 

mentioned in BaNiO3 system.42,48 Moreover, a recent work reported a novel 

method to obtain a distorted oxygen octahedra LnNiO3 (Ln = La, Pr, Nd) 

perovskite by Ni extraction during the pre-oxidation and pre-reduction steps 

(Figure 1.6d-e).43 The electronic structure change of Ni at the surface area could 

be investigated by layer-by-layer EELS analysis (Figure 1.6f) with the substation 

by Fe, and DFT calculation further confirmed the significant variation in the O 2p 

and Ni/Fe 3d states, which enhance the charge transfer between metals and 

oxygen and the corresponding OER activity.43  

1.2.4 Spinel structure 

The spinel family is another group of promising OER catalysts. On the one 

hand, spinel usually exhibits moderate electrical conductivity and robust stability 

in the alkaline condition, which is well suited for OER. Moreover, in the spinel 

structure with the general formula AB2O4, in which A and B are metal ions in the 

oxygen-packed tetrahedra (Td) and octahedra (Oh), illustrated in Figure 1.7a, the 

coexistence of two sites provides alternative accommodations for various 
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transition-metal cations with specific valence states to form targeted catalysts.49–

52 The above features, therefore, make it possible to tailor the physical properties 

of spinel catalysts with different oxidation states and coordination environments, 

leading to fully tunable catalytic behavior and remarkable OER performance.52–55   

 

Figure 1.7 Ni-based spinel electrocatalysts. (a) Crystal structure of the spinel AB2O4 and 

corresponding octahedral sites (Oh) and tetrahedral sites (Td). (b) HRTEM analysis of 

NiFe2O4 nanocubes before/after oxygen evolution reaction.56 (c,d) XAS and XPS spectra 

of Ni in the incorporation of Fe into the binary Ni−Co inverse spinel NiCoFe@NiCoFeO.  

104 (e) the creation of double-exchange interaction in spinel NiCo2O4.52 (f,g) HAADF 

images of cycled Zn0.4Ni0.6Co2O4 nanoparticles.55 

Most spinels for OER are Ni-based compounds, and the incorporation of 

other transition metals could effectively improve their OER performance, 

indicating the indispensable role of the effect of doped metals, while the most 

efficient spinel oxides for OER are NiFe-based spinels. As mentioned earlier, Ni-

based oxide catalysts will form layered oxyhydroxides, which are also present in 

the NiFe spinel. TEM images in Figure 1.7b confirm the phase transition from the 

NiFe2O4 spinel to the spinel-derived metal oxyhydroxide MOOH, which 

dominates the electrocatalytic performance of the spinel structure.56 
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Optimizing the electronic structure of the active metal is another strategy to 

improve the OER performance of the spinel structure. However, a debate on the 

spinel active site is present, whether they are the cations in the Td site or the Oh 

site. Tae Woo Kim et al. compared the activities of ZnCo2O4 with substituted Co 

by Zn in Td site, and Co3O4 with both Co in Td and Oh site, and their similar 

performances suggest Co in Td site is not critical for OER.57 Hsin-Yi Wang et al. 

reported the inconsistent OER activity of spinel with different site occupation: 

ZnCo2O4 showed significantly reduced activity due to the substitution of Co by Zn 

in the Td site, while the activity of CoAl2O4 with octahedral Co replaced by Al is 

almost the same as that of Co3O4.58 Further in situ XAS experiments also 

revealed that tetrahedral Co contributes to the formation of active structures and 

is ,therefore, the most important active site.58 Guangping Wu et al. improved the 

OER activity by increasing the Fe content in the octahedral site in the Co2-xFexO4 

spinel and proved the dominant role of the octahedral site.51 Similarly, in another 

Ni1-y-zFeyCrzOx system, the tetrahedral Fe can be reduced with increasing Cr 

content, leading to a continuous improvement in OER performance, suggesting 

that the Fe in the tetrahedral site may have a negative effect.59 Therefore, it is 

generally believed that the transition metal in the octahedral site is the key to the 

catalytic activity, even if there are multiple sites in the spinel structure. 

Based on this, recent work shows a similar volcano-shape trend between the 

eg occupancy of the active cation in Oh with the OER activity for spinel,53 which 

offers an overall view and guide to engineering spinels toward improved catalytic 

reactivity, for example, the modulation of site occupation. Figure 1.7c and d 

presented XAS and XPS spectra of Ni−Co spinel and NiCoFe@NiCoFeO by 

incorporating Fe into the Td sites. The increased amount of Ni in Oh sites has 

been shown to increase the OER activity.52 Another novel strategy to modulate 

the electronic configuration is the double-exchange interaction, as shown in 

Figure 1.7e. By constructing nano-heterojunctions and oxygen vacancies in 
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NiCo2O4 spinel, both octahedral coordinated Ni3+ and Co(3-δ)+ exhibit optimized 

binding energy with the intermediates and thus act as superior OER active sites.60 

A similar introduction of vacancy could also be achieved by leaching Zn from 

Zn0.4Ni0.6Co2O4 during cycling. HADD-STEM images in Figure 1.7f and g show 

abundant vacancies on the surface (marked by the red circles), which not only 

increase the active sites but also promote electron transfer for OER process.55 

1.3 NiFe based LDH catalysts 

1.3.1 OER activity of LDH catalysts 

LDH is a special layer structure-type oxide, same as the mineral hydrotalcite. 

The compound could include nickel hydroxides incorporated with other cations, 

like Fe3+, anion intercalation for charge compensation, together with water in the 

interlayer region, as illustrated in Figure 1.8a. Owing to its lamellar structure, LDH 

catalyst could expose more active sites towards electrolyte and present higher 

catalytical activity. Figure 1.8b and c compare a series of non-precious OER 

catalysts applied in half cell rotation disk electrode (RDE) and single cell water 

electrolyzer, NiFe LDH@DG10 catalyst is one of the best with the lower 

overpotential.61  

Based on this, we further summarize the advanced Ni-based catalysts for 

OER in alkaline medium reported in recent decade, by comparing their activities 

in terms of the overvoltage required to reach 10 mA/cm2 in Figure 1.9 and Table 

1.1. The overpotential of pure nickel material can reach up to ~400 mV while well-

designed FeNi-LDH/FeNi catalyst with optimized structure exhibits favorable 

adsorption to the intermediates and finally enhances the OER process leading to 

a decreased overpotential at 130 mV even in 0.1 M KOH.63 These results indicate 

LDH catalysts are promising for effective OER process. 

In addition, the intrinsic activity of transition metal LDH were compared and 

the trend is found to be: NiFe LDH > CoFe LDH> CoCo LDH > NiCo LDH, CoMn 
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LDH > NiMn LDH (Figure 1.8d). The leading role in OER activity of NiFe LDH is 

due to the optimized OH-O scaling relationships from the dual-metals site feature 

of the reaction centers.62 Therefore, the active NiFe-based LDH catalysts have 

attracted much attention with dedicated review about recent advancement in 

terms of NiFe oxyhydroxide/LDH.15,30 

 

Figure 1.8 (a) Illustration of crystal structure of LDH. (b,c) comparison of various non-

precious catalysts in half cell (RDE) and single cell (water electrolyzer) tests.61 (d) 

Overpotential comparison at 10 mA/cm2 of various Co- and Ni-based LDH catalysts.62 

 

Figure 1.9 Benchmarking Ni-Based electrocatalysts for the oxygen evolution reaction by 

comparing the overpotential at 10 mA/cm2 in 1M KOH. The details are given in Table 1.1. 
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Table 1.1 Comparison of the OER activities of different Ni-based catalysts 

Catalysts 
Shape/ 

Structure 

Electro

lyte@

KOH 

Activity

@10mA

/cm2 

[mV] 

Tafel 

slope 

[mV/de

cade] 

Load 

[mg/c

m2] 

Stability 

[h] 

Ref

s 

Ni nanocube 1M 383 N/A 0.2 N/A 10 

Ni cuboctahedra 1M 402 N/A 0.2 N/A 10 

Ni 3D sphere arrays 0.1M 254 39 0.2 10 11 

NiO nanoparticles 0.5M 300 N/A 0.02 N/A 12 

Ni2P 
nanoparticle 

nanowire 
1M 

290, 

330 

59 

47 
0.14 10 64 

Ni2P/Ni microsphere 1M 200 N/A N/A 100 65 

NiSx microsphere 1M 180 96 N/A 10 66 

N-Ni3S2 3D network 1M 330/100 70 N/A N/A 67 

NiSe2/Ni 3D nanowrinkles 1M 290 63 0.2 72 68 

Cu-NiS2 nanosheets 1M 232 46 0.2 60 69 

Ni(OH)2 hollow sphere 0.1M 331 42 0.2 N/A 70 

Ni/Ni(OH)2 nanosheets 1M 270 70 0.5 10 18 

NiFe2O4 QDs 1M 262 37 0.21 100 71 

Ni2Fe1O nanowire 1M 244 39 0.15 60 72 

Fe-O-

Ni(OH)2 
nanosheets 1M 185 32 3 50 73 

NiFeS/NF vertical nanosheet 1M 65 119.4 N/A N/A 74 

Ni0.75Fe0.25P2 porous nanosheet 1M 155 55 N/A 24 75 

NiFeP nanoplate arrays 1M 180 76 4.12 25 76 

NiCoFeP oxyhydroxides KHCO3 330 N/A 0.025 100 36 

NiFePS nanosheet 1M ≈290 56 0.5 50 77 

NiFe/NC nanoparticles 1M 330 45 0.2 20 78 

NiFe/NC nanoparticles 1M 297 48 0.5-0.6 20 79 
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NiFe LDH 

@DG 

nanosheet@ 

graphene 
1M 210 52 0.283 10 17 

Cu/NiFe LDH 3D core shell 1M 199 27.8 ~2.2 48 80 

Ni5P4/NiP2/Ni

Fe LDH 
3D core shell 1M 197 46.6 2 24 81 

Ni3S2@ 

NiFe LDH 
core shell 1M 190 10 N/A 40 82 

NiFeSe cubic nanocages 1M 240 24 0.1 22 83 

NixFe1-xSe2 nanoplates 1M 195 28 4.1 24 84 

NiCo/C nanowires 1M 302 43.6 0.3 10 85 

NiCoP nanoplate 1M 280 87 1.6 24 86 

NiCoP hollow nanobricks 1M 270 76 2.0 20 87 

NiCoP nanoparticles 1M 310 52 0.75 N/A 88 

NiFeCu dendritic core shell 1M 180 33 1.6 20 89 

NiFeSn/NiFe nanospheres 1M 260 50 NA ~11 90 

Ni-bipy-

MWNT 
CNT 

1M 

NaOH 
290 35 0.2 10 91 

CuNNi3 

/FeNiCu 
porous core-shell 1M 280 52 0.367 24 92 

NiCo@NiCo

O2/C 

microrod arrays 

/core@shell NPs 
1M ≈340 93.97 3.2 20 93 

(Co1−xNix)(S1

−yPy)2/G 
3D architecture 1M 285 105 N/A 100 94 

CoS/Ni3S-

FeS/PNFF 
3D architecture 1M 136 51 1.66 24 95 

FeCoNi-

HNTAs 

hybrid nanotube 

arrays 
1M 184 49.9 N/A 80 96 
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1.3.2 Progress of NiFe-based LDH catalysts 

NiFe-based LDH catalysts exhibit promising catalytic performance with 

tunable structures and compositions. However, the number of active sites for raw 

LDHs is limited, the electron conductivity of NiFe LDH is usually quite poor, and 

the intrinsic activity with the electronic structure of active site of NiFe LDH could 

be further improved. Therefore, several kinds of strategies and promising 

approaches have been explored as follows:  

(1) Hybrid with conductive substrates. 

To improve the conductivity of LDHs, construction of hybrid LDH composites 

with conductive substrates, like various carbon supports or metal-based materials, 

is proved to reduce the charge and electron transfer resistances. Fabio Dionigi 

et. al 5 have summarized the NiFe LDH hybridized with carbon materials, as 

shown in Figure 1.10. For example, NiFe LDH nanoplates on three-dimensional 

electrochemically reduced graphene oxide (3D-ErGO) and NiFe-LDH 

nanoparticles on Co,N-codoped carbon nanoframes (Co,N-CNF) have both 

shown improved OER activity resulting from increased electrical conductivity.97,98 

But its effect not only contributes to the conductivity, the hybrid of NiFe LDH and 

single-walled carbon nanotubes (SWNT) exhibits strong interfacial electron 

coupling, leading to superior OER activity.99 And the close coupling between NiFe 

LDH nanosheets and defective graphene discovers the synergetic effects of 

transition metal sites and carbon defects for OER catalysis.17 In addition, 

integrated NiFe LDH/C hybridstructure exhibits excellent catalytical activity due 

to several aspects: (i) increased disorder from amorphous and distorted LDH 

structure, (ii) more active sites from enlarged surface area, and (iii) strong 

electron coupling between NiFe LDH and carbon.100  
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Figure 1.10 NiFe LDH hybridized with different nanocarbon materials. (a) NiFe LDH 

nanoplates on graphene, (b) NiFe LDH stacked with graphene, (c) NiFe LDH grown on 

3D ErGO, (d) NiFe LDH with carbon quantum dots (CQDs), (d) NiFe LDH on carbon 

nanotubes.15 

Besides of the carbon materials, other metal plates could also serve as 

supports. For instance, the introduction of NiO nanoplates into NiFe LDH 

nanosheet will lead to an intersection, which facilitates the adsorption of OER 

intermediates. 101 And the coupling of NiFe LDH/NiFe catalysts between the side 

surface of nanosheets and NiFe foil substrate boosts the electron and ion transfer 

process. Together with the synergistic enhanced adsorption of OH and the OER 

intermediates, a predominant OER performance appear for this NiFe LDH/NiFe 

catalyst.63 

(2) Exfoliation of NiFe LDH 

To increase surface area and active sites of LDH structure, numerous efforts 

have been devoted to get monolayers such as by exfoliation approach. As shown 

in Figure 1.11a, liquid phase exfoliation without changing the compositions of 

LDH could expose more active sites and increase the electronic conductivity. And 
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the exfoliated monolayer LDH generally exhibits significantly improved OER 

activity than the corresponding bulk LDH. For instance, the exfoliated NiFe LDH 

exhibits remarkably decreased overpotentials at 10 mA/cm2 by around 50 mV.102 

This method has also been successfully applied in other LDHs, like NiCo LDH.103  

 

Figure 1.11 Summary of reported approaches to improve the OER activities of NiFe 

LDHs. (a) Illustration of exfoliation process to peel off bulk LDHs into monolayers.102 (b,c) 

morphology design of NiFe LDH (b) hollow prisms104 and (c) double-shelled nanocages. 
105 (d) introduction of cation vacancies in NiFe LDHs.106 (e) LSV curves of NiFe LDHs  

with various Ni/Fe ratio.107 (f) The strain effect on OER performance of NiFe LDH.108 

(3) Morphology design 

Rational nanostructure engineering for NiFe LDH could increase the number 

of active sites and facilitate the mass/electrons transfer process, thus boost the 

OER activity. Xiong Wen (David) Lou’s group has reported several kinds of NiFe 

LDH hollow structures (Figure 1.11b and c). For instance, NiFe LDH nanocages 

with tunable shells could enlarge its surface area and optimize elemental 

composition, so favorable for OER activity.105 And the novel hierarchical hollow 

NiFe LDH nanoprisms consisting of ultrathin nanosheets only manifests large 
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surface areas, thus leading to high performance towards OER.104 The OER 

activity of NiFe LDH could be also optimized by reducing their large lateral 

platelets and increasing the availability of highly reactive edge and corner sites.103 

Monolayer NiFe LDH nanosheets with a size of 2.3 nm and a thickness of 0.6 nm 

formed by pulsed ultrasonication treatment of the metal precursors and yielded 

improved OER activity compared to monolayer LDH with a larger lateral size 

(around 30 nm).109 

(4) Defect and vacancy 

The introduced defects usually bring more exposed active site with 

unsaturated coordination number, such kind of local structure affects the 

absorption and desorption of OER intermediates, therefore presents distinct 

performance. The defects and vacancies common exist for monolayer LDH or 

ultrasmall LDH nanosheets. As reported, the porous monolayer NiFe LDH 

nanosheets with high density of oxygen and metal ion vacancies results in 

increased electropositivity and enhanced bonding strength of the OH*species.110 

While the ultrafine NiFe LDH nanosheets with abundant vacancies present semi-

metallic character, and thus faster charge transfer and water electrolysis 

properties.109 

Another strategy, leaching, is also applied to obtain Ni2+ or Fe3+ vacancies 

by leaching Al or Zn in two NiFe LDHs-VFe and NiFe LDHs-VNi, as shown in 

Figure 1.11c. These enriched iron or nickel vacancies could efficiently modulate 

the surface electronic structure and optimize the adsorption of reaction 

intermediates for OER.106 

(5) Composition control  

The control of Ni/Fe in NiFe LDHs is common to get the most active catalyst 

with optimized composition, however, the inside mechanism is hardly understood. 

Recently, a series of NiFe LDHs with different Fe contents proves the 

incorporation of Fe ions into NiOOH leads to structural disorder, which exhibits a 
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volcano-type correlation with the activity of Fe sites (Figure 1.11e). This clarifies 

the origin of the Fe-dependent activity of NiFe LDH, and suggests structural 

ordering as a strategy to improve OER catalysts.107   

(6) Elemental doping 

Besides to modify the ratio of Ni/Fe, doping a third metal could also modulate 

the electronic structure of metal sites. The doped elements could be transition 

metals, for example, vanadium ions incorporated into the NiFe LDHs forming 

ternary NiFeV LDHs can narrow the bandgap reaching in enhanced electronic 

conductivity, facile charger transfer, and rich active sites.111 The tuning of the local 

atomic structure of NiFe LDHs is also achieved by partially substituting Ni2+ with 

Fe2+ to form Fe-O-Fe motif, which will stabilize the high-valence metal sites for 

efficient OER process.112 

In addition, doping noble metal could also optimize the electronic structure 

of NiFe LDHs. Single-atom Au decoration on NiFe LDH results in the charge 

redistribution of active Fe sites, as well as the NiFe oxyhydroxide close to the 

ideal catalyst with a 6-fold OER activity enhancement compared with initial NiFe 

LDH.113 While for the noble metal which is OER active itself, as found in 

Rh/NiFeRh LDH catalysts, the role change from Fe to Rh ions as the major active 

sites accounting for OER catalysis.114 

(7) Strain effect 

The strain effect, caused by lattice mismatch, usually leads to a shifted d-

band center, and alters binding energies toward adsorbate, which is widely used 

in precious metal catalysts.115 Recently, tensile strain of NiFe LDH was generated 

by ball-milling process, leading to the electron-rich structure of Ni and Fe, and the 

enhanced binding strength of surface structure to active intermediates. Therefore, 

the ball-milled NiFe LDH exhibits reduced overpotential and higher intrinsic OER 

activity.116 
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1.4 Research motivation and goals 

Although research over the last decades about NiFe LDHs has proved 

several advantages of such kind of catalyst: (1) abundant surface area due to the 

spatial lamellar structure and corresponding high surface to bulk ratio. (2) flexible 

structure with tunable ion doping and coupling. (3) controllable chemical 

composition of Ni/Fe. (4) excellent activity and comparable structure stability. (5) 

low cost due to the non-precious Ni/Fe and facile synthesis process.  

However, there are still a few remaining challenges and unsolved questions 

to further boost the catalytical performance, understand the detailed structure, to 

find out the OER mechanism of NiFe LDH catalysts. 

(1) Evaluation of catalytical performance. As the testing setup and protocols 

in different research groups are various, the reported catalytical performance of 

NiFe LDHs is not objective to be compared with other catalysts. The effects of 

each component of the experimental setup, process, and electrode preparation 

should be investigated and found out to allow a fair evaluation of the OER 

catalysts. 

(2) Active site or species. Previous electrochemical measurements, in 

operando X-ray scattering, absorption spectroscopy, and density functional 

theory (DFT) calculations elucidate the catalytically active phase, reaction center 

and the OER mechanism of NiFe and CoFe LDH. Ni(/Co)Fe LDHs oxidize from 

as-prepared α-phases to activated γ-phases. The OER-active γ-phases are 

characterized by about 8% contraction of the lattice spacing and switching of the 

intercalated ions.117 But a direct observation of morphology, atomic structural and 

the in-situ evolution process is not fully studied. More advanced in situ Raman, in 

situ XAS and environmental transmission electron microscopy (TEM) could help 

to observe and make clear this issue. 

(3) Stability mechanism. As another important parameter for actual 

application, the stability of catalysts does not receive enough attention.  
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Although the evaluation of stability is also reported by potentiostatic curves or 

polarization curves during cycling process, there is a lack of deep investigation of 

the degradation mechanism. Recent work found the layered structure of bulk 

NiFe LDH is detrimental to OER stability. The interlayer basal plane in NiFe LDH 

is also OER active, while the narrow LDH interlayer spacing slows down the 

diffusion process into the interlayers, leading to a local acid condition and 

therefore metal dissolution of NiFe LDH catalyst. 118 However, whether this 

process occurs for all NiFe LDHs is not clear, and moreover, it could explain the 

degradation of monolayer LDH.  

(4) Performance in water electrolyzer. Although numerous NiFe LDH-based 

materials have been synthesized, evaluated and reported as excellent OER 

catalysts in RDE, their actual single cell performance in water electrolyzers is still 

rarely addressed. Moreover, the development of AEM electrolyzers is limited by 

their efficiency and durability, especially for the cell using non-precious metal 

catalysts.119–121 Several latest works reported improved AEM electrolyzer 

performance breakthroughs with non-noble-metal catalysts: the cell with NiFeCo 

as cathode and NiFeOx as anode reached 1 A/cm2 at 1.90 V at 60 °C,122 while an 

Fe-NiMo-NH3/H2||NiMo-NH3/H2 cell needed a voltage only at 1.57 V for 1 A/cm2 

at 80 °C.123 The record efficient electrolyzer with nanometer-sized NiFe-LDH 

anode and Pt/C cathode, delivers 1 A/cm2 low at 1.59 V at 80 °C.124 However, 

these non-noble metal catalysts are obtained in a relatively complex synthesis 

process, either at high temperature (550 °C)123, or long term (a few days) with the 

usage of several organic solvents.124 These will limit its practical applicability 

considering the scaling production and economic costs of the catalysts. Therefore, 

a NiFe LDH, synthesized by facial method with large scale yield, and exhibiting 

comparable single cell performance, is crucial for the commercial application of 

AEM electrolyzers. Regarding the issue above, we plan to work on these aspects: 

(1) Objective evaluation of the catalytical performance of NiFe LDH catalysts. 
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The difference of each component of the setup, the catalyst loading and substrate 

effect in the half cell measurements will be compared to determine a universal 

testing protocol for OER catalysts. Then the performance of synthesized Ni-

based catalysts will be evaluated to benchmark as an excellent catalyst for water 

electrolyzer. 

(2) Synthesis and electrochemical evaluation of NiFe LDH catalyst powders. 

The synthesis of large scale NiFe LDH powders are illustrated: it is conducted at 

room temperature, with a simple process, within a short time, and with no organic 

additive. Such kind of the production of the catalyst powders is low cost and 

repeatable, only then can it be extended to further large-scale applications. And 

the catalytical performance of NiFe LDH catalysts in both RDE and water 

electrolyzer will be evaluated. 

(3) Investigation of the structure, including morphology, spatial size, 

crystallinity, chemical state, and local atom environment, of these NiFe LDHs and 

the corresponding correlation between the structure and catalytical performance. 

Surely some advanced in situ techniques will be adapted to investigate the active 

species or dynamic structure evolution during catalytic process. This will help to 

understand the optimal structure for OER and guide the improvement and design 

other catalysts. 

(4) Further optimization of the structure and OER performance of the NiFe 

LDHs. Based on the understanding of NiFe LDH catalysts, several strategies will 

be adopted to modulate their structure and improve activity and stability towards 

OER process. Herein, we first discuss the experimental setup and protocols for 

half cell in Chapter 3, to provide some guidelines for OER measurements. 

Second, we introduce the synthesis, structure and catalytical performance of 

NiFe LDH in Chapter 4, as well as the discussion of its active intermediate and 

degradation mechanism. Then we adopted several methods to modulate the 

structure and catalytical performance of NiFe LDH in Chapter 5. And lastly, we 
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had a general discussion and summary of our work in Chapter 6 and 7.
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Chapter 2 Experimental methods 

2.1 Chemicals and material synthesis 

Materials: All chemical reagents including Ni(NO3)2 (nickel (II) nitrate 

hexahydrate, ACS reagent, ≥98.5%, Sigma Aldrich), Fe(NO3)3 (ferric nitrate 

hexahydrate, ACS reagent, ≥98%, Sigma Aldrich) NaOH (sodium hydroxide, 

gradient grade, ≥99.9%, Honeywell) and KOH (potassium hydroxide, ACS 

reagent, ≥85.0%, Sigma Aldrich) have been used without further purification. 

Deionized water was used in all experiments.  

Synthesis of NiFe LDHs: A co-precipitate method based on the low 

solubility product (Ksp) of metal ions (Ni2+ and Fe3+) was used in an alkaline 

solution. 3 mmol of Ni(NO3)2 and 0.75 mmol of Fe(NO3)3 were mixed and poured 

into 50 mL of NaOH aqueous solution (0.15 M) under vigorous stirring (1000 rpm, 

10 minutes at room temperature around 25 °C). After being thoroughly washed 

with DI water, the precipitates were re-dispersed in 25 mL DI water. The 

exfoliation was achieved by strong sonication on a Sonics Vibra-Cell (VCX 500) 

with a power of 400 W for 30 min. Finally, the sample was centrifuged at 4500 

rpm for 5 minutes, cleaned with DI water and ethanol, and dried in a vacuum oven 

overnight at 25 °C. The resulting Ni3Fe LDH was collected for further 

characterizations. To produce the remaining catalysts, the ratio of 

Ni(NO3)2:Fe(NO3)3 was changed to 2.5:1.25 to obtain the Ni3Fe2 LDH and to 

1.875:1.875 to obtain the NiFe3 LDH (the amounts in the ratios are given in mmol). 

For the bulk LDH samples, the exfolication process is removed without sonication 

treatment.   
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2.2 Electrochemical tests 

2.2.1 Half cell measurements 

Preparation of electrolyte. 1M KOH electrolyte was prepared by weighing 

56 g KOH plates into 1 L distilled water, then calibrate the KOH concentration by 

the pH meter.  

Purification of electrolyte. The purification treatment was conducted as 

reported to remove the impurity Fe ions inside the electrolyte:23,24 Firstly, 2 g 

Ni(NO3)2 was dissolved in 4 mL DI water in a 50 mL polypropylene centrifuge tube 

(VWR), then 20 mL 1 M KOH was added to get green Ni(OH)2 precipitate. Later 

the precipitate was centrifuged and washed three times using 20 mL DI water and 

2 mL 1 M KOH. After the third washing step, the Ni(OH)2 precipitate was used to 

purify KOH solutions. For purification, ~50 mL targeted electrolyte (here 1 M KOH) 

was added into the centrifuge tube with Ni(OH)2 precipitate, and sonicated to 

make all precipitates fully dispersed. After resting at least three hours, the tube 

was centrifuged at 4500 rpm for 5 minutes and finally the upper purified 1M KOH 

was obtained and used for specific electrochemical tests. 

Testing setup. As illustrated in Figure 2.1a, the electrocatalytic experiments 

were measured with electrochemical workstation (BioLogic Science Instruments, 

SP-150) and RDE setup (Pine Research Instrument) using a standard three-

electrode cell designed to hold the glassy carbon (GC) electrode (Φ = 5 mm), a 

Pt mesh counter electrode, and a Hg/HgO reference electrode. Other alternative 

components are compared and discussed in the next chapter 3. Catalyst powders 

were prepared as inks by mixing 8 mg of catalyst in 1.5 ml isopropanol, 0.5 ml DI 

water, and 20 μL Nafion (5 wt %, Sigma Aldrich), and sonicated for 40 min. Then 

10 µl catalyst ink was dropped cast on GC electrode and dried in air for 30 mins 

to get a flat catalyst film for testing. Catalyst loading on the GC surface was kept 

at 0.2 mg/cm2. All the electrochemical measurements were conducted in Ar-
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saturated 1 M KOH, 1M NaOH or purified 1M KOH electrolytes then purged with 

O2 for 20 min before the OER experiments, with a rotation speed of 1600 rpm at 

room temperature (20±2 ˚C). The uncompensated series resistance (iR-drop) 

was determined by electrochemical impedance spectroscopy (EIS) in the 

frequency range between 0.1 Hz to 100 kHz at open circuit voltage. 

Testing protocols. The different alternative options of testing protocols are 

compared and discussed in Chapter 3 later, and based on these results, a 

determined standard protocol to evaluate OER catalysts is used in chapter 4&5 

of this thesis: an activation treatment was conducted before the LSV 

measurements by cycling the working electrode between 1.0 V and 1.7 V vs RHE 

(iR corrected) at a scan rate of 100 mV/s for 10 cycles based on our preliminary 

experimental conclusions. And the short-term reductive potential at -0.05 V was 

applied to remove the bubble at the electrode surface then the LSV polarization 

curves were recorded in a potential range of 1.0 to 1.7 V vs. RHE at a sweep rate 

of 5 mV/s without iR correction. The potential applied to the ohmic resistance was 

extracted later manually. In this work, the ohmic resistance (iR) drop at each 

electrolyte was compensated at 85% of the high-frequency resistance. The 

cycling stability was measured by LSV curves before and after 1000 cycles 

between 1.0 and 1.7 V with a scan rate of 100 mV/s in 1 M KOH. Long time 

chronoamperometry responses were measured at a fixed potential (1.6 V vs. 

RHE) for 20 hours or extended long term for instance 500 hours in 1 M KOH.  
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Figure 2.1 Experimental testing setup of (a) half cell RDE system and (b) single cell water 

electrolyzer system. (c) cross-sectional view of the assembled cell, (d) flow fields and (f) 

end plates.  

2.2.2 Single cell measurements 

Electrode fabrication of MEA. The MEA fabrication and single cell testing 

were conducted by my project partner Irina Galkina. For the MEA cell, the CCS 

electrode fabrication method was chosen. First, the ink formulation for both 

catalysts, Ni3Fe LDH and Pt/C, was found to be optimal as follows: the catalyst 

powder and ionomer were dispersed for 5 minutes in a mixture of ethanol and 

water (1:1) with a rotating ultraturrax followed by 30 minutes of ultrasonic finger 

treatment. The catalyst ink was directly deposited on the clean porous transport 

layer (PTL)s: Toray carbon paper and Ni fiber PTL for cathode and anode side, 
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respectively. The electrodes were prepared using an automatic spray coater 

(Exactacoat by SONO TEK), aiming for a catalyst loading of 1 or 2 mg/cm2 and 

20 wt-% ionomer content for the anode side, and a loading of 0.6 mgPt/cm2 and 

25 wt-% ionomer content for the cathode side. Before testing the cell, both anode 

and cathode were soaked in the 1 M KOH electrolyte as a pretreatment.  

Electrochemical test of single cell. For the single cell tests, a 

potentiostatic/galvanostatic workstation (Biologic Science Instruments, BT-815, 

15 A max., 10 kHz max.) was used for electrochemical measurements. A separate 

heating and temperature calibration system was attached to control the cell 

temperature. Four individual pumps were used to control the electrolyte flow in 

the system, as shown in Figure 2.1b. The measurements were performed in a 5 

cm2 cell hardware, with full nickel serpentine flow-fields on both sides. PTFE 

gasket were used to make the cell leak-tight: on the cathode, a 250 nm thick foil 

was used and a 400 nm thick foil was used on the anode side (photos of the main 

parts are shown in Figure 2.1 c-e). The anode and cathode sides were fed 

separately with a 1 M KOH solution at flow rate of 50 mL/min. The cell 

temperature was adjusted to 55 °C according to common-used range 60-80 °C 

in reported works and the protocols in our institute. The cell was assembled in a 

cold state, using electrodes and membrane which were soaked for 3 h prior to 

assembly. Then the benchmarking of the single cell measurement protocol 

started with a cell conditioning step containing 2 h of electrolyte heating at open-

circuit voltage (OCV) until a steady-state was reached. The break-in step was 

performed as a galvanostatic sweep with a scan rate of 10 mV/s between 1.4 – 

2.1 V. The cell was further conditioned for 4 h at a constant current of 1 A/cm2. 

The polarization curves were recorded four times by setting a constant current 

value for 1 min from 0.016 A/cm2 and up to 2 A/cm2, with a voltage limit set at 2.1 

V. The last potential-current density curve was chosen as the one for evaluation, 

thus ensuring that, the cell was fully conditioned. 
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2.3 Physical characterizations 

To fully understand our synthesized NiFe LDH and other samples, numerous 

characterization techniques were applied to determine the morphology and 

atomic and electronic structure of these catalysts. As summarized in Figure 2.2, 

besides of the ex-situ X-ray diffraction (XRD), scanning electron microscopy 

(SEM), infrared (IR) spectroscopy, Mössbauer spectroscopy and X-ray 

photoelectron spectroscopy (XPS), we also conducted in-situ Raman 

spectroscopy, XAS, and environmental TEM to track the dynamic structural 

evolution of NiFe LDH under OER process with the assistance from our 

collaborators 

 

Figure 2.2 Summary of the characterization techniques for NiFe LDH electrocatalysts. 

2.3.1 X-ray diffraction 

XRD is a technique, which measures the intensities and angles of the X-rays 

scattered by the crystal atoms in the material. Therefore, XRD can help to identify 

the crystalline phase and crystallinity, determine the lattice parameter, orientation, 

grain size of the material. The crystal structure of our NiFe LDH materials was 
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confirmed first by the XRD (D8 Discovery X-ray Diffractometer using Cu-Kα 

radiation (0.154 nm) in Bragg–Brentano geometry with a 2θ range from 5° to 70°. 

Measurement conditions are continuous scan mode during targeted range with 

step size 0.02°, step time 5 s at room temperature. X-ray generator is 40 kV and 

40 mA, detector slit 9.5 mm. 

2.3.2 Electron microscopy  

The SEM collect the secondary electron and backscattered electrons 

converted by the lost energy from the electron beam interaction with specimen 

(Figure 2.3a). The corresponding images carry the information of surface 

topography and composition. For our samples, the SEM images and attached 

energy dispersive X-ray (EDX) element ratio were examined by Zeiss Gemini 

Ultra Plus instrument. The operation voltage is 200 kV. 

TEM usually produces a high voltage electron beam to transmit through the 

specimen and creates a magnified electron image. Due to the flexible modes, 

TEM could provide multi structural information. High resolution TEM (HRTEM) 

images could observe the morphology and lattice fringes, while electron 

diffraction pattern in diffraction mode could work as the Fourier transfer object 

images, similar as local XRD pattern to some extent. The scanning transmission 

electron microscopy (STEM) use a focused spot to scan over the sample, and 

the alternative high angle annular dark field (HAADF) image reflects Z-contrast 

to distinguish the elements, more information like the composition distribution and 

chemical states could be obtained by the attached EDX and electron energy loss 

spectroscopy (EELS). TEM images of our samples  were obtained using a FEI 

Titan, 80-300 TEM with a Cs corrector for the objective lens (CEOS GmbH).125 

The microscope was operated at 300 kV.  

https://www.sciencedirect.com/topics/chemistry/zeiss-transfer
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Figure 2.3 Illustration of various characterization techniques. (a) SEM and EDX 

system.126 (b) Raman spectroscopy.127 (c) FTIR spectrometer.128 (d) In situ XAS setup 

scheme.129  

2.3.3 Raman spectroscopy 

Raman spectroscopy is based on the inelastic scattering of photons, known 

as Raman scattering, which provide the structural fingerprint to determine 

molecules. The Raman spectrum of powder samples (Figure 2.3b) was obtained 

at the laser wavelength of 532 nm, with power of 0.2 mW. The aperture is fixed 

at 50×1000 µm, and resolution is ~9-19 cm-1, single spectrum is accumulated at 

an integration time of 2 seconds. 

In-situ Raman Spectro-electrochemistry of NiFe LDH catalysts was carried 

out by our partner Dr. Alaa Faid and Prof. Svein Sunde in NTNU using WITec 

alpha300 R Confocal device equipped with a 532 nm laser (10 mW power). More 

details about the setup can be found in previous work.130,131 The in-situ Raman 

measurements were performed in a Teflon cell with a quartz glass window. The 
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NiFe LDH catalyst ink was deposited on the GC electrode. The GC electrode 

(pine research), a Pt foil, and Hg/HgO (pine research) were used as a working, 

counter, and reference electrode, respectively. The Hg/HgO reference electrode 

was calibrated versus RHE in a three-electrode cell using two platinum electrodes 

(working and counter).132 The Potential-dependent Raman spectra are acquired 

after holding at each potential in 1M KOH (semiconductor grade) for 5 min: initial 

sample, 1.3 V, 1.4 V, 1.5 V, 1,6 V, 1.7 V, 1.6 V, 1.5 V, 1.4 V, 1.3 V. The initial 

sample is the sample at an OCV The Raman spectrum acquisition was collected 

after 10 sweeps of 10 seconds from 100 to 1200 cm-1 and was calibrated using a 

520.7 cm−1 silicon Raman peak.  

2.3.4 Infrared spectroscopy 

Infrared (IR) spectroscopy is to measure the interaction of infrared radiation 

with specimen by absorption, emission, or reflection (as shown in Figure 2.3c). 

The mid-infrared region, approximately 4,000–400 cm−1 is generally used to 

study the fundamental vibrations and rotational–vibrational structure. For NiFe 

LDH samples, attenuated total reflectance IR spectra of dry nanoparticulate 

powders were collected over the frequency range from 4000 to 400 cm−1 by 

averaging 32 scans with a resolution of 4 cm−1. 

2.3.5 Mössbauer spectroscopy 

Mössbauer spectroscopy is a technique based on Mössbauer effect, from 

which minor variation in the nuclear environment of the atoms could be monitored. 

In our cases, it is conducted by Dr. Moulay Sougrati and Dr. Lorenzo Stievano 

from University of Montpellier, France. The absorbers were prepared using 50-

60 mg/cm² of material. The 57Fe Mössbauer spectra were measured at room 

temperature (293 K) with a 57Co/Rh source and a Kr gas proportional counter. 

The spectrometer was operated with a triangular velocity waveform, and the 

spectra were fitted with superpositions of appropriate sets of the Lorentzian. The 
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resulting parameters such as the electric quadrupole splitting Δ, the isomer shift 

δ (given relative to α-Fe), the linewidth  and the resonance area in percent of 

the total iron could be analyzed. 

2.3.6 X-ray photoelectron spectroscopy 

XPS, relying on the photoelectric effect, a surface-sensitive technique, can 

identify and quantify the elements on the surface of a sample, as well as their 

chemical states. When the sample surface is excited by a high-energy X-ray 

photon, the excited species will eject electrons and the emitted kinetic energy of 

the photoelectrons could be measured. XPS spectra were collected with a 

Phi5000 VersaProbe II from ULVAC-Phi Inc. with Al Kα as the monochromatic 

source (1.486 keV). The powder samples were pressed into an indium foil fixed 

with clamps on a sample holder. The survey spectra (Figure 2.3g) were obtained 

at 187.5 eV pass energy, 0.8 eV/step, 100 ms per step while the detailed core-

level spectra were recorded with a pass energy of 23.5 eV, 0.1 eV per step. 

Charge-correction is conducted by setting the peak of C-C 1s to 285 eV. 

2.3.7 Inductively coupled plasma 

Inductively coupled plasma contains the inductively coupled plasma mass 

spectrometry (ICP-MS) and optical emission spectroscopy (ICP-OES) for 

element analysis. When plasma energy is supplied to the analytical sample from 

the outside, the sample atoms are excited. Then the excited atoms return to 

lower-energy positions, the emission rays are released and measured. The 

element type and content are determined based on the position and intensity of 

the photon ray. The iCAP 7600 was used for ICP-OES for powder samples, 2 

aliquots of approximately 30 mg per sample were dissolved in 3 mL HCl + 1 mL 

HNO3 at ambient temperature 25 °C for 0.5 h. Each digestion solution was made 

up to 50 mL, and 2 replicate dilutions of each digestion solution (100-fold dilution) 

were prepared and analyzed. ICP−MS: Agilent 7900 was used to measure the 
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electrolytes. For the electrolytes (1M KOH) under different conditions, 20 mL were 

picked from the 200 mL total electrolytes after the stability test (1000 cycles 

between 1.0 – 1.7 V). Three replicate dilutions of each sample (100-fold dilution) 

were prepared and analyzed, then the averaged data with deviation were 

obtained. 

2.3.8 X-ray absorption spectroscopy 

XAS is a widespread technique used to characterize the local geometry 

and/or electronic structure of substances (as shown in Figure 2.3d). When the 

X-ray strikes an atom of the sample, the core electrons would either be excited 

to the unoccupied higher energy state (known as X-ray absorption near-edge 

structure, XANES) or the continuum state as extended X-ray absorption fine 

structure (EXAFS). The experiment testing detail was published in our previous 

work. All XAS experiments were conducted at the Fe K-edge (7112 eV) and the 

Ni K-edge (8333 eV) on the P65 beamline of the Deutsches Elektronen-

Synchrotron (HASYLAB/DESY PETRA III, Hamburg, Germany) with the help 

from Dr. Bruna Ferreira Gomes Lobo and Prof. Christina Roth from University of 

Bayreuth 133. Incoming photon flux energy was modulated with a Si(111) double 

crystal monochromator and the effective suppression of higher harmonics was 

achieved using Si-plane mirrors. The data were collected from -150 eV to +1000 

eV (measured against the edge energy) with a scan energy increment of 0.55 eV 

in continuous mode. Spectra were collected in transmission mode, concomitantly 

with the spectrum of an Fe or Ni foil for energy calibration and alignment.  

Three NiFe LDH samples, prepared in pellets to ensure an edge absorption 

of 1 unit, were analyzed using XAS. A total of 4 scans were measured and 

averaged per sample. Fe K-edge and Ni K-edge were measured for all samples 

and references (Fe(NO3)3 and Ni(NO3)2). Oxidation state information was 

obtained through XANES region analysis and structure geometry information 

(coordination number and bond distance) were determined through the fit of the 
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EXAFS. The measured spectra were processed (calibrated, averaged and 

normalized) using the Athena software and the EXAFS fits were made using the 

Artemis software.134 

The XANES region from -20 to 100 eV relative to Fe-K and Ni-K edges was 

analyzed. The samples were compared with the spectra of the precursors: 

Fe(NO3)3 and Ni(NO3)2, respectively. The EXAFS spectra were normalized in the 

range of 150 to 850 eV in relation to the edge, using the Athena program.134 The 

normalized spectra were then transferred to the Artemis program,134 where the 

fitting was made. The appropriate scattering paths were generated with the atoms 

code (already present in the Artemis program).135 The appropriate scattering 

paths were generated and extracted with the atoms code already embedded in 

the Artemis program. Only one single-scattering path was used for each edge, 

Fe-O and Ni-O first shell for Fe K-edge and Ni K-edge, respectively. The fitting 

was done in R-space (1 to 2 Å). For all fits, the Debye-Waller factor, σ2, and E0, 

which is a parameter used to align data energy with reference material energy, 

were calculated. The coordination number, CN, was determined using the “Amp” 

parameter in the Artemis program, according to the following equation:136 

N = (amp ×Ntheory)/S0
2 

Where S0
2 = 1 for Fe and Ni K-edges, Ntheory (Fe-O and Ni-O) = 6. 

A reasonable EXAFS fit takes into account many parameters and their 

accuracy (as well as correlations): the R-factor should be smaller than 0.02, ΔE0 

should not be too large (typical range ± 0 – 15 eV), S0
2 was fixed at 1, as was 

previously done (typical range 0.7 – 1.05) and σ2 (typical range 0.002 – 0.03 Å2) 

cannot be negative,134 with the number of independent points not larger than 2/3 

of the total number of independent point as evaluated by the Nyquist criterion.137   
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Chapter 3 Electrochemical protocols and benchmark 

for OER catalysts 

3.1 Background and motivation 

The RDE method is the most common experimental technique for evaluating 

the electrochemical half-cell performance of electrocatalysts in a liquid electrolyte. 

This method evaluates the catalysts under simplified conditions to reveal the 

intrinsic properties and basic catalytic mechanism. So far, there is no perfect 

metric to represent the intrinsic activity of catalysts. The literature suggests a 

comparison of the polarization curve, Tafel slope, turnover frequency (TOF), and 

more, but some are unavailable or inaccurate. For example, it is almost 

impossible to obtain the exact number of active sites involved in the reaction to 

calculate the TOF. For nickel-based catalysts, it is economically permissible to 

increase the amount of catalyst loading to improve their activity but it does not 

seem fair enough to conclude that 2 mg/cm2 catalyst A is more active than the 

0.2 mg/cm2 catalyst B. Besides, for the actual application of catalysts in alkaline 

water electrolyzers, increasing loading is not unlimited so it is not an essentially 

efficient method.  

Moreover, each non-universal part of experimental testing could bring in 

extra electrochemical interference, inaccurate evaluation, and possible 

misinterpretation on catalyst performance. On account of this, some testing 

protocols for OER activity measurements based on theoretical analysis and 

empirical guidance have been recommended,138 and designed experiments have 

also studied the influence of certain specific testing aspects, like electrolyte effect, 

cell material, etc.139–141  
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It is important that a systematic experimental investigation on the possible 

impacts of electrochemical testing setup and protocols on catalytic performance 

is still essential and worthwhile. Several issues related to the testing protocol 

should be addressed and solved, including the different test strategies, the 

alternative components of set up, for example, the effect of the counter electrode, 

the electrolyte, the selection of a cell material (e.g., glass cell instead of a Teflon 

cell), the impact of iron impurity as well as the catalyst loading and substrates 

while evaluating nickel-based catalysts to evaluate the activity, and stability of 

catalysts.  

3.2 Test strategy for OER activity 

A focus on each component of the half-cell setup was placed to evaluate and 

validate their effect on the performance and stability of the catalysts for OER. To 

ensure the uniformity and reliability of the experimental conclusion on catalysts 

with different structures, we chose a polycrystalline nickel electrode (Ni electrode), 

commercial nickel nanoparticles (Ni/NiO, 20 nm diameter with 2-5 nm oxide layer 

at the surface), and commercial nickel nanoparticles with 20% XC-72 carbon 

catalysts (Ni/NiO/C) to represent three basic catalyst systems. For Ni/NiO/C 

system, 20% carbon is enough to increase the conductivity (Figure 3.1) and 

minimize the possible impact from carbon on general performance, like carbon 

oxidation/corrosion under OER high potential conditions. To reduce the 

experimental contingency error, we carried out at least three repeated 

measurements for one experiment, the average curves presented with an error 

bar in the figures. All the possible effects from each electrochemical testing 

component are checked and compared by the changes of linear sweep 

voltammetry (LSV) curves using at least two alternatives. The possible effect of 

iR correction directly by potentiostatic adjustment or manual calculation was 
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checked and shown in Figure 3.2, no difference between the two could be 

observed. 

Figure 3.1 Comparison of Ni/NiO with various ratio carbon electrodes. Nominal activity 

normalized by geometry area (a) and mass activity normalized by rough mass of nickel 

(b) in Ni/NiO nanoparticles with 0, 20%, 40% and 80% mass ratio XC-72 carbon. 

 

Figure 3.2 LSV curves of a Ni-based electrode in 1 M KOH without and with 85% iR drop 

compensation manually corrected or automatically corrected using the potentialstat. 

As we know, there is a similar activation process for nearly all Ni-based 

catalysts to transform from the initial structure into active NiOOH intermediates 

under high potential.27,117,142 This means a real activity of nickel-based catalyst 

will not achieve while performing only a LSV test directly. Therefore, several 

cycles before LSV were checked to activate the nickel electrode to generate a 

steady curve and a reliable evaluation of the activity. As shown in Figure 3.3a, 
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the LSV curves after cyclic voltammetry (CV) treatment present improved activity 

compared with the direct LSV test of the nickel electrode, the inserted 

corresponding enlarged nickel redox peak confirmed its activation process. At the 

same time, ten cycles are enough to trigger the activation, and even more cycles 

(20 CV+LSV) will not increase the current further. 

 

Figure 3.3 CV activation and reductive potential treatment of Ni electrode. (a) LSV curves 

after several cycles 0 (direct LSV), 5, 10 and 20 CV activation treatment (5, 10, 20 CV + 

LSV). (b) Comparison of direct LSV, LSV curves after reductive potential treatment at -

0.05 V vs for 30 seconds (CA+LSV), LSV curve after 10 cycles CV activation (CV+LSV) 

and LSV curve after combining 10 cycles activation and reductive potential treatment at 

-0.05 V vs for 30 seconds (CA+CV+LSV).    

Another fundamental concern toward RDE testing is the wettability of the 

electrode in the electrolyte. If the wettability is poor, most active sites of the 

catalysts will not contact the electrolyte and participate in the catalytic reaction, 

leading to a deceptive performance. Here, we adopted a constant reductive 

potential treatment before LSV tests by keeping the working electrode at -0.05 V 

for 30 s.143 The LSV curves with the chronoamperometry (CA) process exhibit an 

increase in the capacitance and OER current compared with direct LSV curves, 

as presented in Figure 3.3b. This improved activity results from the reductive 

potential, the oxygen bubbles covering the surface could be consumed, leading 

to an improvement in wettability at the catalyst-electrolyte interface. The effect of 

CA treatment is also experimentally confirmed by the bubble disappearing, the 
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reductive current at the CA process, and the more repeatable LSV curves (Figure 

3.4). In summary, the testing protocol of OER activity suggested from our work is 

to start with a constant reductive potential treatment (-0.05 V for 30 seconds), 

followed by ten cycles of activation (10 CV), and then the LSV polarization curves. 

 

Figure 3.4 (a) the CA curve of Ni electrode at constant reductive potential -0.05 

V for 30 seconds. Inserted pictures show the working electrode covered with 

bubbles at the beginning, and later the bubbles were consumed after the CA 

process. (b,c) LSV curves of independent three batches of Ni electrode without 

(b) and with (c) the CA process. Due to the different wettability, the three curves 

in (b) present some deviation, and the repeatability was improved after CA 

treatment in (c). 

3.3 Test strategy for OER stability 

Two model strategies, galvanostatic or potentiostatic measurements, are 

being used to evaluate the OER stability over time.144 The cycling process (1000, 

2000, 5000 cycles or more) is a typical protocol to compare the changes in CV 
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curves.11,72,76,78,91,93 While some reports prefer to record current curves at the 

constant potential for tens of hours (10, 20, 50 h, and so on), then the trend can 

be observed intuitively.36,66,73,94,96  

However, one crucial factor, the continuously evolved oxygen at OER 

potential, will interfere with the exhibited CV or CA curves for stability evaluation. 

The dynamic process could be simplified and is illustrated in Figure 3.5a: When 

the test starts, the electrode observed as ideal wetted after reductive potential 

treatment (stage 1). Then the OER reaction is triggered, oxygen gas produces, 

aggregate, and gradually form bubbles at the surface of catalysts film even with 

high-speed rotation (stage 2). Later the bubbles grow in size when more oxygen 

gas assemble and converge (stage 3). As the pressure from electrolytes and 

centrifugal force due to the rotating increase, the electrode will remove the 

bubbles finally, bringing the electrode back to initial wetted status (stage 1). This 

cycle repeats itself in an irregular period.  

Figure 3.5b shows the CA curve of the Ni electrode at 1.6 V over time, zigzag 

periodic variation confirms the dynamic cycle of bubble formation, accumulation, 

and elimination on the electrode for the stability tests. As the dynamic process is 

uncontrollable, the period is random and unpredictable, it is hard to select the 

right point to compare the performance before and after stability tests. For 

example, the current at the endpoint on CA curves may be obtained with 

unremoved bubbles at stage 3 compared with the current at stage 1, the value 

change of currents will underestimate the stability of the catalysts. 

The effect of oxygen bubbles can also be observed on the continuous cycling 

process. As shown in Figure 3.5c, the overpotentials at 10 mA/cm2 from different 

cycles present a periodic vibration, which will affect the accurate assessment of 

the stability. The CV curves at a fast scan rate for stability tests could not reflect 

the real performance directly due to the increased capacitance current and limited 

mass transfer.  
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Figure 3.5 (a) illustration of dynamic cycling of bubble formation, accumulation, and 

elimination during stability tests, (b) CA curves of Ni electrode at 1.6 V over time, (c) 

overpotentials of CV curves from 1st to 1000th cycles. 

Therefore, our protocol to evaluate OER stability is by two LSV curves before 

and after the long-time tests. The three stages of the electrode during the 

dynamic cycling or potentiostatic/galvanostatic periods are just an intermediate 

process with no effect on the final LSV tests when we applied constant reductive 

potential to remove all possible bubbles. As shown in Figures 3.6, although the 

direct CA/CV curves of Ni electrode from different batches show a significant 

difference, which may lead to an inaccurate evaluation of stability, the 

corresponding LSV curves before and after stability tests are still consistent. That 

confirms our protocol by comparing LSV curves, not direct CA or CV curves, could 

get a fair and reliable evaluation of OER stability.  
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Figure 3.6 (a) CA curves of Ni electrode of two batches at 1.6 V for 4 hours and (b) the 

corresponding LSV curves after CA process. Although the CA curves show big difference, 

which may lead to inaccurate evaluation of stability, LSV curve present consistent trend, 

so these verify the advantage of taking LSV to compare stability, not direct CA curves. 

(c) 1st and 1000th CV curves of Ni electrode of two batches during the cycling between 

1.0-1.7 V and (d) the corresponding LSV curves after these 1000 cycling process. 

3.4 Test setup components 

3.4.1 Counter electrode 

In the literatures, Pt materials such as Pt wires, foils, or meshes are 

commonly used as the counter electrode, while few works would prefer carbon 

material, like graphite rod. But it is not clear which one is more proper for OER 

measurements. In this section, LSV measurements of Ni electrode, Ni/NiO and, 

Ni/NiO/C performed comparing the two counter electrodes Pt mesh and graphite 

rod, before and after 1000 cycles in 1 M KOH and presented in Figure 3.7a-d. 

The initial LSV curves of the Ni electrode tested with Pt mesh and graphite rod 



Chapter 3 Electrochemical protocols and benchmark for OER catalysts 

47 

 

counter electrodes show no effect on the OER activity (Figure 3.7a). This result 

was consistent with the LSV curves of Ni/NiO and Ni/NiO/C.  

 

Figure 3.7 Polarization curves of (a,b) Ni electrode, (c) Ni/NiO and (d) Ni/NiO/C samples 

by two different counter electrodes before (a) and after (b-d)1000 cycling process, 

including: graphite rod (green) and Pt (red); inserted figures are the corresponding 

magnification area before nickel redox peak, the added red arrow is the indication of 

increased current at 1.0-1.4 V after cycling when using graphite as counter electrode. 

However, for the stability test, the two LSV curves after 1000 cycles exhibit 

differences at the capacitance area from 1.1 V to 1.35 V before the nickel 

oxidation peak. The LSV curves are flat for Pt mesh, while an increase in the 

current exists for graphite rod (red arrow in Figure 3.7b). This effect attributed to 

the graphite rod, and more precisely, the oxidation of carbon. This increasing 

current of carbon corrosion also appeared in Ni/NiO and Ni/NiO/C, as shown in 

Figures 3.7c and d. Previous studies have shown carbons would steadily be 

oxidized and corroded under high potentials, and the extra oxidation would bring 
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negative influences such as the accurate evaluation of catalyst stability.145–147 

Although the overall LSV curve and corresponding OER activity did not change 

significantly after 1000 cycles, the influence from the counter electrode could be 

accumulated at an extended time or enlarged at more severely oxidative 

conditions. Besides, the extra current will overlap with the capacitance current 

and nickel oxidation peak, then hinder the accurate analysis of capacitance for 

ECSA determination and charge transfer number during the nickel oxidation 

process. In contrast, Pt mesh is stable.  The possible negligible Pt dissolution-

redisposition will lead to a minor effect on the OER catalysts. Therefore, we 

recommend using Pt material as a counter electrode for the evaluation of alkaline 

OER catalysts, especially for long-time stability tests. 

3.4.2 Electrochemical cell 

Glass cell and Teflon cell are the two options of performing electrochemical 

tests. For alkaline electrolysis, the choice of cells is critical because the corrosion 

process of the glass material creates impurities that can influence the evaluation 

of the catalysts. The influence has been studied in other systems, for example, 

the negative effect of silicates leaching from glass components into the electrolyte 

on the process of the oxygen reduction reaction.140 But in alkaline OER conditions, 

it is not yet clear whether it plays a role. Therefore, we compared the possible 

effect of Teflon and glass cell on OER activity and stability of Ni electrode, Ni/NiO, 

and Ni/NiO/C systems. As shown in Figure 3.8, the initial activity tested in these 

two cells shows no difference because the rate of glass corrosion is not fast. 

During the extension of the test time for 1000 cycles, two consistent LSV curves 

within the error range were observed for all three systems. This means that the 

cell material has no obvious influence on the OER performance during the 1000 

cycles. One possible reason could be that the duration of 1000 cycles (~4 hours) 

is not yet long enough for a significant increase of impurities in the electrolyte, 

and another reason is that the leaching components, including silicates, boron, 
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aluminum, or lead, are not active and do not participate in and influence this OER 

process. Nevertheless, to eliminate all possible effects from impurities, we 

recommend the use of Teflon cells for alkaline electrochemical measurements 

and to avoid the use of other glassy materials in the preparation and storage of 

alkaline electrolytes, such as the commonly used glass volumetric flasks and gas 

inlets. 

 

Figure 3.8 Polarization curves of (a,b) Ni electrode, (c,d) Ni/NiO and (e,f) Ni/NiO/C 

samples by two different cells before (a,c,e) and after (b,d,f) 1000 cycling process, 

including: Teflon cell b (green) and glass cell (red). 
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3.4.3 Electrolyte 

A critical decision for OER measurements in alkaline conditions is the 

electrolyte. KOH and NaOH are the two commonly used electrolytes, but even 

with the same OH- concentration a remarkable influence on the OER activity can 

be observed. Figure 3.9a-c presents the polarization curves of the Ni electrode, 

Ni/NiO, and Ni/NiO/C catalysts in two electrolytes. As can be observed the 

activities before and after 1000 cycles tested in KOH are superior to those tested 

in NaOH. The different metal cations K+ and Na+ in these two electrolytes could 

be the reason for the different activities of the same catalysts: Jin et al. found 

various ORR behavior in NaOH and KOH due to the size difference between 

potassium and sodium cations, resulting in different physicochemical properties 

such as solution viscosity, oxygen solubility, and oxygen diffusion coefficient.141 

By in situ surface-enhanced Raman spectroscopy, Suntivich et al. concluded that 

the cationic species modify the formation energy of ORR/OER intermediates, 

such as superoxo-NiOO-, and then affect their catalytic performance.148 Recently, 

it was pointed out that the inherently small variations of pH in different electrolytes, 

even at the same prepared molar concentration, were responsible for the OER 

activity, rather than the specific alkali metal cation or related hydroxides.149  

In addition to the different cation species, the impurity in electrolytes, varying 

from various sources, also affects catalytical performance. For example, Alia et 

al. revealed that the electrolyte manufacturer and purity would impact the HER-

HOR performances.150 To avoid the influence of impurity from the electrolyte, 

especially Fe ions, considering its absorption and enhancement effect on nickel 

based OER catalysts, purified KOH was used and compared. Figure 3.9b-f 

present the polarization curves of the Ni electrode, Ni/NiO, and Ni/NiO/C samples 

in purified KOH and KOH before and after the 1000 cycles. The initial activity of 

the three catalysts in KOH is much higher than in purified KOH. This phenomenon 

has been reported and proved for Ni-based OER catalysts, the incorporation of 
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Fe could significantly increase the activity by charge transfer effect or increased 

active sites.22–24,32,148 The Fe impurity will interact with the pristine Ni-based 

catalysts, resulting in the overestimated OER performance.151 Therefore, the 

purification of KOH is necessary to reflect the intrinsic activity of Ni-based 

catalysts.  

 

Figure 3.9 (a-c) polarization curves of (a) Ni electrode, (b) Ni/NiO and (c) Ni/NiO/C 

samples in two different electrolytes before and after 1000 cycling process, including: 

NaOH before (green) and after (red) 1000 cycles, KOH (light green) and after (orange). 

(d-f) polarization curves of (d) Ni electrode, (e) Ni/NiO and (f) Ni/NiO/C samples in two 

different electrolytes before and after 1000 cycling process, including: purified KOH 

before (green) and after (red) 1000 cycles, KOH (light green) and after (orange). 
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As shown in Figure 3.9b-f, the currents of LSV curves for Ni/NiO and 

Ni/NiO/C catalysts after 1000 cycles in purified KOH exhibit severe degradation 

compared with the initial curves. Ni electrode still presents increased activity 

during this process and maintains the same trends as in KOH. One possible 

reason for the difference in stability is the relationship between the catalyst and 

the GC electrode. The Ni electrode is stable enough as a whole, while Ni/NiO and 

Ni/NiO/C nanoparticles might fall off the electrode due to weak mutual 

connections. Although, no visible drop of the catalyst was observed in the 

electrolyte during the cycling process. To strengthen the connection of 

nanoparticles, we doubled the ratio of Nafion to ensure that the binder was 

sufficient in the preparation of the inks (the mass ratio of ionomer to catalysts is 

I/C = 12.5% and 25% when the Nafion fraction is increased from 5% to 10%).152 

However, this strategy did not improve the stability of Ni/NiO in purified KOH, and 

the degradation is still quite strong (Figure 3.10). The activity of Ni/NiO with 10% 

Nafion is lower than Ni/NiO with 5% Nafion because the active site is covered by 

more ionomer, which is consistent with the previous report.152 This experiment 

demonstrates that catalyst dropping is not the reason for the degradation of 

Ni/NiO and Ni/NiO during the cycling process. 

 

Figure 3.10 LSV curves of Ni/NiO catalysts with different ratio (a) 5%, (b) 10% Nafion 

before and after 1000 cycles between 1.0-1.7 V. 
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Considering their opposite trends, robust stability of Ni/NiO and Ni/NiO/C in 

KOH, a reasonable conjecture accounting for the degradation is the electrolyte, 

more specifically the Fe impurity. As we know, the Fe ions in KOH could be 

absorbed on nickel-species intermediates during the cycling process, then 

increase the OER activity of pristine catalysts to some extent, which could 

compensate for the intrinsic current loss of Ni/NiO and Ni/NiO/C in purified KOH, 

and distract the accurate evaluation of the real OER stability of Ni-based catalysts. 

It is worth mentioning that there are generally two representative options for 

stability test strategies, including cycling the electrode in galvanostatic or 

potentiostatic tests over time. All former stability tests were performed during the 

cycling process, as this is a commonly-used protocol for evaluating OER 

catalysts.11,72,76,78,91,93 Therefore, we also tracked the changes in the LSV curves 

of the three nickel catalysts after potentiostatic measurements at a fixed potential 

of 1.6 V for 4 hours, a similar duration to the 1000 cycling process. As shown in 

Figure 3.11a and b, the Ni/NiO and Ni/NiO/C catalysts show a slight increase in 

currents after 4 hours in KOH, similar to their trend during the 1000 cycle process. 

In contrast, the Ni/NiO and Ni/NiO/C catalysts show small or no degradation 

during potentiostatic testing in purified KOH (Figure 3.11c and d), which is 

significantly different from the sharp decrease during the 1000 cycles (Figure 

3.10b and c). The two strategies for stability test exhibit consistent trend in KOH 

but different results in purified KOH: unstable during the cycling process but quite 

robust at a constant potential.  

This inconsistent behavior of stability in purified KOH seems unusual. In 

general, Ni-based catalysts may show degradation due to corrosion/etching at 

high oxidative potential during the potentiostatic process. In contrast, during the 

cycling process, catalysts will undergo oxidation and reduction from low potential 

to high potential back and forth, therefore situated at the high potential for less 

time overall and should exhibit more robust stability. One possible reason is that 
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the degradation mechanism is closely related to the cycling process. A similar 

phenomenon reported for gold, a decay of the electrochemical activity occurs 

only in the reduction range from the cycling process. Avoiding the reduction 

process while using the potentiostatic measurements, dissolution and 

degradation will not happen.153,154 Here, for the stability of Ni/NiO and Ni/NiO/C 

catalysts measured by potentiostatic tests, the oxidative potential is always 

present and no reduction reaction of nickel species, nickel dissolution, and 

general degradation could occur.  

 

Figure 3.11 Potentiostatic stability of Ni/NiO and Ni/NiO/C catalysts. (a-d) polarization 

curves of (a,c) Ni/NiO and (b,d) Ni/NiO/C samples in KOH (a,b) and purified KOH (c,d) 

before and after potentiostatic test at 1.6 V vs RHE for 4 hours, LSV before (green) and 

LSV after (red). Different scales are chosen to present the OER performance of the 

catalysts in electrolytes. 

Based on the above results, the cycling stability and potentiostatic stability 

of Ni-based catalysts are different in purified electrolytes. Recent work on the 

degradation mechanism of electrodeposited Ni(OH)2 catalysts showed that 

irreversible phase transitions from β-Ni(OH)2/β-NiOOH to γ-Ni(OH)2/γ-NiOOH are 
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responsible for the redox stability.155 While we found the catalysts are pretty 

stable at constant potential, therefore, we suggest selecting the proper strategy 

to evaluate the stability of catalysts based on their actual application. Cycling 

stability of catalysts under fluctuating potentials on RDE simulates their working 

condition in fuel cells or an electrolyzer while potentiostatic stability simulates 

their utilization in an electrolyzer working with constant DC supplies.144 Moreover, 

sufficient attention should be placed on the effect of the electrolytes to conclude 

the real degradation mechanism. the adsorption of iron impurity into Ni-based 

species should be considered as it will possibly mask the real loss of stability. 

Electrolyte purification is a non-ignorable procedure for a reliable evaluation of 

the intrinsic stability of Ni-based OER catalysts. 

3.5 Catalyst loading 

In general, to determine an optimal loading for OER, representative 

polarization curves of certain catalyst with different loadings were selected and 

presented in the work as the reported nominal activity.73,156 However, objective 

comparisons between OER catalysts are blurred by the use of different loadings. 

Here, we selected two typical OER catalysts, commercial nickel oxide 

nanoparticles (denoted as Ni/NiO) and our own highly active NiFe Moreover LDH 

as different systems, designed a standardized protocol to compare the catalysts 

with various loading in terms of activity and stability. 

3.5.1 Loading effect on OER activities  

Therefore, the influence of added catalyst loading on their activities were 

investigated at different substrates, and firstly common GC used for RDE tests. 

Due to the relatively small geometric area of the GC electrode (~0.2 cm2), the 

catalyst loading on GC is usually low, ranging from 0.1 to 0.5 mg/cm2, with the 

loading of 0.2 mg/cm2 the most typical.11,77,83,91 Hence, we dropped cast NiFe 

LDH catalysts on GC with three different loading varying from 0.2 to 0.8 mg/cm2 



Chapter 3 Electrochemical protocols and benchmark for OER catalysts 

56 

 

and compared the corresponding OER performance. When the loading increases 

from 0.2 to 0.4 mg/cm2, the NiFe LDH electrode show higher current density and 

lower overpotential at 50 mA/cm2 (Figure 3.12a and b), indicating better OER 

activity; Then more catalysts were further added to reach 0.8 mg/cm2, the 

polarization curve and overpotential both show a decline in activity. In other words, 

a moderate loading of catalysts on GC present best OER activity while too less 

or too much loading will lead to degraded performance. This trend is also 

consistent with the findings of other catalysts in previous works.73,156  

 

Figure 3.12 OER polarization curves of the NiFe LDH catalysts in 1 M KOH solution with 

different loadings on GC: 0.2, 0.4 and 0.8 mg/cm2. The corresponding (b) 

overpotentials@50 mA/cm2, (c) Tafel slopes and (d) ECSA tests. 

To make clear the underlaying reason, we compared their Tafel slope and 

electrochemical surface area (ECSA, details in Experiment part) (Figure 3.12c 

and d). From 0.2 to 0.4 mg/cm2, the NiFe LDH electrode show reduced Tafel 

slope from 60 to 43 mV/dec1 and enlarged ECSA from 7.48 to 9.03 µF/cm2, 
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indicating more active site and faster kinetics, favoring the transport and 

separation of evolved charge and mass carriers. While a further increase of 

catalysts at 0.8 mg/cm2 results in higher Tafel slope and reduced ECSA, probably 

due to the mutual coverage of powders and the increase resistance of charge 

transfer between catalysts and substrates.2 

 

Figure 3.13 OER polarization curves of the Ni/NiO catalyst in 1 m KOH solution with 

different loadings on GC: 0.2, 0.4 and 0.8 mg/cm2. The corresponding (b) amplifying of 

Ni oxidation region, (c) overpotentials@10 mA/cm2 and (d) ECSA tests. 

Besides of the homemade NiFe LDH catalysts, we also confirm the loading 

effect on GC electrode for commercial Ni/NiO powders (Figure 3.13). Similarly, 

as the loading increase gradually from 0.2 to 0.8 mg/cm2, the corresponding Ni 

oxidation peak and ECSA enlarged simultaneously, indicating more Ni/NiO 

catalysts participate in the reaction. However, the highest activity plateau was 

obtained at 0.4 mg/cm2, and the lower current density for 0.8 mg/cm2 Ni/NiO at 

high potential was limited by mass transfer process.  
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To reduce the number of catalysts and increase their catalytic activity, 

nanostructure electrode in combination with large surface area substrates are 

often used, for example, catalysts coated on nickel foam (NF) or carbon paper 

(CP) supports. So we also investigated the effect of catalyst loadings on CP and 

NF. Figure 3.14a-c show the structure of NiFe LDH catalysts coated on CP with 

various loading 0.2, 0.4 and 0.8 mg/cm2. The three-dimensional composite 

electrode structure supported by carbon fiber provide plenty of space for catalysts, 

hence, as the loading of NiFe LDH increase, the distributed catalysts on the fiber 

surface also gradually raise without serious inter-covering. This phenomenon is 

confirmed by their catalytical performance in Figure 3.14d and e, that their OER 

activities improve when the loading of NiFe LDH increase from 0.2 to 0.8 mg/cm2 

and reach a plateau at 1.2 mg/cm2. At the same time, the gradually increasing 

nickel oxidation peak and the consequent weakening carbon oxidation peak in 

Figure 3.14f also verify the dominating role of catalyst itself and less involvement 

and influence from the CP substrate as more catalysts load. 

 

Figure 3.14 (a-c) SEM images of the NiFe LDH catalysts with different loadings on CP: 

0.2, 0.4 and 0.8 mg/cm2. The corresponding (d) OER polarization curves, (e) amplifying 

of carbon and nickel oxidation region and (f) overpotentials@50 mA/cm2. 
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In addition, the effect of catalyst loading on NF show similar trends: SEM 

images in Figure 3.15a-c indicate more NiFe LDH catalysts are gradually coated 

on the NF surface with increasing load. The electrochemical behavior in Figure 

3.15d-f demonstrates NF are partly covered by catalysts when firstly 0.2 mg/cm2 

NiFe LDH are coated, with increased OER current, reduced overpotential and 

weakened nickel oxidation from NF. Then the catalyst loading start to increase 

from 0.2 to 0.4 mg/cm2, more catalysts cover the substrate and participate in OER 

process with more notable activity. While a further increased loading reaches to 

0.8 mg/cm2, there is no greater activity together with the almost unchanged nickel 

oxidation peaks from NF substrate and NiFe LDH catalysts. This conclusion is 

also in agreement with the trend reported in the literature.157 

 

Figure 3.15. (a-c) SEM images of the NiFe LDH catalysts with different loadings on NF: 

0.2, 0.4 and 0.8 mg/cm2. The corresponding (d) OER polarization curves, (e) amplifying 

of the nickel oxidation region and (f) overpotentials@50 mA/cm2. 

In addition to the homemade NiFe LDH catalysts, we also compared the 

OER activities of commercial Ni/NiO powders on NF and CP with different 

loadings (Figure 3.16). Consistently, the area of the associated nickel oxidation 

peak increases with larger loadings, but the corresponding OER activity does not 

raise indefinitely. Based on the above results, catalyst loading exhibits an 
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unignorable effect on the activity: in a certain range, an increased loading will 

lead to a higher current density due to the involvement of more active sites in the 

reaction, but a further increase in loading does not bring a sustained 

enhancement in activity, due to the catalyst inter-coverage and mass transfer at 

large current densities. Also, this effect is more pronounced for the highly active 

NiFe LDH catalysts while the difference in activity for different loadings is 

relatively slight for common Ni/NiO catalysts. Therefore, the effect of catalyst 

loading on OER activity should be emphasized and it is necessary to use same 

loading to compare different catalysts. 

 

Figure 3.16 (a-c) OER polarization curves, (b) amplifying of nickel oxidation region and 

(c) overpotentials@10 mA/cm2 of the Ni/NiO catalysts with different loadings on NF: 0.2, 

0.4 and 0.8 mg/cm2 before and after cycling between 1.0-1.7 V for 1000 cycles. (d) OER 

polarization curves, (e) amplifying of nickel oxidation region and (f) overpotentials@10 

mA/cm2 of the Ni/NiO catalysts with different loadings on CP: 0.2, 0.4 and 0.8 mg/cm2 

before and after cycling between 1.0-1.7 V for 1000 cycles.  

3.5.2 Loading effect on cycling stability  

Stability is another critical merit when designing OER catalysts for 

applications as practical water electrolyzers have to operate consistently and 

efficiently over a long time (over thousands of hours or cycles). Therefore, it is 
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also essential to consider the effect of loadings on catalyst stability performance. 

There are two common strategies used for stability measurements: cycling the 

electrode and keeping the electrode at galvanostatic or potentiostatic conditions, 

simulating their respective situations for practical applications.144   

Here, we firstly investigate the cycling stability of NiFe LDH catalysts with 

different loadings 0.2, 0.4 and 0.8 mg/cm2 by comparing their polarization curves 

before and after cycling between 1.0-1.7 V for 1000 times in 1 M KOH. As shown 

in Figure 3.17a and d, all the NiFe LDHs on GC electrode show reduced current 

densities and increased overpotentials, indicating degraded performance during 

the cycling process. More severe degradation for 0.8 mg/cm2 may come from the 

low conductivity and mass transfer limitations at high loadings.  

 

Figure 3.17 (a-c) OER polarization curves and (d-f) corresponding overpotentials@50 

mA/cm2 of the NiFe LDH catalysts with different loadings 0.2, 0.4 and 0.8 mg/cm2 on 

various substrates before and after cycling between 1.0-1.7 V for 1000 cycles in 1M KOH. 

NiFe LDH on (a,d) GC, (b,e) NF and (c,f) CP. Different scales are chosen in a and d to 

present the OER performance of the various electrodes clearly.  

Similarly, NiFe LDH catalysts with different loadings on NF and GC (Figure 

3.17b-f) exhibit comparable stability trend, a certain degree of decline. Equivalent 

experiments were also conducted in the Ni/NiO catalysts with different loadings 
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(Figure 3.16), which exhibited certain degree of activity improvement for all the 

three kinds of substrates regardless of the load. Namely, the catalyst loading does 

not affect its performance in terms of cycling stability trend, although the degree 

of changes may vary slightly. 

3.5.3 Loading effect on potentiostatic stability  

The possible correlation between the catalyst loading and their potentiostatic 

stabilities were also checked. As shown in Figure 3.18, the polarization curves 

and corresponding overpotentials of NiFe LDH catalysts with two loading on a 

certain substrate before and after keeping at 1.6 V for 20 h were recorded, the 

catalysts on each substrate GC, CP or NF show a certain degree of decrease in 

current density and increase in overpotential, indicating the same stability trend 

for different loadings at 0.2 and 0.8 mg/cm2. Such conclusion can also be 

confirmed from the identical experiments in the Ni/NiO system with different 

loading but similar activity enhancement after constant potential aging process 

(Figure 3.19). The different stability trend of NiFe LDH and Ni/NiO catalysts 

indicate their distinct intrinsic electrochemical properties, an improvement due to 

the formation of active nickel hydroxides for Ni/NiO while metal dissolution 

leading to the degradation for NiFe LDH (details discussed in Chapter 4). Above 

all, the loading does not change the potentiostatic stability of the Ni/NiO catalysts 

as well. 
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Figure 3.18 Loading effect on the potentiostatic stability of NiFe LDH catalysts. (a-c) OER 

polarization curves and (d-f) corresponding overpotentials@50 mA/cm2 of the NiFe LDH 

catalysts on various substrates before and after keeping at 1.6 V for 20 h in 1 M KOH 

solution. NiFe LDH on (a,d) GC, (b,e) NF and (c,f) CP. Different scales are chosen in a 

and d to present the OER performance of the various electrodes clearly. 

 

Figure 3.19 OER polarization curves of the Ni/NiO catalysts on various substrates before 

and after keeping at 1.6 V for 20 h in 1 M KOH solution. NiFe LDH on (a) GC, (b) NF and 

(c) CP. (d-f) The corresponding overpotentials@10 mA/cm2, respectively. 
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3.6. Substrate effect  

The effect of loading on catalyst performance has been demonstrated in the 

previous section, but at the same, the substrates, served as current collectors 

and mass supports, also exhibits obvious influence on the OER performance of 

NiFe LDH and Ni/NiO catalysts from the last section. Catalyst substrates are very 

sensitive to OER process, but not always the same in the reported testing 

protocols. Among them, CP and NF are suitable candidates for catalyst support 

besides GC due to their low cost, excellent conductivity, mechanical strength, and 

chemical stability under alkaline conditions.66,75,85,89 Thus, an objective evaluation 

of OER catalysts will be blurred by the different substrates. Therefore, in this 

section, the performance of NiFe LDH catalysts on GC, CP, and NF is compared 

and the possible effects of the substrates on OER activity and stability are 

investigated. 

3.6.1 Substrate effect on OER activity 

The structures of NiFe LDH catalysts on various substrates were observed 

by SEM images, as shown in Figures 3.20a-c, the NiFe LDH nanosheets covered 

with each other and stacked on top of each other for the powders, while they are 

more dispersed on the surface of the NF and CP supports. Consequently, such 

electrodes will have a larger active area, which was confirmed by the higher nickel 

oxidation peaks when NiFe LDHs were coated on NF and CP compared with their 

counterparts on GC (Figure 3.20d and f). Their corresponding current densities 

and overpotentials also state the substrate effect on the OER activities: NiFe 

LDH/CP > NiFe LDH/NF > NiFe LDH/GC. This trend is more obvious when we 

added 0.8 mg/cm2 NiFe LDH (Figure 3.20d-g), owing to the more crucial role of 

catalyst distribution at high loadings.  



Chapter 3 Electrochemical protocols and benchmark for OER catalysts 

65 

 

 

Figure 3.20 (a-c) SEM images of the NiFe LDH catalysts on various substrates. (a) initial 

NiFe LDH powders, NiFe LDH on (b) NF and(c) CP.  The corresponding (d,f) OER 

polarization curves and (e,g) overpotentials@50 mA/cm2 before and after cycling 

between 1.0-1.7 V for 1000 cycles in 1M KOH. Among them, (d,e) the loading of NiFe 

LDH is 0.2 mg/cm2 while (f,g) the loading of NiFe LDH is 0.8 mg/cm2. 

This type of effect has also been studied for Ni/NiO catalysts. As shown in 

Figure 3.21, Ni/NiO on porous 3D NF and CP supports show higher current 

density and lower overpotential compared to Ni/NiO on GC for two loadings at 

0.2 and 0.8 mg/cm2. Although the substrate effect is weaker due to the low 

intrinsic activity of Ni/NiO catalysts compared to NiFe LDH, it can be assumed 

that the influence of the substrate is crucial for most of the reported highly active 

catalysts. However, previous literatures often selected coated catalysts with high 

loadings on substrates other than GC to evaluate the performance of OER, for 

example, over 1 to 4 mg/cm2 catalysts on NF or CP.74,76,81,87,94 Our results show 

that the substrates contribute significantly to the nominal activities of the catalysts, 

especially at high loadings, therefore these conditions need to be carefully 

considered to give a fair evaluation of the activity of different catalysts. 
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Figure 3.21 (a-b) OER polarization curves, and (c,d) overpotentials@10 mA/cm2 of 

Ni/NiO catalysts before and after cycling between 1.0-1.7 V for 1000 cycles in 1M KOH. 

Among them, (a,c) the loading of Ni/NiO is 0.2 mg/cm2 while (b,d) 0.8 mg/cm2. 

3.6.2 Substrate effect on cycling stability 

Besides the activity, the OER stability of catalysts is often evaluated on other 

substrates, for instance, NF or CP, not conventional GC, therefore, it is necessary 

to figure out whether these different substrates will affect the stability performance 

of catalysts. As shown in Figure 3.20d-g, 0.2 and 0.8 mg/cm2 NiFe LDH catalysts 

on GC, NF, and CP all exhibit reduced current density and increased 

overpotential after 1000 cycles, while a slight difference of their degradation 

degree might come from the distinct involved active site numbers owing to the 

substrates. At the same time, the counterparts of Ni/NiO catalysts in Figure 3.21 

show the same stability trend on different supports. In general, the supports do 

not change the OER stability trend of the loaded catalysts. 
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3.6.3 Substrate effect on potentiostatic stability 

Compared with cycling stability, where the electrode's cycle in an 

oxidation/reduction process between high and low potentials, potentiostatic 

stability of OER catalysts implies continuous oxygen evolution process at 

constant high potential. Therefore, it can be inferred that the mass transfer and 

gas diffusion during potentiostatic conditions therein may be influenced more by 

the substrate of the electrode. Figure 3.22 illustrates a comparison of the stability 

of the NiFe LDH catalysts in different supports for both 0.2 and 0.8 mg/cm2 

loadings, the polarization curves and overpotentials indicating a consistent trend 

of stability, the degradation before and after holding at 1.6 V for 20 hours. Such 

similar results, roughly comparable activation was also observed for all the Ni/NiO 

catalysts coated on GC, NF, and CP after the same treatment process (Figure 

3.23). Therefore, the present results indicate that different substrates (at least NF 

and CP) can be used for stability testing of catalysts. 

However, it is worth noting that the potentiostatic stability of catalysts on GC 

is not always easy to achieve, as the electrode sometimes exhibits a significant 

current drop and an obvious catalyst drop after maintaining the potential for a 

certain period. This may be because the oxygen bubble, which is continuously 

produced from the catalytic layer at high potential, loosens the catalyst film and 

reduces the bonding within or with the substrate, eventually causing some of the 

catalysts to fall off the GC electrode. In contrast, the porous 3D structures of NF 

and CP are more conductive to gas diffusion and transport, so there is almost no 

obvious catalyst drop-off. This may be the reason why most of the previous 

literature has chosen NF or CP instead of GC for potentiostatic stability tests. 
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Figure 3.22 (a-b) OER polarization curves, and (c,d) overpotentials@50 mA/cm2 of the 

NiFe LDH catalysts on various substrates before and after keeping at 1.6 V for 20 h in 1 

M KOH solution. Among them, (a,c) the loading is 0.2 mg/cm2 while (b,d) 0.8 mg/cm2. 

 

Figure 3.23 (a-b) OER polarization curves, and (c,d) overpotentials@10 mA/cm2 of the 

Ni/NiO catalysts on various substrates before and after keeping at 1.6 V for 20 h in 1 M 

KOH solution. Among them, (a,c) the loading is 0.2 mg/cm2 while (b,d) 0.8 mg/cm2. 
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3.7 Benchmark Ni-based OER catalysts 

As we summarized in Chapter 1, numerous Ni-based catalysts have 

presented predominant OER activity, combined with various methods to improve 

their performance by increasing their active surface area and optimizing the 

intrinsic electronic structure. However, it is still not straightforward to make a 

reliable and fair comparison of the intrinsic OER activities of different Ni-based 

catalysts. As summarized in Table 1.1, the detailed test conditions for each 

catalyst among different groups show multiple and obvious differences. The most 

noticeable parameter is the loading of the catalysts, ranging from 0.02 mg/cm2 

for NiO nanoparticles to 4 mg/cm2 for NiFeP nanoplates. Although not all 

supported catalysts are fully involved in the reaction, the surface area and active 

sites will increase, which undoubtedly contribute to the superior activity. In 

addition, the testing protocols of these catalysts also differ between each other. 

As we discussed above, the possible effect of each component in the test setup 

on OER performance is crucial and several protocols were recommended in last 

sections. Therefore, we selected three typical Ni-based catalysts with the 

excellent performance, repeated their synthesis process, and then evaluated 

their OER activity by our proposed protocol. 

1) Bimetallic phosphide NiFeP nanoplate arrays on a Ni foam substrate. 

According to the literature, the incorporation of Fe and the supported 3D 

architecture enhanced the catalytic activity;76 

2) Amorphous NiFeMo oxides  

According to Duan et al., faster surface self-reconstruction during OER would 

form a metal core with oxy(hydroxide) shell structure, leading to superior OER 

activity;142 

3) NiFeCu oxyhydroxides. 

It was demonstrated that effective hydroxides with multi-metal sites 

supported on Ni foam, enhance the water oxidation performance.158 
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The samples were synthesized according to the described method, details 

can be found in the experimental part. To confirm the designed materials, XRD 

was used to check the crystal phase, as presented in Figure 3.24, all the main 

peaks are well consistent. The OER activity was checked by the reported protocol 

and our suggested protocol. 

 

Figure 3.24 Characterization of synthesized Ni-based materials. (a) XRD pattern and (b) 

TEM images of amorphous NiFeMo. XRD pattern of (c) NiFeCu and (d) NiFeP. 

As presented in Figure 3.25a, the OER activity of the NiFeP nanoplate 

arrays tested with our protocol shows a higher current than the reported results. 

This improvement may be due to the added activation process in our proposed 

test protocol (10 cycles before the LSV test), the improved activity is also 

consistent with the trend in the Ni electrode system. For NiFeMo oxides, a similar 

improved activity by our proposed protocol as shown in Figure 3.25b, the main 

reason is the electrolyte concentration. In the reported work, 0.1 M KOH was 

used for the tests, while 1 M KOH was used to ensure the same test conditions 

for a fair comparison with the other catalysts. 
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Figure 3.25 OER activity of three typical Ni-based catalysts. (a) NiFeP nanoplate arrays, 

(b) amorphous NiFeMo oxides and multi-metal-site NiFeCu oxyhydroxide by (c) reported 

protocols and (d) our testing protocols. Different scales of these figures are used due to 

the distinct performance of these catalysts. 

In contrast to these two catalysts, a more dramatic difference between the 

two protocols was observed for NiFeCu catalysts. NiFeCu oxyhydroxides formed 

after 3000 cycles show significantly increased activity compared to an untreated 

sample, as reported and shown in Figure 3.25c. However, the LSV curves tested 

with our protocol show the opposite trend: there are a slight deterioration and no 

improvement of NiFeCu after the cycling process presented in Figure 3.25d. The 

main difference is the substrate used in the original test, Ni foam was chosen as 

the working electrode with a mass loading of 0.8 mg/cm2, while we applied the 

catalyst ink to the GC electrode with 0.2 mg/cm2 as commonly used for GC 

electrode. The initial loading of the reported catalysts is four times larger but with 

lower activity compared to our protocol, which might be due to the activation 

treatment. The LSV changes during the cycling process may indicate the 
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influence of the substrate on stability. The Ni foam with a large surface area 

supports the whole NiFeCu catalyst to undergo a continuous activation process 

and form oxyhydroxides, while the surface area of the catalyst on the GC 

electrode is limited and only a part is converted into active species. Another effect 

from the Ni foam itself should also not be ignored: the similar electrochemical 

activation from a nickel to active hydroxides at high potential could also 

participate in the OER process and contribute to the overall nominal currents of 

the integrated electrode.  

3.8 Chapter summary 

Driven by the commercial application of electrolyzers to store and transfer 

clean energy, nonprecious Ni-based OER, used under alkaline conditions, has 

become one of the most active areas and has attracted intense efforts. In this 

chapter, we evaluated and compared different criteria for OER measurements. 

By experimentally comparing different test components, we discussed their 

underlying effects on the evaluation of catalysts. For example, the oxidation 

current for carbon material as a counter electrode will overlap with the nickel 

redox peak and the overall activity, and also the dynamic changes of bubbles on 

the electrode during the long-term tests will lead to unreliable evaluation of OER 

stability. Therefore, we recommend to use Pt materials as counter electrode, 

Teflon cell as electrolysis cell for alkaline OER measurements, and conduct CV 

activation and reductive potential treatment before activity test as well as LSV 

comparison before and after, not direct CV cycles or potentiostatic curves for 

stability evaluation. 

A series of loadings, three types of substrates GC, NF, and CP, and two types 

of catalysts, NiFe LDH and Ni/NiO were tested for the OER to understand the 

effects of loading and support on activity, cycling stability, and potentiostatic 

stability. The ECSA of the catalysts increased with increasing loading, but the 
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activity reached a plateau at optimum loading and then decreased due to mass 

transfer resistance, ohmic resistance, etc. Meanwhile, the catalyst substrates 

showed a dramatic influence on the OER activities, especially at high loading or 

high-efficiency catalysts. More catalysts on porous NF and CP substrates will 

expose additional active sites, while high-efficiency catalysts will enhance this 

effect. Thus, when reporting the activity of a novel catalyst or making comparisons 

with previously known catalysts, we need to pay attention to the two factors of 

loading and substrate and have to keep them consistent during the experiments. 

In contrast, neither catalyst showed any change in the catalyst stability trend, 

including cycling stability and potentiostatic stability. This proves the reliability of 

the stability tests with supports other than GC in the literature.  

This chapter contributes to understanding the influence of loading and 

substrate on the performance of OER catalyst, guides the experimental 

measurement of catalyst performance, and then provides objective and 

reasonable comparisons for mechanism research from different research groups 

based on these studies and recommended protocols. 
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Chapter 4 Composition dependent structure and OER 

property of NiFe LDH catalysts 

4.1 Background and motivation 

As we summarized in chapter 1, designing and developing highly effective 

transition-metal catalysts to boost the OER process for alkaline water electrolyzer 

is essential.3,4,159,160 NiFe-based LDH is an electrocatalytically active and 

promising candidate due to more exposed active sites from its unique lamellar 

structure and leading intrinsic activity with flexible chemical modulation of Ni and 

Fe. 100,102,107,110,161–164 However, it is not clear whether the tuning of elemental 

ratio of Ni/Fe will affect the spatial size, morphology, and crystallinity of NiFe 

LDHs. Meanwhile, despite the reported exciting promotion on OER activity of 

LDHs, their corresponding influence on temporal stability of catalysts, also 

important for actual application, is still hardly addressed.107,118 Moreover, for the 

development of AEM electrolyzer, though several latest works have reported 

performance breakthroughs by using novel non-noble-metal catalysts,122–124 

these catalysts are synthesized by a relatively complex process with the assistant 

of high temperature, or long time and organic solvents. These will enlarge the 

cost for catalyst production and limit the practical application from economic 

perspectives.  

Therefore, a kind of active and durable NiFe LDH, synthesized by facial 

method, is desirable. It could meet the requirements of both high efficiency and 

low cost, validating its potential commercial application in AEM electrolyzers. We 

will use a simple precipitation method to tune the composition and structure of 

NiFe LDHs. The atomic and electronic structure of NiFe LDHs with different Ni/Fe 

ratios will be investigated by different techniques, like XRD, TEM, XPS and XAS 

to understand the correlation of composition and structure. Their catalytical 
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performance in RDE and water electrolyzer will be compared with other reported 

catalysts and the corresponding dynamic phase transition of NiFe LDH will also 

be verified by in situ Raman spectra. Part of the results of this chapter have 

already been published.165 

4.2 Synthesis and characterization of NiFe LDHs 

As claimed in chapter 2, the NiFe LDHs were synthesized by a precipitation 

method and the different ratio of Ni and Fe was controlled by the added Ni and 

Fe precursors. As illustrated in Figure 4.1, Ni2+ and Fe3+ ions were evenly 

dispersed then poured into 0.15 M NaOH aqueous solution under vigorous 

stirring. Then the precipitates appear immediately because of the low solubility of 

Ni/Fe in alkaline conditions. Therefore, although there is a theoretical sequential 

precipitation of Ni/Fe, the precipitation process is completed in a very short time 

at the environment of excessive OH-, so the former already uniformly dispersed 

Ni/Fe ions in the solution come into homogenously distributed solids 

accompanied by high-speed stirring.  

 

Figure 4.1 Schematic illustration of the preparation process of NiFe LDHs. 

The compositions of different NiFe LDHs were verified by EDX in SEM and 

ICP-OES analysis, named as Ni3Fe LDH, Ni3Fe2 LDH, and NiFe3 LDH (Table 4.1 

and Figure 4.2). The consistent values with slight error bar from ICP and EDS 
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data indicate the even distribution of metal sites. SEM images confirm the 

morphologies of these samples, which are nanoplates especially obvious for 

Ni3Fe LDH. Although the details could not be observed from SEM due to the 

resolution limitation, the gradual structural changes of these NiFe LDHs are clear: 

Ni3Fe LDH is undulating multilayer nanosheets and gradually smooth for the 

others.  

 

Figure 4.2 (a-c) SEM images of Ni3Fe LDH, Ni3Fe2 LDH and NiFe3 LDH. (d) Element 

ratio of Ni/Fe in NiFe LDHs by EDX (solid filled bars) and ICP (pattern filled bars). 

Table 4.1 Element ratio of Ni/Fe in NiFe LDHs by EDX and ICP. 

Sample 
Input ratio 

(Ni:Fe, at%) 

Actual ratio (Ni:Fe, at%) 

by EDX (ε ≤ 1%） 

Actual ratio (Ni:Fe, at%) 

by ICP (ε ≤ 1%） 

Ni3Fe LDH 4:1 73.5: 26.5 77.0: 23.0 

Ni3Fe2 LDH 2:1 60.0: 40.0 61.0: 39.0 

NiFe3 LDH 1:1 24.4: 75.6 23.6: 76.4 

Their crystal structures were verified by XRD patterns in Figure 4.3a. The 

Ni3Fe LDH (green curve) exhibits the same Bragg reflections as typical NiFe LDH 
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(JCPDS#40-0215 NiFe LDH). The two obvious clear peaks at 11° and 22° are 

attributed to the characteristic (003) and (006) planes of the layered structure in 

the c axis,102,166 and as the ratio of Fe/Ni increases, the relative peak intensity of 

(003) and (006) planes compared with other peaks decrease in Ni3Fe2 LDH 

(Figure 4.3a, orange curve) and almost disappear for NiFe3 LDH (Figure 4.3a, 

red curve). This trend indicates the changes of spatial structure, agreeing well 

with the literatures that the absence of (00n) peaks in the XRD patterns evidences 

the successful exfoliation of multilayers into monolayers.102,103,109,110 Surely the 

absence of crystal peaks might also result from the reduced crystallinity of 

amorphous structure, which we need to confirm by other techniques. 

 

Figure 4.3 Structural characterizations of the NiFe LDH catalysts. (a) XRD patterns, (b) 

Raman spectra, (c) IR spectra and (d) Mossbauer spectra. 

Subsequently, such kind of composition-dependent structures of these NiFe 

LDHs were further demonstrated by Raman spectra (Figure 4.3b). The Raman 
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signal of the Ni3Fe LDH exhibits representative bands at 447, 520 and 699 cm−1, 

consistent with the lattice vibrations of the brucite-like LDH structure.24,101 At 

higher Raman shift region, there is a sharp peak at around 1065 cm−1, 

corresponding to the vibration of the interlayered anions of LDH structure.167,168 

The wide bands at ca. 3650 cm−1 are coming from the hydroxyl stretching 

vibrations.169 While for the other two NiFe LDHs, decreased Raman signals in 

these two regions imply their distinct layered structures: multilayer Ni3Fe LDH 

nanosheet could provide space for the anions, hydroxyl and/or water molecules 

to intercalate, while these species hardly retained for the monolayer NiFe3 LDH 

after careful washing during the synthesis process. 

For the IR spectra in Figure 4.3c, the bands centered at ~500 and 650 cm−1 

are attributed to the scissoring and stretching vibrations of M-O. While the bands 

at 1620, 3365 and 3630 cm−1 are characteristic for scissoring, and stretching 

vibration of water and O-H groups, respectively. These gradually reduced 

intensities of interlayer ions, hydrogen bond and water indicate the change of 

layer structure of NiFe LDHs as the ratio of Fe increases. The sharp and intensive 

band at 1400 cm−1 is related to interlayer ions in LDH structures,118,170 which we 

could deduce the interlayer ions: carbonate with one narrow peak at 1400 cm−1 

while nitrate with two broader bands centered around 1400 cm−1. Our data agree 

well with the infrared spectra of NiFe-(NO3-)-LDH nanosheets.170 This is also 

reasonable owing to the applied precursors of nitrate salts. This data could be 

served as another supporting evidence of the structural changes of NiFe LDHs 

as composition changes. In short, the results of XRD, Raman and IR 

measurements are in good agreement and confirm the interaction between the 

composition and structure of NiFe LDHs.  

We also conducted the Mössbauer spectroscopy to check the chemical 

environment of metal sites (Figure 4.3d). Traditional opinion holds that only Ni-

O-Fe couples are present in NiFe LD while former work has confirmed the that 
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the cations (Ni and Fe) are not randomly distributed across the LDH layers and 

display increasing Fe clustering for higher iron contents from 0.2-0.33 by 

Mössbauer spectroscopy.171 Here we found the similar more than one sextet, 

which associates with local differences in the Fe surroundings due to the 

nonequivalent Fe−OH−Fe and Fe−OH−Ni interactions for all our three NiFe LDHs. 

Therefore, from the essence of the structure, the difference between these three 

NiFe LDHs is only the ratio of Fe-O-Fe to Fe-O-Ni. 

As we know, the morphologies and structures of these NiFe LDH nanosheets 

could be directly observed by TEM images as shown in Figure 4.4a-c. The Ni3Fe 

LDH shows stacked layers (indicated by the yellow arrows) as well as in-plane 

growth, while Ni3Fe2 and NiFe3 LDHs are mostly monolayer nanosheet, despite 

of the same synthesis process. Moreover, the HRTEM image of Ni3Fe LDH 

(Figure 4.4d) show the thickness of as-prepared nanosheets at 2–4 nm, 

corresponding to 3–6 LDH layers (0.7 nm for one layer in theory). Its magnifying 

HRTEM image (Figure 4.4e) exhibits clear lattice fringes of plane distance 1.5 Å 

and 2.5 Å, and the corresponding Fourier-transformed diffraction pattern (inset in 

Figure 4.4e) agrees well with the (110) and (100) planes of NiFe LDH 

rhombohedral structure in the <001> zone axis. These indicate the good 

crystallinity of the Ni3Fe LDH sample, in contrast, the HRTEM image of NiFe3 LDH 

show no obvious lattice fringes. Combined with the barely recognizable diffraction 

spots but an amorphous ring (inset in Figure 4.4f), these TEM results 

demonstrate the more disordered amorphous structure for NiFe3 LDH. Such kind 

of structure could account for its XRD pattern, both the low crystallinity and 

monolayer spatial distribution lead to the disappearance of Bragg reflections. At 

the same time, the correlation between the composition and morphology could 

be summarized: as the ratio of Fe increase, well crystalline multilayer Ni3Fe LDH 

will gradually tend to become monolayer amorphous NiFe3 LDH.  
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Figure 4.4 Microscopy investigation of the NiFe LDH catalysts. (a-c) TEM images of the 

Ni3Fe, Ni3Fe2 and NiFe3 LDHs (stacked LDH layers are marked by yellow arrows). (d-f) 

high-resolution TEM images of Ni3Fe LDH (d-e) and NiFe3 LDH (f). The insets in (e-f) 

show the Fourier transform of the region. 

Besides of TEM images, the elemental distribution of Ni and Fe in NiFe LDH 

were also verified by HADDF-STEM images and corresponding EDX elemental 

mapping. The Ni3Fe LDH (Figure 4.5a-d) confirm its stacked multilayered 

structure and a homogeneous distribution of Ni and Fe in the nanosheets. 

Meanwhile, the Ni and Fe in Ni3Fe2 LDH and NiFe3 LDH ((Figure 4.5e-h and i-l) 

are also evenly distributed as revealed by elemental mapping. Although they are 

not precise to the atomic level due to the limitation of resolution, it has been 

proved at least that they are uniformly distributed in the nm level. Therefore, 

although there is a theoretical sequential precipitation of Ni/Fe, the precipitation 

completed in a very short time at the environment of excessive OH- will also lead 

to a uniformly dispersed Ni/Fe ions in solids. This means that the composition-

dependent layered structure and crystallinity changes of these NiFe LDHs are not 
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due to the element segregation or phase separation, but other factors, such as 

the modulated metal sites at local chemical environments. 

 

Figure 4.5 HAADF-STEM images and elemental mapping of Ni and Fe distribution in 

NiFe LDH nanocrystals, (a-d) Ni3Fe2 LDH, (e-h) Ni3Fe2 LDH and (i-l) NiFe3 LDH. 

Moreover, the corresponding surface electronic structure changes of NiFe 

LDHs composition were investigated by XPS spectra. The survey spectrum in 

Figure 4.6a confirms the presence of C, N, O, Ni, and Fe, with the atomic ratio 

(Table 4.2) showing a similar oxygen content, and a consistent Fe/Ni ratio trend 

as revealed by EDX and ICP. The core level Ni 2p spectrum (Figure 4.6b) of 

these NiFe LDHs are similar without any peak shift, and all the deconvoluted 

peaks are consistent with the species of Ni2+.172  

Table 4.2 Elemental ratio of NiFe LDHs from XPS profile. 

Name/at% Ni3Fe LDH  Ni3Fe2 LDH NiFe3 LDH 

Ni 2p3 22.7  19.3 9.3 

Fe 3p 3.3  5.3 13.5 
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Figure 4.6 XPS spectra of NiFe LDHs. (a) survey profile, Core-level (b) Ni 2p region, (c) 

Fe 3p region and (d) O 1s region. (e-f) Corresponding Fe and O content from (c) and (d). 

In contrast, the Fe 3p region (Figure 4.6c) was deconvoluted into two peaks 

with binding energies at 55.8 and 57.2 eV attributed to Fe2+ and Fe3+, respectively. 

In our case, the Fe 3p region was investigated because it is too complicated to 

analyze the Fe 2p region from the high-spin configuration of Fe and Ni 

species.172,173 The Fe 3p spectra for Ni3Fe LDH exhibits a shift to higher energy 

by ca. 0.5 eV, compared to the peak of NiFe3 LDH. This shift indicates the altered 

electronic structure of Fe cations, also confirmed by the fitted quantitative content 

of Fe2+ and Fe3+ (Figure 4.6e and Table 4.3). Compared to Ni3Fe LDH, more Fe 

ions in the low valence Fe2+ exist for Ni3Fe2 LDH and NiFe3 LDH. Considering the 
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similar chemical states of Ni, there is no obvious charge transfer effect from Fe 

to Ni as reported in other system.174,175 The gradually reduced oxidation state of 

Fe is probably due to the oxygen vacancies from coordination sites,176,177 and the 

existence of Fe2+ in NiFe LDH from the precipitation of Fe3+ has also been 

reported in previous works.178  

Table 4.3 Valence ratio of Fe in NiFe LDHs from XPS spectra. 

Name/at% Position (eV) Ni3Fe LDH Ni3Fe2 LDH NiFe3 LDH 

Fe2+ 55.8 33.7 58.1 58.6 

Fe3+ 57.2 66.3 41.9 41.4 

For the O 1s region, the different shape indicates the various content of O 

species. According to previous work,116 the deconvoluted peaks at 529.0 eV, 

531.2 eV, and 533.2 eV are assigned to the M-O, O-H hydroxide, and adsorbed 

O-O bonds in LDH, respectively. The ratio of each species (Figure 4.6f and Table 

4.4) show an increased content of M-O and O-O, as well as decreased O-H bonds, 

as more Fe has been incorporated into NiFe LDHs. These different oxygen 

species imply a weakened binding strength towards the active intermediates for 

NiFe LDHs, which might affect the kinetic absorption/desorption process and 

catalytical performance under OER condition. This results also match well with 

the signals of interlayer OH/H2O with different intensities for Ni3Fe LDH and NiFe3 

LDH from the Raman and IR spectra in Figure 4.3. In summary, XPS spectra 

indicate that the similar Ni but distinct Fe chemical states for these NiFe LDHs. 

Table 4.4 Oxygen species in NiFe LDHs from XPS spectra. 

Name/at% Position (eV) Ni3Fe LDH Ni3Fe2 LDH NiFe3 LDH 

Oxides M-O 529 2.5 4.3 17.8 

Hydroxides O-H 531.3 75.2 69.3 53.5 

Organic O-O 533.2 22.3 26.4 28.7 

Therefore, the detailed local chemical states of Fe in the NiFe LDH samples 
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were further confirmed by XAS. Firstly, the X-ray absorption near edge structure 

(XANES) spectra of Ni and Fe K-edge are compared. The Fe edge of Ni3Fe LDH 

shifts to higher energy position compared to the Ni3Fe2 and NiFe3 LDH (inset in 

Figure 4.7a), which indicate the increased chemical state from Fe2+ to Fe3+. 

Similarly, the rising intensity of the white line of Fe K edge in Ni3Fe LDH also 

associates with more Fe3+ species, with the NiFe3 LDH the least intense among 

the three samples. Such kind of various Fe oxidation states of these NiFe LDHs, 

as revealed by the white line and edge shift, agrees well with the conclusion from 

XPS analysis. At the same time, no obvious difference in the energy position and 

intensity were observed for the Ni K-edge of these NiFe LDHs (Figure 4.7b), 

which means all samples contain similar Ni and also match well with their similar 

oxidation states from XPS spectra of Ni 2p. 

 

Figure 4.7 XAS spectra of the NiFe LDH catalysts. Normalized XANES spectra of (a) Fe 

K edge and (b) Ni K edge of NiFe LDHs. EXAFS r-space spectra of the (c) Fe K edge 

and (d) Ni K edge of NiFe LDHs. The r-space spectra were Fourier-transformed from Ni 

and Fe K-edge k3-weighted EXAFS spectra. 

The corresponding Fourier transform (FT) χ(k) of Ni and Fe K edge extended 

X-ray absorption fine structure (EXAFS) spectra are in Figures 4.7c-d with the 
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fitted parameters shown in Figure 4.8 and Table 4.5. The local chemical structure 

derived from the EXAFS did not exhibit significant variations for the first near bond 

lengths around both Ni and Fe sites (RFe-O and RNi-O) with the deviation less than 

0.1 Å. While the coordination number (CN) of metal-oxygen varies for these 

different samples. The Ni3Fe LDH shows the highest oxygen CN for Fe (5.4), 

while the CN of Fe in NiFe3 LDH is the lowest (only 4.0). In other words, CNFe-O 

reduces with more Fe for these NiFe LDHs. The gradually unsaturated 

coordination leads to rich oxygen vacancies and decreased chemical states of 

Fe, as revealed by XPS analysis. For the Ni K-edge, CNNi-O shows less 

differences, which agrees with their overlapping XANES and XPS spectra. 

 

Figure 4.8 Fe K-edge (a-c) and Ni K edge (d-f) Fourier-transformed EXAFS spectra and 

the fitting results of NiFe LDHs. (a,d) Ni3Fe LDH, (b,e) Ni3Fe2 LDH, (c,f) NiFe3 LDH. 

As we know, the unsaturated coordination and oxygen vacancies indicates 

an increased disorder level of materials. Meanwhile, the analyzed Debye-Waller 

factor (σ2) can also prove the different structural disorder in these NiFe LDHs. 

The σ2 values of the Fe-O shell for Ni3Fe2 LDH (0.0088) and NiFe3 LDH (0.0101) 

are larger than that for Ni3Fe LDH (0.0061) (Table 4.5), evidencing more distorted 
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octahedral Fe-O structure as the composition changes. According to previous 

works about the formation mechanism of NiFe LDH, Fe atoms gradually 

substituted into the Ni host matrix.176,179,180 The precipitation of NiFe LDH starts 

with the precipitate FeOOH due to the lower solubility of Fe3+ in OH- rich 

conditions compared with that of Ni2+ ions. Then FeOOH diffuses into 

subsequently formed Ni(OH)2 and substitute part of the nickel sites, leading to 

the NiFe LDH phase eventually. Therefore, our NiFe LDH with higher structural 

disorder at increasing Fe content, is also consistent with previous reports.24,107,181  

Table 4.5 EXAFS parameters for the NiFe LDH catalysts at the Fe and Ni K edges. 

Sample Shell CN R[Å] σ2(Å2) S0
2 ΔE (eV) 

Ni3Fe 

LDH 

Fe-O 5.4(± 0.6) 2.00(± 0.01) 0.0061(± 0.001) 1 -3.1(±1.7) 

Ni-O 5.7(± 0.6) 2.05(± 0.01) 0.0070(± 0.001) 1 -0.3(±1.4) 

Ni3Fe2 

LDH 

Fe-O 5.0(± 0.5) 1.99(± 0.01) 0.0088(± 0.002) 1 -1.1(±1.3) 

Ni-O 5.6(± 0.6) 2.06(± 0.01) 0.0064(± 0.001) 1 1.3(±1.5) 

NiFe3 

LDH 

Fe-O 4.0(± 0.6) 1.98(± 0.01) 0.0101(± 0.002) 1 -0.3(±1.9) 

Ni-O 5.4(± 0.5) 2.06(± 0.01) 0.0058(± 0.001) 1 1.9(±1.2) 

In summary of the characterization data of XRD, Raman, IR, TEM, XPS, and 

XAS, we find out the compositional dependent layer structure, crystallinity, and 

local chemical environment of NiFe LDHs. And the inside mechanism of 

composition-dependent structural changes could be deduced: When more Fe 

ratio incorporated in NiFe LDHs, the gradually unsaturated oxygen coordination 

number around Fe leads to a distorted Fe-O structure, resulting in more 

disordered amorphous NiFe3 LDH. Meanwhile, as the amount of Fe3+ is reduced, 

the interlayer hydrogen bonds weaken, which are the main contribution to 

connect the multilayers for LDH structure, therefore leads to a monolayer NiFe3 

LDH nanosheet.  
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4.3 Catalytical performance of NiFe LDHs 

4.3.1 Half cell performance 

The electrocatalytic OER performance of these three NiFe LDHs was 

investigated by RDE method first with experiment details explained in Chapter 2. 

The polarization LSV curves in Figure 4.9a shows a much lower onset potential 

and higher OER current of Ni3Fe LDH compared with the NiFe3 and Ni3Fe2 LDH. 

To avoid the overlap of Ni oxidation current at 10 mA/cm2, the overpotentials at 

50 mA/cm2 were compared of these NiFe LDHs (inset in Figure 4.9a). For the 

Ni3Fe LDH, the value is only 287 mV, but increased to around 350 mV for the 

NiFe3 LDH. The corresponding Tafel slope (Figure 4.9b) of the Ni3Fe LDH 

catalyst is 24 mV/dec, also smaller than that of Ni2Fe3 LDH (39 mV/dec) and 

NiFe3 LDH (43 mV/dec). The variation of nickel redox peak during cycling process 

(Figure 4.9c) indicates a phase transition process before OER, which was 

checked later. Considering the possible effects of the nickel oxidation on the Tafel 

slope, the negative scans of all NiFe LDHs are also conducted and shown in 

Figure 4.9d. The similar values of Tafel slopes in Figure 4.9e agree with the 

results from the positive scans. The lower Tafel slope of the Ni3Fe LDH means an 

easier electron transfer process for OER, thus increasing its applicability for water 

electrolysis.100,102,103 The favorable kinetic is also confirmed by the lower charge 

transfer resistance revealed by EIS, which exhibits a smaller semicircle in the 

Nyquist plot for Ni3Fe LDH than the other Ni3Fe2 LDH or NiFe3 LDH (Figure 4.9f).  

The stability of OER catalysts, which plays an important role in the actual 

application of large-scale water electrolysis, was firstly investigated by the cycling 

process for these NiFe LDHs. Figure 4.9g compared the overpotential changes 

at 50 mA/cm2 during 1000 cycles between 1.0 -1.7 V. All the NiFe LDHs exhibit 

slightly increased overpotentials but different extents: 21±10 mV for Ni3Fe LDH, 

15±4 mV for Ni3Fe2 LDH, and 6±3 mV for NiFe3 LDH. In other words, the less 
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active NiFe3 LDH is the most stable among these three catalysts. Combining the 

above electrochemical properties, we also compared the most active Ni3Fe LDH 

with other NiFe LDH catalysts in the literatures. Although the experiment testing 

protocols are not same for all these NiFe LDH based catalysts, some are tested 

at higher loadings or coupled/coated with conductive substrates or 3D supports, 

which will enlarge their nominal OER activities, our Ni3Fe LDH is still superior 

than most of the reported NiFe LDH based catalysts with lower overpotential and 

Tafel slope, confirming its excellent instinct activity. (Figure 4.9h and Table 4.6).  

 

Figure 4.9 (a) Polarization curves of NiFe LDHs. (Inset: the overpotential at 50 mA/cm2). 

(b) Tafel slopes. (c) the nickel redox peak. (d) Polarization curves and (e) Tafel slopes at 

negative scans. (f) impendence spectroscopy at 1.7 V of NiFe LDHs. (g) Overpotential 

changes after 1000 cycles from 1.0-1.7 Vs. (h) Summary of various NiFe LDH catalysts 

and corresponding OER activities by the overpotentials at 10 mA/cm2 and Tafel slope. 
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Table 4.6 Comparison of the OER activity of reported NiFe LDHs in literatures. 

Catalysts 

Overpotential  

@10 mA/cm2 in 

1M KOH 

Tafel slope 

(mV dec-1) 
References 

NiFe LDH nanosheets ~320 (0.1 M) 37.9 107 

NiFe LDH 270 36.2 162 

NiFe LDH 

NiFe LDH@SWNT 

360 

250 

58 

38 
99 

NiFe LDH /Ti mesh 

Au/NiFe LDH /Ti mesh 

263 

237 

60 

36 
113 

NiFe LDH 302 40 102 

ultrafine monolayer NiFe LDH 254 32 109 

NiFe LDH double-shelled 

nanocages 
~230 71 163 

NiFe LDH Hollow prism 280 49.4 104 

porous monolayer NiFe-LDH 230 47 110 

NiO/NiFe LDH 180 30 101 

Ni-Fe LDH/3D-ErGO  259 39 97 

Ni-Fe LDH 

Ni-Fe LDH/Co,N CNT 

~390 

312 (0.1 M) 

121 

60 
98 

NiFe LDH - NS 

NiFe LDH - NS @DG10 

defective graphene  

270 

210 

89 

52 
17 

NiFe LDH 

Fe2+‐NiFe LDH 

328 

249 

54.8 

40.3 
112 

NiFe-LDH 

NiFe-LDH-VNi 

229 

266 

76.5 

70 
106 

NiFe LDH/C ~280 36 182 

Ni0.67Fe0.33-LDH/C 210 35.1 100 

Ni3Fe LDH 249 24 Our work 

For the stability of NiFe LDH catalysts, the duration over 1000 cycles is not 
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sufficient to prove its durability. To investigate the further long-term stability for 

practical application, we also conducted the potentiostatic test of most active 

Ni3Fe LDH at 1.6 V for over 400 hours. The current density exhibits slight decline, 

with increased overpotential at 50 mA/cm2 and Tafel slope during this process 

(Figure 4.10). This long-time test confirms the robust durability of Ni3Fe LDH 

catalyst, a potential candidate to be used in commercial devices. 

 

Figure 4.10 (a) Potentiostatic stability of the Ni3Fe LDH at 1.6 V for over 400 hours. (b) 

Corresponding LSV curves and overpotentials (inset), (c) Tafel slope during this process. 

4.3.2 Single cell performance 

Based on the excellent performance of NiFe LDH catalysts on RDE, it is 

meaningful to verify the corresponding activity and long-term stability in a real 

single cell system for practical applications. The structure of water electrolyzer 

cell is illustrated in Figure 4.11a for anion exchange membrane (AEM) water 

electrolysis. Here, we choose the most active Ni3Fe LDH coated on Ni fiber as 

anode, commercial Pt/C@ carbon paper as cathode, both manufactured with 

DURAION® ionomer, and DURAION® anion exchange membrane from Evonik 

Industries AG to fabricate the MEA. Usually, the loading of non-precious catalysts 

used in AEM electrolyzers are pretty high, such as 2, 3, or 4.8 mg/cm2.121,183,184 
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So we also compared the electrolyzer cell made of Ni3Fe LDH catalyst with the 

loadings of 1 mg/cm2 and 2 mg/cm2. The polarization curves in Figure 4.11b 

show very slightly increment of current density at higher loading, therefore, we 

kept this loading of Ni3Fe LDH at 2 mg/cm2 as default value for other 

measurements. 

 

Figure 4.11 Single cell performance of Ni3Fe LDH catalyst. (a) Schematic illustration of 

the electrolyzer cell. (b) Polarization curve of the cells using Ni3Fe LDH catalysts as 

anode with loadings of 1 and 2 mg/cm2. (c) Polarization curve of the cell based on Ni3Fe 

LDH@Ni fiber electrode with commercial Ir black @ Ni fiber electrode as an anode, 

respectively. (d) (e) Polarization curve and (f) galvanostatic curve of water electrolysis 

using 2 mg/cm2 Ni3Fe LDH catalysts as anode before and after the 400 h at 1 A/cm2. 

To evaluate the single cell performance of Ni3Fe LDH, its polarization curve 

of the cell fabricated by Ni3Fe LDH catalysts is compared with the benchmark cell 

based on Ir black (at the same loading of 1 mg/cm2) as an anode in Figure 4.11c. 

The Ni3Fe LDH cell exhibits a superior activity: the current density of 2.07 A/cm2 
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was reached at 2.0 V, in contrast, the current density of the Ir-based cell at 2.0 V 

is only 1.44 A/cm2. This performance is also dominant even compared with other 

non-precious AEM electrolyzers tested under the similar conditions (Table 

4.7).185–191 Several latest works have reported performance breakthroughs of 

AEM with non-noble-metal catalysts: the electrolyzer with NiFeCo cathode and 

NiFeOx anode reached 1 A/cm2 at 1.90 V in 1 M KOH at 60°C,122 while an novel 

Fe-NiMo-NH3/H2||NiMo-NH3/H2 cell had a voltage only at 1.57 V for 1 A/cm2 at 

80 °C.123 The most efficient electrolyzer, using nanometer-sized NiFe-LDH as 

anode, Pt/C as cathode, delivers 1 A/cm2 low at 1.59 V at 80 °C in 1 M KOH.124 

For our Ni3Fe LDH catalyst, the common current density of 1 A/cm2 was achieved 

at 1.745 V, a little higher than reported values but at lower temperature 55°C. 

Moreover, these non-noble metal catalysts are obtained in a relatively complex 

process, either at high temperature (550 °C)123, or long time (a few days) with the 

addition of organic solvents.124 These will limit its practical applicability 

considering the scaling and economic costs of catalysts. While our NiFe LDHs, 

synthesized at room temperature and less than an hour with large scale yield, 

exhibits comparable single-cell energy efficiency. It meets both the requirements 

of high performance (efficiency) and low cost (practicality) for the application of 

catalysts in AEM electrolyzers. 
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Table 4.7 Comparison of the activity of alkaline water electrolyzers 

Catalysts 

Anodic || 

cathodic 

Ionomer 

Membrane 

(thickness/μ

m) 

Electrolyt

e 

Temp

eratu

re /℃ 

Activity 

@2V 

mA/cm2 

Refer

ence 

IrO2 || Pt/C - FAA-3-50 1 M KOH 60 620 192 

g-CN CNF-

800 || Pt/C 
- FAA-3-50 1 M KOH 60 980 192 

Pt/C || Pt/C 
Polyarylimi 

-dazoliums 
FAA-3-25 1 M KOH 60 

20@ 

2.2 V 
187 

IrO2 || Pt/C FAA3-Br FAA-3-50 1 M KOH 50 1420 193 

NiMn2O4/C 

|| Pt/C 
FAA-3 FAA-3-50 1 M KOH 50 380 121 

Ni3Fe LDH 

|| Pt/C 
DURAION® DURAION® 1M KOH 55 2067 

Our 

work 

The faradaic efficiency and energy conversion efficiency of this water 

electrolyzer were measured and calculated by reported methods.123,124,194,195 The 

testing setup is shown in Figure 4.12a, the current density is fixed at 1 A/cm2  

with the temperature 55 °C and flow 1M KOH electrolyte. The produced O2 and 

H2 gas over a certain time from the electrolyzer were quantified by water–gas 

displacement method then compared with theoretical volume for the faradaic 

efficiency (Figure 4.12b). The experimentally collected O2 agrees well with the 

theoretical values, with the faradaic efficiency of 97.8%, indicating the high 

utilization rate of energy. The corresponding energy conversion efficiency of this 

cell is 69.7% at 1 A/cm2, comparable to other reported MEAs even the 

temperature of our cell was relatively low at 55 °C.124,194  
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Figure 4.12 (a) Demonstration of the setup to collect the produced O2 and H2 calculate 

the faradaic efficiency (b) The comparison of theoretical and experimental hydrogen 

volume to calculate the Faradaic efficiency. 

The stability of the cell was evaluated under galvanostatic conditions kept at 

1 A/cm2 for 400 h. The recorded cell voltage over this period in Figure 4.11f is 

relatively stable despite some random fluctuations due to the evolved bubbles at 

the electrode surface. The increment rate of cell voltage is lower than 0.1 mV/h, 

indicating the robust stability of this MEA prepared by our Ni3Fe LDH catalyst as 

anode. It leads the improved trend than most reported NiFe-based single cells 

which only presents short-term stabilities for several hours to a few 

days.123,124,196–198 Therefore, all these single cell tests confirm NiFe LDH is a 

greatly promising candidate for the next generation non-noble catalysts with high 

efficiency and durability for practical AEM water electrolyzers. 

4.4 Correlation of structure and OER property of NiFe LDHs 

4.4.1 Electronic structure and active intermediates for activity 

For the distinct OER performance of NiFe LDHs, we would like to figure out 

the inside reason. According to former characterization, their morphologies, 

spatial and electronic structures are different, which will affect both the surface 

area and intrinsic activity. First, the electrochemical surface area (ECSA) of the 

three NiFe LDHs catalysts was compared by the double-layer capacitance 

(Cdl),199 which was regarded as positive relationship with ECSA and gained from 
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the linear slope of currents vs scan rates (Figure 4.13). The ECSA of most active 

Ni3Fe LDH is smaller than the CD other two NiFe LDHs, owing to the different 

structure/crystallinity, as the amorphous structure exposes more active sites than 

crystalline samples. It also evidences the superior activity of Ni3Fe LDH does not 

result from a larger ECSA, but rather its higher intrinsic catalytical property.  

 

Figure 4.13 Double-layer capacitance measurements for determining electrochemically 

active surface area for NiFe LDHs from voltammetry in 1 M KOH. (a-c) Cyclic 

voltammograms of Ni3Fe LDH, Ni3Fe2 LDH and NiFe3 LDH were measured in a non-

Faradaic region of the voltammogram at the following scan rates: 5, 10, 25, 50, 100, 200, 

400 mV/s. (d)The specific capacitance of NiFe LDHs calculated by the slope of the linear 

fits from the current densities at various scan rates. 

Therefore, the correlation between electronic structure and OER activity of 

these NiFe LDHs should be considered. As the elemental ratio of Ni/Fe is 

modified, the metal ions in NiFe LDHs are modulated with each other due to the 

charge transfer effect. This modulation of the metal sites will affect the adsorption 

energy of the reactants, the formation energy of the active  intermediates, and 

the overall OER performance.174,200 Recent researches have proposed that the 

high-valent metal species in NiFe-based catalysts are the main OER active 
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site.34–36,201 For our catalysts, we have proved the CD distinct chemical states of 

Fe compared to similar Ni sites in the three NiFe LDHs by XPS and XAS, 

indicating the irreplaceable role of Fe for OER process. The higher fraction of 

Fe3+ species in Ni3Fe LDH are also responsible for its superior activity than the 

NiFe3 LDH catalyst. Besides of the general valence, the local chemical 

environment of Fe for these samples are also different. It has been proved that 

the disorder level of NiFe LDHs would affect the lattice order of NiOOH, the active 

intermediate of NiFe oxyhydroxides at OER potentials.29,34,35.The Ni3Fe LDH 

presents more ordered structure with better crystallinity and higher oxygen 

coordination number. It is conceivable that the optimized chemical environment 

of the Fe sites in NiFe LDH correlate to an optimal disorder level of the active 

intermediate, which could be verified by advanced in-situ techniques at OER 

condition. 

The real active species and dynamic phase transformation on the surface of 

NiFe LDH was investigated by in-situ Raman with the applied potential between 

1.3 to 1.7 V, similar as the cycling process (Figure 4.14). For Ni3Fe LDH, the 

invariable Raman band at 520 cm-1 in the potential from 1.3 to 1.5 V, indicates its 

unchanged LDH structure (Figure 4.14a), while a sharp band at 1060 cm-1 exists 

owing to the absorption of OH- intermediate layers of LDHs at elevated 

potentials.168,202 When the potential increases to 1.6 V, the two bands at 477 and 

557 cm-1 match well with the Raman spectral features of γ-NiOOH, which acts as 

the real active intermediate favorable for excellent OER reactivity.202–204 

Meanwhile, the Raman band at 1060 cm-1 disappears at 1.6-1.7 V, indicating the 

deprotonation of the hydroxyls to form active oxygen species NiOO- under OER 

conditions.117,204. In contrast, this characteristics changes did not exist for NiFe3 

LDH (Figure 4.14 c), indicating unfavorable bonding energy and intermediates 

for reaction due to the modulated electronic structure at higher Fe content. The 

retained intermediate species from the rate-limiting step of OER also confirms the 
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sluggish dynamics of less active NiFe3 LDH catalyst.  

 

Figure 4.14 In-situ Raman spectra of the NiFe LDH catalysts. Spectra were obtained 

after keeping initial sample at different potentials in sequence: 1.3 V, 1.4 V, 1.5 V, 1,6 V, 

1.7 V, 1.6 V, 1.5 V, 1.4 V, 1.3 V. (a) Ni3Fe LDH, (b) Ni3Fe2 LDH and (c) NiFe3 LDH. (d) 

Comparison of the Raman band for NiFe LDHs at high potential 1.7 V and the 

corresponding value of the I475/I557 band ratio. 

At the same time, we could also compare the active species at OER potential 

for these NiFe LDHs as the band intensities at 477 and 557 cm-1 at highest 

potential 1.7 V vary (Figure 4.14d). For quantitative comparison, the rate of 

absolute band intensity (I475/I557) is regarded as an objective value, dependent on 

the disorder level.205 With increased Fe content of NiFe LDHs, the band intensity 

at 475 cm-1 decreases faster than the one at 557 cm-1, lead to a gradually 

decreased value of I475/I557 band ratio. It comes from the more atomic disorder 

probably introduced by excess incorporated iron atoms, and this trend agrees 

well with the initial order-level of NiFe LDHs revealed by TEM and XAS. The band 
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ratio (=1.27) of the intermediate for Ni3Fe LDH is in the reported optimal interval, 

while the counterpart (I475/I557 = 1) for further increased Fe content in NiFe3 LDH 

could be unfavorable for OER activity.181  

In summary, it is the modified electronic structures, rather than ECSA, that 

account for the distinct OER activity of these NiFe LDHs. And the initial disorder 

level local chemical environment will affect the structure of real active 

intermediate under OER condition, which could act as a more accurate descriptor 

for OER reactivity. 

4.4.2 Iron dissolution and degradation mechanism for stability 

The cycling stability of these NiFe LDHs, which were verified in Figure 4.9g, 

show a degradation trend of Ni3Fe LDH, Ni3Fe2 LDH and NiFe3 LDH, contrary to 

the trend of their activities. The Ni3Fe LDH presents the most obvious degradation, 

therefore, we conducted SEM observation and ICP analysis of Ni3Fe LDH after 

cycling process and long-term tests to figure out the degradation mechanism. The 

SEM images (Figure 4.15) confirmed the more porous morphology of the 

catalysts remaining on the nickel foam substrate probably due to the phase 

transition during electrochemical process. The pristine relatively flat surface layer 

gradually transformed into loose and uneven surface. Such kind of structural 

changes were verified by XPS in Figure 4.16, the increased O/Ni ratio indicates 

the oxidation of catalysts, and the shifted Ni 2p peak towards higher energy and 

more OH content in oxygen species also confirm that. These results are 

consistent with the robust stability of Ni3Fe LDH catalysts. 
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Figure 4.15 SEM image of Ni3Fe LDH catalysts after stability tests. (a-c) initial sample, 

(d-f) after 1000 cycles between 1.0-1.7 V and (g-i) keeping at 1.6 V for over 400 hours in 

1M KOH. The Ni3Fe LDH are drop-casted on nickel foam with the loading of 0.2 mg/cm2. 

Therefore, more accurate investigations on the possible dissolution of NiFe 

LDHs were carried out by ICP-MS test of the electrolytes (1M KOH) during the 

stability test under different conditions (Figure 4.16d and Table 4.8). The sample 

1M KOH electrolyte after rinsing the NiFe LDH electrode as same time for 1000 

cycles shows no metal dissolved during this procedure, enable the reliability of 

this method. For the Ni3Fe LDH, the increased Ni and Fe ions in the electrolytes 

indicates slight metal dissolution of Ni and Fe during the stability test, therefore, 

a dissolution ratio of 1.5% Ni and 5% Fe compared with pristine sample could be 

calculated. In contrast, the Ni3Fe2 LDH and NiFe3 LDH exhibit lower metal 

dissolution, 2.8% an 2.3% respectively, which agree and explain their stability 

trend. At the same time, it is obvious to see that Fe dissolution is more severe 

than Ni, around 3 times higher, such different kinds of dissolution behaviors could 

be explained by their nature stable structure as revealed by Pourbiax diagram at 

various potential and pH conditions.  
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Figure 4.16 XPS data of Ni3Fe LDH with initial sample, after 1000 cycles of 1.0-1.7 V, 

and kept at 1.6 V for over 400 hours in 1M KOH. (a) survey spectrum, (b) Ni 2p and (c) 

O 2p. The Ni3Fe LDH are drop-casted on nickel foam with the loading of 0.2 mg/cm2. (d) 

Metal dissolution of Fe/Ni during the cycling process revealed by ICP-MS. 

Table 4.8 ICP-MS of metal ions (Fe/Ni) in electrolytes and the deduced metal dissolution 

Sample Description 

Change of Fe Change of Ni Dissolved ratio 

MW 

(µg/L) 

SD 

(µg/L) 

MW 

(µg/L) 

SD 

(µg/L) 
Fe (%) Ni (%) 

1M KOH Rinsed in KOH -1 2 -4 4 0 0 

1M KOH 
After 1000 Cs 

of Ni3Fe LDH 
+7 3 +6 8 5.0 1.5 

1M KOH 
After 1000 Cs of 

Ni3Fe2 LDH 
+5 3 +2.8 0.7 2.8 1 

1M KOH 
After 1000 Cs of 

NiFe3 LDH 
+12 2 0 0.7 2.3 0 

1M KOH 
After 1000 Cs of 

bulk Ni3Fe LDH 
+13.6 1.7 +4.6 1.3 10.2 1 
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According to current work about the OER stability of NiFe LDHs, layer 

structure is found to have obvious negative effect: the stacked layers are harmful 

to the ion diffusion process then lead to a local acid condition and catalyst 

dissolution.118 Therefore, to clarify the possible influence of layer structure and 

elemental composition, we firstly distinguish these two factors by comparing the 

OER stability of NiFe LDHs with same composition but different layer structure. 

Besides of obtained exfoliated Ni3Fe LDH, an additional bulk Ni3Fe LDH was 

controlled by excluding the exfoliation process. Its structure was confirmed by 

TEM images in Figure 4.17a-f, compared with exfoliated samples, bulk LDH 

shows more obvious nanosheets morphology, increased crystallinity and clearer 

lattice fringes as well as similar homogeneous distribution of Ni and Fe. The XRD 

pattern in Figure 4.17g presents stronger peak intensity, confirming the increased 

layer structure and crystallinity while the atomic ratio of Ni/Fe revealed by EDX 

and ICP is 74.9: 25.1 and 77.9: 22 (%), almost same as exfoliated Ni3Fe LDH. 

That is, these two NiFe LDH are same composition but different layer structure. 

Then their corresponding OER stability has been compared by the overpotentials 

during the 1000 cycling process in Figure 4.17h. The less current degradation 

and more stable overpotential at 50 mA/cm2 verifies the negative effect of layer 

structure on OER stability. The ICP-MS test of electrolyte confirm that the bulk 

Ni3Fe LDH occurs more Fe dissolution than exfoliated Ni3Fe LDH (Figure 4.16 

and Table 4.8), which account for the consistent degradation during the cycling 

process. These experiments prove the influence of the layer structure of LDHs 

on OER stability as illustrated in Figure 4.17i: bulk LDH show more dissolution 

and degradation than exfoliated LDH. 
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Figure 4.17 (a-f) Electron microscopy of bulk Ni3Fe LDH. (a) SEM image, (b) STEM 

image, (c-f) STEM EDX mapping of Ni and Fe distribution. (g) XRD comparison of 

exfoliated Ni3Fe LDH and bulk Ni3Fe LDH. (h) the overpotential at 10 mA/cm2 of Ni3Fe 

LDH and bulk Ni3Fe LDH during 1000 cycles between 1.0-1.7 V in 1M KOH. (i) the 

illustration of the correlation from the layer structure of LDH with its degradation degree. 

While from in situ Raman spectra in Figure 4.14, the cycling process leads 

to different phase transition process, which will affect the degradation and 

dissolution behavior. As we discussed before, all the NiFe LDH have been 

transited into Ni(Fe)OOH at high potential and the disorder levels at 1.7 V are 

distinct dependent on the Fe content. When the potential returns from 1.7 V to 

1.3 V, the signals of NiOOH species gradually disappear and the Raman bands 

of LDH phase reappear for Ni3Fe LDH, consistent with the reduction peak of 

NiOOH to Ni(OH)2 in the CV curves. In other words, this in-situ Raman spectra 

confirm a reversible structure transformation process between Ni3Fe LDH and Ni 

(Fe)OOH during the potential cycling process. In contrast, the Raman signals of 

Ni3Fe2 LDH and NiFe3 LDH after going back to 1.3 V are distinct from the initial 

signals, demonstrating an irreversible phase transition during the same cycling 
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period. In theory, these different phase transition trends could affect the OER 

stability, reversible catalysts should be more stable than irreversible ones while 

their actual cycling stability is converse. 

Their different stability performance could be related to the pristine atomic 

and electronic structure of NiFe LDHs: well-crystalline and ordered Ni3Fe LDH 

with more coordinated oxygen atoms are, therefore, stable for the phase 

transition process, only exhibiting slight degradation during the nickel redox 

region. However, the NiFe3 LDH with a lower order degree possess probably poor 

structural stability, and cannot transit back from the intermediate phase formed at 

high potential anymore, leading to a corresponding irreversible dynamic process 

and more metal dissolution at this period. This is the main degradation 

mechanism called transition dissolution from surface reconstruction process, 

consistent with former report in noble metal OER catalysts.206  

To investigate the specific dissolution potential and degradation mechanism, 

the stability of Ni3Fe LDH and NiFe3 LDH after extended 5000 cycles were 

compared in three sequential potential ranges as shown in Figure 4.18a: 

capacitance range of 1.0-1.3 V, nickel redox range of 1.3-1.5 V, and OER range 

of 1.5-1.7 V. The significantly decreased current density and increased 

overpotential for Ni3Fe LDH indicates its main degradation range is the OER 

process, which is similar to the aforementioned steady-state dissolution reported 

for other OER catalysts.207,208 In contrast, the NiFe3 LDH shows only some 

degradation when cycled in the nickel redox region, which is referred to as 

transient dissolution, possibly due to the surface reconstruction process. These 

different degradation regions and dissolution behavior agree well with the in-situ 

Raman spectra.   
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Figure 4.18 (a) CV curve of NiFe LDH between 1.0-1.7 V and the rough range for three 

separate regions: 1.0-1.3 V, capacitance region; 1.3-1.5 V, nickel redox region;1.5-1.7 V, 

OER region. (b) LSV curves of Ni3Fe LDH after cycling over these ranges for 5000 cycles 

and (c) corresponding overpotentials. (d) illustration of the phase transition process of 

NiFe LDHs during cycling process. (e) LSV curves of NiFe3 LDH after cycling over these 

ranges for 5000 cycles and (f) corresponding overpotentials. 

4.5 Chapter summary 

In summary, a series of NiFe LDHs with compositional-dependent 

morphology, atomic and electronic structure were prepared by a facile 

precipitation method. The correlation between the composition and structure of 

NiFe LDHs was investigated by XPS, TEM, and XAS: the more Fe is incorporated 

into LDHs, the less stacked layer structure, the lower crystallinity, the lower 

proportion of Fe3+ and number of coordinated oxygen atoms of these NiFe LDHs 

will be.  

Surely these structure changes results in their different OER performance. 

The multilayer Ni3Fe LDH exhibit higher OER activity than monolayer NiFe3 LDH 

on RDE. It also outperforms most reported NiFe LDHs from half cell and single 
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cell measurements. The single cell utilized Ni3Fe LDH as anode catalysts for 

alkaline exchange membrane water electrolysis exhibits superior current density 

compared to its Ir-based counterpart cell, as well as a robust long-term stability 

at 1 A/cm2 for at least 400 h.  

In-situ Raman shows that the intermediate Ni(Fe)OOH phase is the actual 

active species of all NiFe LDHs at the OER potential, which also account for their 

different performance when we compare the disorder level of these species from 

Raman spectra. These trends are similar as their pristine local chemical 

environment revealed by TEM and XAS. At the same time, the more disordered 

Ni3Fe2 and NiFe3 LDHs show an irreversible phase transition during the potential 

cycling process, while the more ordered Ni3Fe LDHs is able to return to the initial 

stage with good crystallinity. Combined with ICP-MS and electrochemical tests, 

we found out their different dissolution behaviors: Ni3Fe LDH presents steady-

state dissolution at OER process, and NiFe3 LDH is associated with transient 

dissolution due to the surface reconstruction process. 

Our work in this chapter characterizes the detailed analysis of the catalyst 

structures, including morphology, layer structure, element valence, local 

coordination environment, and catalytical performance of NiFe LDHs. The found 

excellent activity and stability of Ni3Fe LDH on RDE and single cell make this 

catalyst a promising non-precious metal-based candidate for actual application in 

alkaline water electrolyzers. Moreover, it provides insights into the relationship 

between the composition, electronic structure of the layer, and electrocatalytic 

performance, and offers a scalable and efficient strategy for developing more 

stable catalysts to support the development of the future hydrogen economy. 
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Chapter 5 Optimization of the structure and OER 

property of NiFe LDH catalysts 

5.1 Introduction part 

Based on the results from last chapter, the correlation between structure and 

OER performance of NiFe LDHs were investigated and found that Ni3Fe LDH 

exhibits the best activity while NiFe3 LDH is most stable. Therefore, it is necessary 

to further optimize the structure of NiFe LDHs, to enhance the catalytical 

performance and get both active and durable catalyst for alkaline water 

electrolyzer. As summarized in Chapter 1, various reported strategies have been 

applied to boost the OER activity of NiFe LDH, but rarely approaches are reported 

to improve the stability. We have found the layer structure of NiFe LDH really 

affects the metal dissolution and degradation process; therefore, the emphasis 

will be modulation of the layer structure while the composition of Ni/Fe, which 

dominate the activity, are kept constant in this part.  

Here, we adopted several different strategies to tune the structure, for 

instance, introduction of certain content polar solvent formamide into the initial 

water solvent in the synthesis process to exfoliate the multilayers of LDH to get 

Ni3Fe LDH-F samples; heat treatment of initial Ni3Fe LDH powders; incorporation 

of MnO4
- ion into the layers to enlarge the layer spacing of Ni3Fe LDH and 

hydrothermal treatment to increase the crystallinity of Ni3Fe LDH.  

5.2 Introduction of polar formamide 

According to former works, formamide is kind of polar solvent, which will 

assist the exfoliation of LDH instantly and spontaneously at room temperature as 

the delaminating agent.209 Therefore, exfoliation of LDHs into monolayer structure 

in formamide is regarded as an excellent idea to enhance the catalytical 
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performance of NiFe LDHs. Here, different contents of formamide were added 

into the former water solvent to synthesize Ni3Fe LDH, so named as Ni3Fe LDH-

F (0, 25, 50, 75, refers the ratio of formamide in the mixed solvent). The synthesis 

process is illustrated in Figure 5.1a.  

 

Figure 5.1 (a) Illustration of the synthesis process of NiFe LDH with formamide. (b) 

elemental ratio of Ni/Fe in the NiFe LDH-F samples. (c) XRD and (d) IR spectra of NiFe 

LDH-F samples. 

First, we checked their elemental composition of these samples by ICP-OES 

in Figure 5.1b and the ratio of Ni/Fe were close to each other, even for the initial 

and most formamide Ni3Fe LDH-F75 samples. The ignorable slightly gradual 

increment of Ni might from the modulation effect of formamide. Therefore, it is 

reasonable to regard all samples as same composition and simply as Ni3Fe LDH. 

Then their crystal structures were investigated by XRD patterns, as shown in 

Figure 5.1c, all the peaks are consistent well with NiFe LDH structure, indicating 

the unchanged crystal structure. While the gradually shifted and reduced peak at 

24 °, attributed to the (006) planes of LDH structure, implying the changes of layer 
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structures. The reduced peak means the less stacked layer while the shift to 

higher angle structure indicates the deceased layer spacing as more formamide 

involves. The IR spectra were also collected to check the structure changes of 

NiFe LDH with the assisting of formamide. In general, all the spectra show similar 

peaks as pristine NiFe LDH-F0, indicating similar NiFe LDH structures. While the 

gradually increasing characteristic peak of NiFe LDH-F75 at the 1690 cm-1 of 

C=O vibration of formamide210, confirming the incorporation of formamide into 

layers, this could be the reason why the NiFe LDH show the most obvious 

structure change in XRD pattern.  

Their electronic structures were revealed by XPS in Figure 5.2. The Ni 2p 

region shows a slight shift to higher energy for Ni3Fe LDH-F compared with initial 

Ni3Fe LDH, indicating similar chemical states of Ni. For the Fe 3p region, there is 

a red shift of F0 and F50 samples, indicating higher valence. The specific Fe 

species show that F0 and F50 possess higher ratio of Fe3+, while F25 and F75 

contain lower Fe3+. Our former work of NiFe LDH with different composition has 

proved the importance of Fe at high valence on OER activity, so here it might also 

affect the catalytical performance. The O 1s region and corresponding oxygen 

species content are similar for all these four samples, in contrast, the more ratio 

of O-H content agrees with the higher concentration of Fe3+, which also have 

some influence on the catalytical process. 
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Figure 5.2 XPS spectra of NiFe LDH-F samples. (a) Ni 2p region. (b) Fe 3p region. (c) O 

1s region. (d) (f) the Fe and O species calculated from corresponding XPS spectra. 

The catalytical electrochemical performance of these Ni3Fe LDH-F catalysts 

has been evaluated in Figure 5.3. First, the OER activity of these Ni3Fe LDH-F 

catalysts are quite excellent, although a little lower than Ni3Fe LDH (overpotential 

of 246 mV at 10 mA/cm2), but still not high (ranging from 260 to 280 mV). At the 

same time, the activity trend of the OER activity for these Ni3Fe LDH-F catalysts 

are: F50＞F0＞F25 ≈ F75. The distinct changes of Ni redox peak of Ni3Fe LDH-

F in Figure 5.3b is also quite interesting, which indicate the different electronic 

structure and dynamic transition process. And the Tafel slope of Ni3Fe LDH-F75 

is quite low as shown in Figure 5.3c, indicating a fast electron/charge transfer 

process, especially at higher current density region. For their ECSA in Figure 
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5.3d, there is no big difference between each other. And the strange issue is the 

Tafel slopes differ from the activity trend: more active F0 and F50 show larger 

slopes while the less active F25 and F75 show lower Tafel slopes. 

 

Figure 5.3 Electrochemical performance of NiFe LDH-F samples. (a) polarization curves. 

(b) corresponding amplified Ni oxidation peak region. (c) Tafel slope. (d) ECSA. (e) the 

overpotential at 10 mA/cm2 during 1000 cycles between 1.0-1.7 V. (f) polarization curve 

and insert Ni oxidation peak during 5000 cycles between 1.0-1.7 V. 

To compare the OER stability of these catalysts, the overpotentials before 

and after 1000 cycles are listed in Figure 5.3e. Their OER stability firstly decrease 

then improve as the ratio of formamide increase, so Ni3Fe LDH-F75 is the most 

stable one with nearly no degradation during 1000 cycles. Its good stability has 

been confirmed at extended condition 5000 cycles in Figure 5.3f and the slight 

degradation could be observed during this process, although not severe, the 

overpotential at 50 mA/cm2 will increase 14 mV. 

 As we know, the OER stability of NiFe LDHs correlated to its layer structure, 

therefore, looking back to the XRD data of Ni3Fe LDH F0-75, we found F50 

sample show higher peak intensity of (003) plane, indicating its multilayer 

structure, while this peak for F25 and F75 is less intense, meaning reduced layers. 
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This different layer structure could make clear the difference in stability.  

To further verify the most stable Ni3Fe LDH-F75 catalyst, we recorded the 

polarization curves after keeping at constant potential 1.6 V at extended time. As 

shown in Figure 5.4a and d, the long-time potentiostatic test of Ni3Fe LDH-F75 

on NF show some degradation. At the same time, we could find the main 

degradation occur at first 200 hours, later with a very stable performance. So its 

general stability is quite robust, and might be better with higher loadings. This is 

consistent with the results from 5000 cycling process, and these results indicate 

the degradation might occur mainly at OER process so the potentiostatic test 

won’t show a very stable performance.    

 
Figure 5.4 Extended stability test of NiFe LDH-F75 catalyst. (a-c) LSV curves before and 

after (a) keeping at 1.6 V for certain hours, (b) 5000 cycles between different ranges, 

and (c) keeping at certain potentials for 20 hours, (d-f) the corresponding comparison of 

overpotentials from (a-c) respectively. 

Therefore, to figure out the range of this degradation, we compared the 

corresponding LSV curves after CV at different potential ranges for 5000 cycles: 

capacitance region (1.0-1.3 V), nickel redox region (1.3-1.5 V) and OER region 

(1.5-1.7 V), as shown in Figure 5.4b and e. Compared with initial activity, the 

OER current do not show any decline, but small increment after cycling between 
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capacitance region (1.0-1.3 V), Ni redox region (1.3-1.5 V) for 5000 cycles. This 

means the phase transition between NiFe LDH and NiFeOOH won’t affect the 

OER stability. While cycling at OER potential affects the stability of Ni3Fe LDH-

F75, the degradation appears. This indicates the possible mechanism is the metal 

dissolution at OER process as reported. Based on this conclusion, it is 

reasonable to observe the steady degradation when holding the Ni3Fe LDH-F75 

at constant OER potentials in Figure 5.4c and f.  

In addition, the dynamic structure transition during the potential cycling 

process was also investigated by in situ Raman of Ni3Fe LDH-F0 and F75 

catalysts in Figure 5.5. The Raman spectra for pristine samples show similar 

Raman spectra with the peaks at 575, 785, and 1100 cm-1. The peaks at 570 and 

785 cm-1 are associated with NiFe LDH. While the band centered at 1100 cm-1 

corresponds to interlayer nitrate ions from the synthesis process.  

When the applied potential initiates and up to 1.3 V, the Raman spectra of 

Ni3Fe LDH-F75 displays no extra characteristics peaks. From 1.4 V to 1.7 V in 

the forward direction and from 1.7 to 1.3 V backward direction, the catalyst shows 

peaks at 480 and 555 cm-1 which correspond to NiOOH.203,168 In contrast, the 

Raman spectrum of Ni3Fe LDH-F0 shows a series of characteristic peaks at 

around 520, 590, 685 cm-1 at 1.6 V in the forward direction. At 1.7 and 1.6 V in 

the backward direction, the catalyst displays Raman peaks at 485 and 555 cm-1 

corresponding to bending and stretching of NiOOH.203,168 Once the applied 

potential is reduced to 1.6 V and up to 1.3 V in the backward direction, the catalyst 

state transforms from NiOOH to the initial state with peaks correspond to NiFe 

LDH. Based on the above results, although Ni3Fe LDH-F75 and Ni3Fe LDH-F0 

present similar chemical composition and ex-situ Raman signal, they behave 

differently under OER conditions. Ni3Fe LDH-F75 shows the presence of active 

intermediate Ni(Fe)OOH at low potentials compared to Ni3Fe LDH-F0, which also 

agrees well with their OER activity.  
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Figure 5.5 In situ Raman spectra of (a) Ni3Fe LDH-F0 and (b) Ni3Fe LDH-F75 catalysts. 

In summary, the introduction of formamide in the solvent could modify the 

layer structure. The reduced stacked layer of Ni3Fe LDH-F75 shows improved 

stability than pristine sample, and the further investigation confirm the main 

degradation occurs at OER region. The in-situ Raman spectra reveals lower 

potential for the presence of active species for Ni3Fe LDH-F75, accounting for its 

better OER activity. Generally, all the different OER performance of these Ni3Fe 

LDH-F catalysts could be understand by their spatial and electronic structures, 

supporting the conclusion from last chapter. And this strategy could improve the 

OER activity and stability, but still not obtain a perfect NiFe LDH catalyst. 

5.3 Incorporation of interlayer ions  

According to reported works, the interlayer ions in the LDH structure could 

affect the basal spacing and size, therefore, their catalytical performance.170,182  

Based on this, incorporation of certain ion with bigger radius into the NiFe LDH 

might enlarge the layer spacing and further exfoliate the former multilayer into 

monolayer NiFe LDHs, as illustrated in Figure 5.6a. So we synthesize a series 

of Ni3Fe- xMnO4 -LDH samples (x=0, 0.5, 1 and 2, the input ratio of MnO4
- ions) 

as follows: 25 ml mixed Ni/Fe solution (3 mmol Ni(NO3)2·6H2O and 0.75 mmol 

Fe(NO3)3·9H2O), and 25 ml NaOH + x mmol MnO4
- solution, were mixed and 

stirred strongly (1000 rpm) for 10 minutes, then the precipitate was washed by DI 

water and ethanol then collected. 
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As the ratio of MnO4
- ions increased, the color of powder inks in Figure 5.6b 

gets dark gradually, implying the possible structure changes. Their elemental 

compositions were verified by ICP-OES in Table 5.1, and the incorporation of 

MnO4 were only small amount even the input ratio is higher than Fe, and the 

composition does not change severely for the three samples. Then their XRD 

patterns were obtained and compared in Figure 5.6c. First, the introduction of 

MnO4
- ions does not change the crystal structure of NiFe LDH, regardless of the 

amount. However, there are changes of peak intensities and position indicating 

modified layer structure after incorporating MnO4
- ions: the peaks of (003) and 

(006) planes at 11 and 23 ° in Figure 5.6e shift negatively, meaning the enlarged 

layer spacing according to the equation 2d*sinθ=λ. This is consistent with the 

reported linear correlation of measured basal spacing with anionic radii other LDH 

system if we assume the MnO4 anions did indeed reside in the interlayers.170 

 

Figure 5.6 (a) Illustration of crystal structure of Ni3Fe- xMnO4 -LDH. (b) corresponding 

powders inks. (c,e) XRD pattern and (b,f) IR spectra of NiFe- xMnO4 -LDH samples. 
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Table 5.1 Element ratio of metals in the NiFe- xMnO4 -LDH samples. 

Sample 
Actual ratio by ICP OES (ε ≤ 1%）  

Ni Fe Mn 

Ni3Fe- 0.5MnO4 -LDH 73.7 19.8 6.5 

Ni3Fe- MnO4 -LDH 66.6 27.1 6.3 

Ni3Fe- 2MnO4 -LDH 68.3 18.1 13.6 

To further verify the successful incorporation of MnO4
- ions into the NiFe LDH 

interlayers, we carried out IR tests to check the interlayer ions and possible 

structural changes. As shown in Figure 5.6b, all the Ni3Fe -xMnO4 -LDH samples 

show similar IR spectrum as pristine NiFe LDH, but as the amount of doped 

MnO4
- increased, the peaks at 1060 and 3300-3600 cm-1 decrease, indicating the 

reduced amount of absorbed OH/H2O. At the same time, another obvious peak 

of Ni3Fe-MnO4-LDH at 1200-1500 cm-1, ascribed to the interlayer ions, show 

distinct peak shape and position in Figure 5.6f. This characteristic signal changes 

agree with the effect from MnO4 ions,211 also consistent well with the 

phenomenon from XRD patterns.  

The effect from incorporated MnO4
- ions on the electronic structure of Ni3Fe 

LDH was also studied by XPS and the spectra of typical Ni3Fe -MnO4- LDH and 

Ni3Fe LDH were compared in Figure 5.7. The similar survey spectra contain the 

signal from common elements O, Ni and Fe. While the three deconvoluted 

oxygen species of Ni3Fe -MnO4- LDH could be attributed to oxide (5.6%), OH 

(85.2%) and H2O (12.2%) groups, close to the contents of Ni3Fe LDH. The 

general shape of O 1s region is slightly different, which might come from the 

doped MnO4 ions. For the Ni 2p region, consistent with former analysis, all the 

peaks agree well with the Ni2+. The Fe 3p region were fitted as Fe2+ and Fe3+ 

species, and there are also no obvious differences for the general signals. 

Therefore, the XPS data confirm the incorporation of MnO4
- ions does not change 

the same chemical states of Ni and Fe, only minor variation of oxygen species.  
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Figure 5.7 XPS spectra of Ni3Fe- MnO4 -LDH and Ni3Fe LDH samples. (a) survey spectra. 

(b) O 1s region. (c) Ni 2p region. (d) Fe 3p region. 

Then the OER performance of these Ni3Fe- xMnO4 -LDH catalysts were 

evaluated and the polarization curves with overpotentials during 1000 cycles 

were compared in Figure 5.8. The initial samples exhibit excellent OER activity 

with overpotentials comparable to Ni3Fe LDH but at same time its stability during 

1000 Cs is not robust as well. As the ratio of MnO4
- increases, their OER activity 

decreases, while the other two samples with more MnO4
- show no degradation 

after 1000 cycles. Same as the trend in the NiFe LDHs, this strategy leads to 

worse activity but better stability.  
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Figure 5.8 (a,b) Polarization curves and (c,d) corresponding overpotentials at 10 mA/cm2 

of Ni3Fe-xMnO4-LDH catalysts before and after (a,c) 1000 and (b,d) 5000 cycles between 

1.0-1.7 V in 1 M KOH. 

Then their longer stability was tested at extended 5000 cycles, and found 

Ni3Fe-2MnO4-LDH did not exhibit even better activity than Ni3Fe-MnO4-LDH as 

expected, but both of them are more stable than Ni3Fe LDH. In contrast, the 

extended stability of Ni3Fe-0.5MnO4 -LDH is not as good as the others, indicating 

the amount of MnO4
- works. It should be at a certain range around Fe: Mn=1:1 

while less or excessive doping will not help further. 

In summary, incorporation of MnO4
- ions into the interlayer of Ni3Fe LDH 

could modify the layer structure by enlarging spacing and reducing stacked layers. 

At the same time, it won’t change the chemical states of metal sites. The 

incorporation will lead to improved OER stability compared with Ni3Fe LDH, 

however, the activity is not boosted as expected, which requires further studies. 
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5.4 Heat treatment 

As reported, the layer spacing of LDH would shrink upon annealing, and this 

structure change would lead to the influence on their OER performance.118 

Therefore, we put the Ni3Fe LDH for heat treatment to check the effect of 

temperature on structure and electrochemical properties of Ni3Fe LDHs. The 

Ni3Fe LDH powders are put into the ceramic boat, and then transferred into 

vacuum oven at controlled temperature for 1h. The pressure is kept at 100 mbar, 

temperatures are 100, 150 and 200 °C (named as Ni3Fe LDH-100, 150, 200). 

Firstly, the crystal structure changes from heat treatment were studied by 

XRD patterns. As shown in Figure 5.9a, the series of peaks change as 

temperature increase compared with initial Ni3Fe LDH: from 100 to 150 °C, the 

intensity of peaks at 12° and 24° decrease, and at the same time, there is a red 

shrift, indicating the shrinkage of layer distance at higher temperature. The 

constant peak at 34° and 60° confirm the reliability of peak shrift, not owing to 

signal drift, and the stable matrix LDH structure. This trend is consistent with 

previous report, but the difference is the XRD pattern of Ni3Fe LDH-100 is nearly 

same as 150 °C, while all the peaks disappeared in the report,118 indicating 

different structure change and effect from heat treatment process.  

 

Figure 5.9 (a) XRD pattern and (b) IR spectra of Ni3Fe LDH after heat treatment at 

various temperatures, 100, 150 and 200 °C for 2 hours. 
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The infrared spectra were also collected in Figure 5.9b to check the structure 

evolution of Ni3Fe LDH upon annealing from 100 to 200 °C. The bands centered 

at 617 and 797 cm−1 are attributed to the scissoring and stretching vibrations of 

M-O. The intensities and frequencies of the vibrations are influenced by hydrogen 

bond. The changed intensity and position of the scissoring vibration (δ(M-O)) and 

the stretching vibration (ν(M-O)) are both related to reduced hydrogen bonding, 

which confirm the effects from high temperature. At the same time, the bands at 

1350, 1620, and 3365 cm−1 are characteristic for NO3
-, scissoring, and stretching 

mode of structure water, respectively. The sharp and intensive vibration at around 

3630 cm−1 is related to free O-H groups, these nearly unchanged peaks during 

annealing indicate that NiFe LDH only undergoes water desorption without 

hydroxide decomposition, consistent with report.  

However, the difference from our result with literature is that there is no 

obvious decline in relative intensity at 1350 cm−1 owing to the release of CO2 with 

increasing annealing temperature, so to some extent, we could conclude that 

NO3
- ion interlayer LDHs show better structural stability under annealing 

conditions. This might also be the reason why our NiFe LDH after heat treatment 

did not show obvious structure changes in XRD patterns. 

Then the chemical states of Ni3Fe LDH after heat treatment were revealed 

by XPS spectra in Figure 5.10. For O 1s region, the Ni3Fe LDH-100 shows similar 

signal and the deconvoluted peaks, indicating unchanged electronic structures. 

As the temperature increases to 150 °C and 200 °C, the species of OH gradually 

takes more proportion. At the same time, the XPS spectra of Ni 2p region exhibit 

close signals without peak shift or shape variation. And all the fitted peaks are 

consistent with Ni2+ content, confirming the same oxidation state during heat 

treatment process. In contrast, the Fe 3p region exhibit a certain difference of 

peaks. The deconvoluted peak at 58 eV, attributed to Fe3+, increases as 

temperature rises. This trend is also confirmed by the quantitative analysis of 
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each content for different O and Fe species. As we know, these electronic 

structure changes of these catalysts will affect the dynamic absorption and 

desorption of intermediate species thus the catalytical performance. 

 

Figure 5.10 XPS spectra of Ni3Fe LDH after heat treatment at various temperatures. (a) 

O 1s region. (b) Ni 2p region. (c) Fe 3p region. (d) (f) the O and Fe species calculated 

from corresponding XPS spectra. 

The electrochemical tests of these Ni3Fe LDHs in 1M KOH show the general 

activity in Figure 5.11, and as annealing temperature increases, their current 

density decease slightly, also revealed by the corresponding overpotentials. It 

could be explained as the temperature increase, the layer spacing decrease, 

leading to the decreased ECSA. The Tafel slope of these annealed sample are 

close to each other, implying similar kinetic process for OER. Moreover, their 
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stability over 1000 cycles gradually improved slightly at higher temperature, 

revealed by the less increasement of overpotentials. But the degradation still 

exists for all these Ni3Fe LDH catalysts, which mean this method does not work. 

 

Figure 5.11 Electrochemical test of Ni3Fe LDH after heat treatment at various 

temperatures. (a) LSV curves and (b) overpotential after 1000 cycles between 1.0-1.7V 

and (c) their initial ECSA and (d) Tafel slopes. 

In summary, the heat treatment results in the layer spacing shrinkage to 

some extent, but does not form the monolayer Ni3Fe LDH. This layer structure 

change affects the chemical states of oxygen and iron to some extent, and 

therefore, the OER activity. But the OER stability only improves in a limited range, 

and the general catalytical performance is not as good as initial Ni3Fe LDH. From 

this perspective, this strategy does not meet our former expectation, and further 

investigation is required to improve it later. 
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5.5 Hydrothermal treatment 

The NiFe LDHs synthesized by precipitation method are regarded as with 

low crystallinity with higher disorder degree,202 which was also confirmed by our 

structural analysis of the NiFe LDHs with different composition in chapter 3. 

Previous work has reported numerous NiFe LDH catalysts obtained at 

hydrothermal process with well-defined hexagonal shape and excellent 

crystallinity,166,214 and the precipitated LDH after hydrothermal treatment at higher 

temperature and extended time could increase the crystallinity as well.201 

Therefore, hydrothermal treatment of NiFe LDH might be a feasible strategy to 

increase the crystallinity and improve the OER stability of catalysts. 

Therefore, Ni3Fe LDH and NiFe3 LDH were selected as examples and their 

powders were transferred into autoclave at 200°C for 2 h for hydrothermal 

treatment. Then the new samples Ni3Fe LDH 2 h and NiFe3 LDH 2 h are obtained. 

The elemental ratio in Table 5.2 proves the hydrothermal process did not affect 

their composition of Ni and Fe, but probably structures of NiFe LDHs. The XRD 

patterns of Ni3Fe LDH 2h in Figure 5.12a verify the new sample is still NiFe LDH, 

but the intensities of a series of peaks at ~35°, 39° and 60°, 62° (refers to (101), 

(012), (110) (013) planes) increased compared with the ones of layer structure 

(11° and 23°, refer to (003) (006) planes) after hydrothermal process, indicating 

the enhanced crystallinity of LDH matrix.  

Table 5.2 Element ratio of NiFe LDH before and after hydrothermal treatment. 

Sample 
Actual ratio by ICP OES (ε ≤ 1%） 

Ni Fe 

Ni3Fe LDH 77.0 23.0 

Ni3Fe LDH 2h 78.7 21.3 

NiFe3 LDH 23.6 76.4 

NiFe3 LDH 2h 27.5 72.5 
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The difference is initial NiFe3 LDH exhibit almost amorphous structure in 

Figure 5.12b, and the NiFe3 LDH 2h sample shows obvious crystal peaks of NiFe 

hydroxides (PDF#14-0556), also could be regarded as monolayer LDH. Here, the 

crystallinity index, the ratio of the area from crystalline peaks to the total of 

crystalline and amorphous peak, is calculated and compared. The corresponding 

crystallinity degree increases from 5% to 79% during this process as shown in 

Figure 5.12c. It means the treatment could not increase the stacked layers, but 

enhance the crystallinity of nanosheet matrix from amorphous structure to good 

nanocrystals. 

 

Figure 5.12 (a-c) XRD patterns and (d-e) IR spectra of NiFe LDH before and after 

hydrothermal treatment. (a,d) Ni3Fe LDH. (b,c,e) NiFe3 LDH. 

More IR tests were conducted to check the structural evolution during the 

hydrothermal process for these NiFe LDH samples. As shown in Figure 5.12d-e, 

Ni3Fe LDH and Ni3Fe LDH 2h show all similar peaks but with different intensity, 

especially at 1350 and 3300-3600 cm-1, attributed to interlayer ions and H2O/OH-, 

indicating the increased stacking layer structure of NiFe LDH nanosheets, 
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consistent with former XRD data. 

Surely such kind of structural and crystallinity could be observed more 

directly by TEM images. The initial Ni3Fe LDH shows dispersed multilayer 

nanosheets, while the stacked layers increased after hydrothermal thermal 

process in Figure 5.13a and b, consistent with the results from XRD and IR. In 

contrast, the morphology changed more obvious for NiFe3 LDH samples. The 

monolayer amorphous nanosheet transited into distributed ultrasmall nanoplates, 

and the corresponding diffraction pattern confirm the improved crystallinity.  

 

Figure 5.13 TEM images of NiFe LDH (a,c) before and (b,d) after hydrothermal treatment. 

(a,b) Ni3Fe LDH. (c,d) NiFe3 LDH. 

Then we evaluated the OER performance of these NiFe LDH catalysts by 

cycling the electrode in 1M KOH for 1000 cycles between 1.0 and 1.7 V. The 

polarization curves and corresponding overpotentials are compared in Figure 

5.14. For the activity, it is reasonable to find the more crystalline catalysts with 

less active sites present lower current density for the Ni3Fe LDH 2 h sample. This 
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is also confirmed by the reduced ECSA. While for the stability, here the Ni3Fe 

LDH 2 h sample did not show improved stability although it is generally holding 

that crystalline catalysts are more stable. The possible reason could be the 

increased stacked layers during hydrothermal process for Ni3Fe LDH 2 h will lead 

to the severe dissolution according to our current understanding.  

 

Figure 5.14 Electrochemical performance of holding NiFe LDH before and after 

hydrothermal treatment. (a,d) polarization curves and (b,e) corresponding overpotentials 

at 50 mA/cm2 during 1000 cycles between 1.0-1.7 V. (c,f) ECSA. (a-c) Ni3Fe LDH. (d-f) 

NiFe3 LDH. 

Similarly, we also reported the OER performance of NiFe3 LDH and NiFe3 

LDH 2 h, which transited from amorphous to crystalline structure. The treated 

NiFe3 LDH 2 h catalyst exhibits much worse OER activity but slightly increased 

stability. For the activity, one reason is the crystalline catalysts with less active 

sites, verified by the reduced ECSA. Another reason is the possible elemental 

segregation to form a Ni core and Fe shell structure. Then the Fe-rich surface is 

far away from the best ratio of Ni/Fe ratio, so exhibit worse activity then 

homogenous NiFe3 LDH. While for the stability, firstly there is no more layer 

stacked, which is harm to the durability. And even if the core/shell Fe/Ni structure 
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really exists, it also presents improved activity during the cycling process. 

Based on above discussion, the hydrothermal effect works more obviously 

for amorphous NiFe LDH. Therefore, it is necessary to study the effects of 

hydrothermal treatment on a series of other NiFe-based materials, including 

sulfides and molybdate, phosphate. The pristine precipitate samples named as 

a-NiFe (a-Ni3FeS and a-Ni3FeMoO4) and the one after hydrothermal process at 

200 °C for 2 h named as c-NiFe (c-Ni3FeS and c-Ni3FeMoO4).  

The crystal changes are compared by XRD patterns in Figure 5.15a and b. 

The precipitate a-Ni3FeMoO4 sample show only a wide peak at ~22°, while the 

crystalline sample exist a series of peaks, which corresponds to the NiMoO4 

phase (PDF#33-0948)., the slight deviation could be from the modified lattice 

from doped Fe. The Ni3FeS is consistent well with Ni3FeMoO4 sample: precipitate 

powder shows no obvious crystal peaks while after hydrothermal treatment, 

Ni3FeS agrees well with the NiFeS2 structure (PDF#02-0850). In general, the 

hydrothermal treatment could assist the transition of amorphous samples into 

crystalline NiFe sulfides and molybdates, and it can be expected for their different 

morphologies. 

Then we check the structures and morphologies of Ni3Fe sulfides and 

molybdates by SEM images. As shown in Figure 5.15c-d, the a-Ni3FeMoO4 

consists of nanoparticles with radius of the tens of nanometers, while the new 

sample c-Ni3FeMoO4 are well-defined nanorods with certain remaining 

nanoparticles after hydrothermal process. The nanorods are typical shape of 

molybdates consistent with previous report,215,216 while the remaining 

nanoparticles could be the excessive MoO4 at precipitation process. For sulfides, 

the pristine a-Ni3FeS presents various species, the majority are several 

micromanometer plates, probably Ni(OH)2 after precipitation, while the others are 

smaller size particles. After hydrothermal process, the c-Ni3FeS shows more 

regular shaped nanoparticles with uniform sizes, indicating the formation of 
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crystalline sulfides. It could be deduced the atomic structure migration and 

rearrangement of these samples, and lead to well-defined nanocrystals. But the 

resolution of SEM is limited to observe more details of these samples, so TEM or 

HRTEM images are required for further information.  

 

Figure 5.15 XRD patterns of (a) amorphous and crystalline Ni3FeMoO4, (b) amorphous 

and crystalline Ni3FeS. (c-f) SEM images of (c) amorphous and (d) crystalline Ni3FeMoO4, 

(e) amorphous and (f) crystalline Ni3FeS samples. 

The (HR)TEM of these Ni3Fe sulfides and molybdates are presented in 

Figure 5.16. The a-Ni3FeMoO4 looks like fluffy porous sponge, a typical 

morphology of amorphous samples, confirmed by its HRTEM image and 

corresponding FFT pattern. In contrast, the c-Ni3FeMoO4 exists the nanorods with 

the length of hundreds of nanometers. And the HRTEM image reveals the lattice 
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spacing of 8.6 Å, attributed to the (100) planes of NiMoO4. The insert FFT patterns 

corresponds to the (011) and (111) planes in the <011> axis. For NiFe sulfides, 

STEM images show pristine a-Ni3FeS consists of various irregular particles to 

form aggregates, while c-Ni3FeS are mostly regular octahedrons with the size 

close to 100 nm. These results confirm the structure evolution of NiFe sulfides 

and molybdates during the hydrothermal process.  

 

Figure 5.16 TEM images of (a,c) amorphous and (b,d) crystalline Ni3FeMoO4. STEM 

images of (e) amorphous and (f) crystalline Ni3FeS samples. 

The influence of these structure changes on OER performance were verified 

in Figure 5.17. The c-Ni3FeMoO4 exhibits slightly lower OER activity than pristine 

a-Ni3FeMoO4, revealed by their LSV curves and overpotentials at 10 mA/cm2. 

This difference could result from their lower surface area for crystalline samples. 

While after 1000 cycles, a-Ni3FeMoO4 shows more obvious degradation with 

increased overpotentials, but the counterpart for c-Ni3FeMoO4 even deceased. 

This trend is similar for NiFe sulfide system. The c-Ni3FeS is less active but more 

stable than a-Ni3FeS catalysts. All these findings agree with the common view 
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that the crystalline structure possess robust stability than amorphous ones.  

 

Figure 5.17 Electrochemical performance of (a,c) amorphous and crystalline Ni3FeMoO4, 

(b,d) amorphous and crystalline Ni3FeS samples. (a,b) polarization curves and (c,d) 

corresponding overpotentials at 50 mA/cm2 during 1000 cycles between 1.0-1.7 V. 

5.6 Chapter summary 

To sum up, we have adopted and conducted several kinds of strategies to 

modulate the structure of NiFe LDH for optimized OER activity and stability. 

Among them, heat treatment brings the shrinkage of layer spacing but not the 

expected improved catalytical performance. The introduction of formamide in the 

solvent and incorporation of MnO4
- ions into the interlayers could help to reduce 

the stacked numbers and layer distance, therefore, lead to enhanced OER   

stability. Similarly, the hydrothermal treatment could also increase the stability by 

forming of more crystalline nanocrystals. And this approach was also extended 

and applied in other NiFe-based systems, confirming it is a reliable method to 

increase the crystallinity and further catalytical durability of these catalysts.
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Chapter 6 Discussion 

For the evaluation of catalytical performance of electrocatalysts on half cell 

RDE, all kinds of detailed parameters from the testing setup and procedures 

matter but these are still not universal up to now even electrolysis has been 

developed over 100 years and massive related work has been published every 

year. The reason could come from the complexity of different kinds of catalysts 

or there is no a strong enough call or mandatory rule to get everyone to follow a 

uniform protocol in their publications. Therefore, these influential test conditions 

are flexible and variable, so the fairness and reasonableness when reporting 

catalyst performance depend on the scientific conscience of the experimenter 

sometimes. From our perspectives, we aim to conduct relevant investigations on 

the effects of testing protocols, then determine an objective standard procedure 

for our catalyst and the whole scientific community. 

The parallel experiments from the different choices of experimental testing 

setup confirm the effects of counter electrode, cell, electrolyte and working 

electrode. The Pt and graphite make no difference on the initial actives on all 

three kinds of electrodes, but the gradual oxidation of carbon at extended cycles 

will contribute extra current and overlap with the OER current, thus finally lead to 

the overestimation of catalyst performance. And this phenomenon exists only 

after 1000 cycles, not a very long-term test, so we think the graphite is not suitable 

to use as a counter electrode for stability evaluation, and in contrast, Pt is a better 

choice.  

For electrochemical cells, catalytical performance measured in the glassy 

and Teflon cell are consistent with each other for both activity and cycling stability. 

Although previous works have reported the slow dissolution of glassy material in 

alkaline solution, the possible derived ions probably do not affect the OER 
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process as they are not OER active and there is no redeposition process to cover 

the catalyst surface at oxidative potential. Considering the protection of the 

electrochemical cell itself, the Teflon cell is more stable and reliable in alkaline 

conditions.  

The electrolytes, not only provide the OH group as the reactant, but also 

work as media for charge transfer and mass transfer in the reaction. Therefore, 

the physicochemical properties, for instance, electrical conductivity and viscosity, 

of different electrolytes KOH and NaOH will affect the performance of the 

catalysts tested. We found the activity trend to be better in KOH than in NaOH. 

The impurity Fe ions in initial KOH are absorbed and affect the activity of OER 

performance of the catalyst. Especially for nickel-based materials dual NiFe 

active species are formed. It makes sense that the difference in stability is more 

pronounced than the activity performance in purified and unpurified KOH as the 

absorption of Fe takes time then works continuously at the cycling process. At the 

same time, the potentiostatic stability in both purified and unpurified KOH do not 

exhibit severe degradation during the cycling process, implying the role of 

potential on the stability mechanism of Ni-based OER catalysts. It could be 

deduced the reduction reaction at cycling process leaves negative effect on 

degradation, possible the metal dissolution at phase transition, a similar 

mechanism as we proposed later for NiFe LDH.  

Without any doubt, the working electrode, composed mainly but not fully of 

catalysts, have even more evident impact on the presented performance. 

Needless to say, the type of binder, the ink configuration and the catalyst itself, 

even the two basic parameters, loading and substrate, of working electrode, 

exhibit dependent activities. The coated loading determines the total amount of 

catalyst on the substrate, but not the number of active sites as only surface sites 

could participate in the reaction. Too high loading will lead to the mutual coverage 

and increased charger transfer and mass transfer resistance during catalytical 
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process. Therefore, the OER activity of catalysts increase first as loading 

increase then decrease while further more catalysts were added. The nature 

effect from substrates on catalysts is also similar, which influence the number of 

active sites and dynamic transfer process. The porous three-dimensional NF and 

CP could assist catalysts presenting higher activity than common GC substrate. 

But these factors do not affect the stability trend at both cycling process and 

potentiostatic conditions. 

For the testing protocols, we consider to exclude all possible inconsistent 

factors on the catalyst surface, for instance, the oxidation state and attached 

bubbles. The CV activation was pretreated to reach a similar status and reductive 

potential was applied to remove the bubbles at surface before the activity 

evaluation, thus a relatively consistent and reliable result could be obtained. As 

we know, there is continuous oxygen bubbles generated at the catalyst surface, 

which will interrupt the subsequent catalytic process and apparent currents. 

Therefore, the consecutive record of current or potential during stability tests are 

mostly unreliable with periodic oscillation, while the comparison of polarization 

curves before and after this period could skip the affected part and provide 

objective evaluation. 

Based on the above determined testing setup and measurement procedure, 

we also synthesized a series of reported high-performance catalysts and 

compared their OER performance in our universal protocol, which exhibit distinct 

nominal activity. At the same time, the benchmark of various OER catalysts points 

out NiFe LDH is a kind of active and durable catalyst on RDE and promising for 

alkaline water electrolyzer. So we synthesized different NiFe LDH with tunable 

composition by precipitation principle. This method could provide large scale 

powders at room temperature without any additives. From the perspective of cost, 

this catalyst is economical and suitable for potential commercial application. 

The structures of these NiFe LDH were investigated by various techniques, 
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which collectively demonstrate the compositional dependent morphology, size 

crystallinity and chemical environment. According to the growth mechanism, iron 

ions are precipitated earlier than nickel then followed by the diffusion and 

migration process to form homogenous material. The nature of these differences 

come from the modulated physical and chemical property of these bimetallic 

hydroxides. As more Fe incorporated in the NiFe LDHs, the higher disordered 

level and the unsaturated oxygen coordination around Fe of the sample presents, 

so the trend is reduced crystallinity. Meanwhile, as the amount of Fe3+ is reduced, 

the interlayer hydrogen bonds weaken, and therefore leads to a monolayer 

nanosheet. 

Here it is worthwhile to discuss more about the structure of NiFe LDHs, 

especially at higher Fe ratio. As the XRD pattern and TEM image of the NiFe3 

LDH do not present characteristic signal to distinguish its crystal phase, and 

previous work has pointed out the characteristic solubility limit of Fe in NiFe LDH 

materials. Here our synthesis process is varying from common hydrothermal 

thermal process, therefore, although there is a theoretical sequential precipitation 

of Ni/Fe, the precipitation process is completed in a very short time at the 

environment of excessive OH-, so the former already uniformly dispersed Ni/Fe 

ions in the solution come into homogenously distributed solids accompanied by 

high-speed stirring. But even though there is some segregated FeOOH phase, it 

could not be detected by XRD. However, the corresponding structural changes 

could be observed by other techniques. The elemental distribution of Ni/Fe is 

checked by SEM-EDS at various regions and the STEM EDS mapping, although 

they are not precise to the atomic level due to the limitation of resolution, it has 

been proved at least that they are uniformly distributed in the nm level. It is similar 

for Raman spectra, there are no other Raman-active modes from expected 

FeOOH phase even for NiFe3 LDH. Moreover, the bond length of Fe-O in NiFe 

LDH and γ-FeOOH are different, but here it is similar for all our NiFe LDHs 
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revealed by EXAFS analysis. In general, even we cannot prove that there is no 

separate FeOOH phase for NiFe3 LDH, the essential structure of Ni3Fe LDH 

should be Fe incorporated into NiOOH structure, while NiFe3 LDH is probably Ni 

incorporated into FeOOH matrix structure. Former work has confirmed that the 

cations (Ni and Fe) are not randomly distributed across the LDH layers and 

display increasing Fe clustering for higher iron contents. Therefore, there might 

be also the coexistence of different local Fe environment and from the essence 

of the structure, the intrinsic structural variation between these three NiFe LDHs 

is only the ratio of Fe-O-Fe to Fe-O-Ni. As we know, LDH is a term to describe 

the lamellar hydroxides, while the detailed local structure could vary. So, it might 

not be a big problem to name the amorphous monolayer NiFe3 as LDH in a broad 

sense.  

For the OER performance, the activity trend is Ni3Fe LDH > Ni3Fe2 LDH > 

NiFe3 LDH while the stability trend is reversed. Besides of the ECSA, the number 

of active sites of the catalyst, the intrinsic activity is dominated by the electronic 

structure. In situ techniques have proved the high valence Ni4+, Fe4+ at OER 

conditions, here although we do not study the chemical states of metal at high 

potential, the characterization of pristine NiFe LDH has proved the larger 

proportion of Fe3+ with more oxygen coordination. The other perspective to 

understand the activity trend is the transition of intermediate species, including 

the potential for transition and the structure of species. Our in-situ Raman data 

confirm the existence of the active Ni(Fe)OOH phase, and their disorder levels 

are also different. It is a pity that we cannot distinguish the accurate potential for 

phase transition as the potential step is too huge, but our results could also help 

to make clear the structure for catalytic processes, in general, consistent with 

reported theory. But for stability, there are few targeted studies and mature theory 

to explain the mechanism. We found the metal dissolution is the main reason for 

their different degradation. The cyclic stability in different potential intervals verify 
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the main degradation range for Ni3Fe LDH is the OER process, which is 

correlated with the steady-state dissolution while the NiFe3 LDH shows only some 

degradation when cycled in the nickel redox region, which is referred to as 

transient dissolution, possibly due to the surface reconstruction process. It could 

also be understood by the pristine atomic and electronic structure of NiFe LDHs: 

well-crystalline and ordered Ni3Fe LDH with more coordinated oxygen atoms are, 

therefore, stable for the phase transition process, only exhibiting slight 

degradation during the nickel redox region. However, the NiFe3 LDH with a lower 

order degree possess probably poor structural stability, and cannot transit back 

from the intermediate phase formed at high potential anymore, leading to a 

corresponding irreversible dynamic process and more metal dissolution. But 

these mechanisms are more kind of hypothesis which lack of direct evidence, like 

flow cell ICP-MS to observe the in-time metal dissolution and isotope labeling to 

track the OER pathways. It is believed that there will be more studies and reports 

on the stability mechanism of non-precious OER catalysts in the future. 

According to the above understanding of the correlation between catalyst 

structure and performance, we adopted several different strategies to tune and 

optimize the structure of NiFe LDHs, aiming to get both active and durable 

catalyst for alkaline water electrolyzer. The ideal target is monolayer Ni3Fe LDH, 

which possess the optimal composition for activity and layer structure for stability. 

Heat treatment of NiFe LDH leads to the shrinkage of layer spacing as reported, 

and the chemical states of oxygen and iron changed to some extent but not form 

monolayer structure and the corresponding OER performance do not improve. It 

could be deduced that the different results from our work reported is due to the 

material itself. The NiFe LDH prepared by different process could present distinct 

structural changes during heat treatment. From this perspective, this strategy 

does not meet our expectation. We also introduce formamide in the solvent to 

modify the layer structure. The experimental results confirm the less stacked layer 
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possibly due to the incorporation of formamide into the LDH layers. The in-situ 

Raman spectra reveals lower potential for the presence of active species for 

Ni3Fe LDH-F75, accounting for its better OER activity. Here we could observe 

this different potential, indicating the greater structural and performance variability 

of NiFe LDH in polar solvent formamide. Similarly, the incorporation of MnO4
- ions 

into the interlayer of Ni3Fe LDH could modify the layer structure by enlarging 

spacing and reducing stacked layers due to the larger ion radius, like kind of strain 

effect in the layer direction. XPS data shows it won’t change the chemical states 

of metal sites, indicating there is no oxidation reaction during the synthesis 

process and charge transfer between the Ni/Fe in the matrix and interlayer MnO4
- 

ions. Another trial is the hydrothermal treatment to increase the crystallinity. 

Theoretically, catalysts with higher crystallinity are usually less active and more 

stable. So here the time is set only 2 hours to get the balance of activity and 

stability for NiFe LDHs. We found this short-term hydrothermal process really 

increase the stability for these more crystalline nanocrystals, and this effect is 

more obvious for amorphous samples so we also confirm this approach in other 

systems. The initial amorphous NiFe molybdate and sulfide both transit into well-

defined nanocrystals and exhibit enhanced OER stability, confirming it is a 

universal strategy enabling facile and cost-effective crystallization recovery from 

amorphous to well-fined nanocrystals as OER catalysts. 
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 Chapter 7 Conclusion 

The development of novel catalysts for AEM water electrolysis requires 

accurate characterization techniques to assess their performance. So first we use 

nickel electrode and Ni/NiO on a carbon support, as benchmark catalysts to 

develop a detailed test protocol leading to comparable results between different 

laboratories. By experimentally comparing various test components, we 

discussed their underlying effects on the evaluation of catalysts. For example, the 

oxidation current for carbon material as a counter electrode will overlap with 

nickel redox peak and total activity, so Pt should be used for the stability test. The 

dynamic changes of bubbles on the electrode during the long-term tests will lead 

to an unreliable evaluation of OER stability, thus the comparison of polarization 

curves during this process is more reliable. Based on our study, we recommend 

a set of protocols to fairly evaluate OER catalysts. 

Then we focused on the synthesis of efficient and durable OER catalysts for 

AEM water electrolysis. The NiFe LDH electrocatalyst was obtained by a facile 

precipitation method, which exhibits compositional-dependent morphology, 

atomic and electronic structure. The correlation between the composition and 

structure of NiFe LDHs was investigated by various techniques. We found when 

more Fe is incorporated into LDHs, the lower crystallinity, stacked layers, the 

proportion of Fe3+ and number of coordinated oxygen atoms will be, while the 

disorder and the degree of amorphism increase. The multilayer Ni3Fe LDH shows 

higher OER activity than other LDHs on RDE and also outperforms most reported 

NiFe LDHs. In addition, the single cell utilized Ni3Fe LDH as anode catalysts for 

alkaline exchange membrane water electrolysis exhibits superior current density 

compared to its Ir-based counterpart, as well as a robust long-term stability. In-

situ Raman shows that the dynamic self-constructed Ni(Fe)OOH phase is the 
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actual active species of all NiFe LDHs at the OER potential, while the more 

disordered Ni3Fe2 and NiFe3 LDHs show different intermediate structure and an 

irreversible phase transition during the potential change, the more ordered Ni3Fe 

LDHs is able to return to the initial stage with good crystallinity. These results also 

imply the Ni3Fe and NiFe3 LDH possess different OER pathway and dissolution 

behavior. NiFe3 LDH is conventional AEM with transient dissolution during the 

redox process while Ni3Fe LDH is LOM mechanism with steady-state dissolution 

as OER occurs. 

Thereafter, several strategies were adapted to improve the structure and 

OER stability of NiFe LDHs. Among them, heat treatment leads to the shrinkage 

of layer spacing but not improved the catalytical performance obviously. The 

assisting of formamide in solvent and the incorporated MnO4
- into interlayers 

affect its layer structure, thus improve the OER stability to some extent. 

Hydrothermal treatment of NiFe LDHs could increase the crystallinity, making 

amorphous NiFe3 LDH into crystalline nanoparticles. And this idea could be 

extended to Ni3FeS and Ni3FeMoO4 system to obtain well defined nanocrystals 

as durable OER catalysts. 
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List of Abbreviations 

AEM                Anion exchange membrane 

CA                 Chronoamperometry  

CN                 Coordination number  

CV                 Cyclic voltammetry  

CP                 Carbon paper 

CNF                Carbon nanoframes  

CQDs               Carbon quantum dots  

DEMS              Differential electrochemical mass spectrometry 

EDX                Energy dispersive X-ray 

EIS                 Electrochemical impedance spectroscopy  

EELS               Electron energy loss spectroscopy 

ECSA               Electrochemical surface area  

ErGO               Electrochemically reduced graphene oxide  

EXAFS              Extended X-ray absorption fine structure  

GC                 Glassy carbon  

HAADF               High angle annular dark field  

HRTEM             High resolution TEM  

ICP-MS             Inductively coupled plasma mass spectrometry  

ICP-OES            Inductively coupled optical emission spectroscopy 

IR                  Infrared spectroscopy 

LSV                 Linear sweep voltammetry  

NF                  Nickel foam  

NiFe LDH            NiFe layered double hydroxide 

OER                 Oxygen evolution reaction  

OCV                 Open circuit voltage  
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PEM               Proton exchange membrane 

PTL               Porous transport layer  

RDE               Rotation disk electrode   

SOE               Solid oxide electrolyzers 

SEM               Scanning electron microscopy  

STEM              Scanning transmission electron microscopy 

SWNT             Single-walled carbon nanotubes  

TEM               Transmission electron microscopy  

TOF               Turnover frequency  

XAS               X-ray absorption spectroscopy  

XANES            X-ray absorption near edge structure 

XPS               X-ray photoelectron spectroscopy  

XRD               X-ray diffraction 
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