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ABSTRACT 

Water and seawater electrolysis to produce high caloric hydrogen gas is a 

sustainable and environmentally friendly energy-conversion technology that can be 

used to decrease the excessive consumption of fossil fuels. In general, water 

electrolysis is composed of two half reactions: oxygen evolution reaction (OER) on 

the anode and hydrogen evolution reaction (HER) on the cathode. To make 

electrolysis process energy-efficient and cost-effective, catalysts, which can promote 

the sluggish kinetics of OER or HER by lowering their activation energy, are 

extensively studied. However, conventional noble-metal based catalysts such as Pt-/Ir-

/Ru- composites suffer from high cost and scarce availability despite their high 

catalytic activity. Developing alternative non-noble-metal based catalysts with high 

catalytic activity and long-term durability is desirable but remains a challenge. At the 

same time, seawater electrolysis is attracting growing research attention due to its 

obvious advantages such as inexhaustible resource reserves, easy combination with 

ocean-related renewable-energy technologies and by-production of freshwater. 

However, the complicated composition of natural seawater can result in additional 

challenges for direct seawater electrolysis including competing chlorine evolution 

reaction, chloride corrosion, and catalyst poisoning. Addressing these challenges 

requires rational design of catalysts dedicated to seawater electrolysis. 

Here we apply various synthetic approaches to synthesize efficient non-noble-

metal based catalysts for large-current-density water and seawater electrolysis, 

including tungsten-doped nickel iron layered double hydroxides (Ni-Fe-W LDH), 

boron-modified cobalt iron layered double hydroxides (B-Co2Fe LDH), and core-
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shell-structured CoPx@FeOOH for OER, heterogeneous metallic nickel and 

molybdenum nitride (Ni-MoN) for HER, and bimetallic phosphide (Ni2P-Fe2P) for 

both OER and HER. Rational design enables these novel catalysts to exhibit high 

catalytic activity, long-term durability, and enhanced chemical/structural stability to 

work well in both alkaline freshwater and seawater electrolytes. In these specific 

works, the effects of elemental doping, structural tuning, crystallinity adjustment, 

phase combination, electronic structure optimization, surface properties, corrosion 

resistance, and many other conditions on catalytic performance are investigated. 

Theoretical calculations are attempted to investigate the active sites and physical and 

chemical characterizations before and after catalytic reactions are conducted to reveal 

the transformation of these catalysts during electrolysis process. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction to Water and Seawater Electrolysis 

The emission of greenhouse gases and other environmental pollution issues related 

to the excessive consumption of fossil fuels such as coal, petroleum, and natural gas 

have aroused intensive research interest in renewable energy technologies. As one of 

these candidates, hydrogen has been reported to be an ideal energy carrier for 

sustainable energy systems due to its zero-carbon emissions and high energy density 

(142 kJ g-1).1-3 Hydrogen production through water electrolysis is a more efficient and 

“greener” technology compared with the traditional steam-reforming method and coal 

gasification method, which are based on the consumption of natural gas and coal, 

respectively. In particular, water electrolysis can be driven by the electricity generated 

by clean and sustainable energy sources, making it economically affordable and 

environmental friendly. In general, the water electrolysis process is composed of two 

half reactions: oxygen evolution reaction (OER) on the anode and hydrogen evolution 

reaction (HER) on the cathode (Figure 1.1a).4-5 It is widely acknowledged that the 

OER process, which is kinetically slower than HER and controls the overall efficiency, 

limits the practical utilization of overall water electrolysis (Figure 1.1b).6,7 To make 

water electrolysis more energy-efficient and cost-effective, catalysts, which can 

promote the sluggish kinetics of OER or HER by lowering their activation energy, are 

widely employed in hydrogen production. In addition, compared with acid water 

electrolysis, alkaline water electrolysis is currently more appealing due to its 

inexpensive equipment requirements and effective avoidance of acid fog and 

corrosion.8-10 Conventional noble-metal based catalysts like Ir/Ru- and Pt-based 
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composites have been identified as state-of-the-art catalysts for OER and HER, 

respectively.11 However, their high cost, scarce availability, and instability in alkaline 

media at large current density significantly impede the large-scale industrial 

applications of these noble-metal based catalysts.12 Thus, it is highly desirable to 

search for and develop non-noble-metal catalysts to replace these expensive ones. In 

the past few decades, significant progress has been made in fabricating novel 

alternative non-noble-metal based catalysts.4, 13 

 

Figure 1.1. (a) Schematic diagram of the alkaline electrolysis cell.14 (b) Polarization 
curves for HER (red) and OER (navy).15 

Another issue is that freshwater, which is widely used for research on water 

electrolysis in the laboratory, is a scarce resource in many parts of the world and could 

be a bottleneck if water electrolysis technology is employed on a large scale.16 

Seawater, representing around 96.5% of the world’s total water supply, can be 

regarded as an unlimited resource.17 Some renewable power-generation technologies 

are related to the ocean such as wave, solar, and wind making it easy to combine 

seawater electrolysis with these clean and sustainable energy technologies.18-19 

Moreover, the consumption of H2 gas produced by seawater electrolysis can produce 

safe freshwater, which is very meaningful for the coastal arid areas. However, the 

complicated composition of natural seawater can result in additional challenges for 
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direct seawater electrolysis. The most critical challenge in seawater electrolysis is the 

possible chloride evolution reaction (ClER) or the formation of hypochlorite (ClO-), 

which originates from the existence of chloride anions (Cl-, ~0.5 M) in seawater and 

may compete with OER on the anode side.17, 20-22 Compared with acid or neutral 

electrolytes, an alkaline electrolyte can provide a larger overpotential window for 

selective OER. Under an alkaline condition (pH > 7.5), the theoretical voltage for 

hypochlorite formation in seawater (Cl− + 2OH− = ClO− + H2O + 2e−) is around 480 

mV higher than that of OER.16, 23 In other words, without considering the extra 

overpotential needed to trigger the ClER, the maximum overpotential applied on an 

OER catalyst should be lower than 480 mV in order to achieve 100% seawater 

oxidation. Besides enabling the competing ClER, chloride ions in natural seawater can 

corrode the catalyst, which is another critical challenge that needs to be considered for 

long-term seawater electrolysis.18 In addition, insoluble precipitates, either in the 

seawater itself (dust, colloids, and bacteria) or formed by the alkali metallic cations in 

the seawater reacting with the conductive reagent OH− in the alkaline electrolyte 

[Ca(OH)2 and Mg(OH)2], will poison the catalyst and degrade its catalytic activity and 

durability. 

 

Figure 1.2. (a) The Pourbaix diagram of an aqueous saline electrolyte.23 (b) 
Precipitate and corrosion challenges for seawater electrolysis.10 
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Addressing the challenges mentioned above requires rational design of novel 

catalysts specifically for seawater electrolysis. For example, to meet the current 

density requirement for industrial hydrogen production while at the same time 

avoiding hypochlorite formation, the OER catalyst should have excellent catalytic 

activity to reach a high current density at an overpotential below 480 mV. 

Additionally, both the OER and HER catalysts should have high chloride-corrosion 

resistance and good structural stability to avoid electrode corrosion or collapse and 

thus maintain their catalytic activity in long-term seawater electrolysis. A hierarchical 

structured catalyst with a large surface area and abundant active sites is more 

favorable since insoluble precipitates in seawater might cover and deactivate some 

active sites. Some recent works also point out that corrosion-resistant electrolyzers and 

affordable membranes play important roles in direct seawater electrolysis, which can 

affect the device lifetime and efficiency of the system.10, 24-25 All these challenges have 

impeded the development of seawater-electrolysis technology. 

1.2 Fundamentals of Alkaline Water Electrolysis 

1.2.1 Principles of Alkaline OER and HER 

In broad terms, the alkaline OER process can be divided into three sequential 

steps. First, adsorption of hydroxide (OH−) onto the catalyst surface to form OH*. 

Then, the OH* further adsorb OH− to generate H2O macular and O* intermediate, 

which will form the subsequent OOH* by reacting with another OH−. Finally, the 

OOH* intermediates would combine with OH− to generate H2O macular and oxygen 

molecular.26 The general reaction process of OER in alkaline media (such aqueous 

KOH solution) can be expressed as follows:27 
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OH− + * → OH* + e−,                                                                                                                     (1) 

OH* + OH− → O* + H2O + e−,                                                                                               (2) 

OH− + O* → OOH* + e−, and                                                                                                  (3) 

OOH* + OH− → O2 + * + H2O + e−,                                                                                   (4) 

here * represents the adsorption site on the catalyst and O*, OH*, and OOH*denote 

adsorbed intermediates. Each equation above generates one electron, so the whole 

OER process in alkaline media includes a four-electron transfer. 

Alkaline HER process can be divided into two sequential steps. First, adsorption of 

H2O molecules onto the catalyst surface and split of the water into OH− (Volmer step). 

Then, desorption of hydrogen molecules via either a chemical (Tafel step) or an 

electrochemical (Heyrovsky step) route:28 

Volmer step: H2O + *+ e− → OH− + H*,                                                                          (5) 

Tafel step: H* + H* → H2 + 2*, and                                                                                     (6) 

Heyrovsky step: H* + H2O + e−→ H2 + OH− + *.                                                     (7) 

1.2.2 Important Parameters to Evaluate Catalytic Activity 

The catalytic activity of a specific OER or HER process can be preliminarily 

evaluated by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) testing. 

However, to fairly judge the OER performance of a given catalyst, some other crucial 

parameters, including overpotential (η), Tafel plot (b), exchange current density (j0), 

and turnover frequency (TOF), are necessary.15 In the following, we will explain each 

of these parameters in more detail. 
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1.2.2.1 Overpotential (η) 

Among the parameters mentioned above, overpotential (η) is the most important 

one. In theory, the catalytic reaction of water electrolysis can be driven by applying a 

voltage equal to the equilibrium hydrolysis potential (1.23 V vs. RHE). In reality, 

however, extra electrical energy (overpotential, η) is needed to surpass the kinetic 

barrier. According to the Nernst equation, for an catalytic redox reaction, the applied 

potential can be expressed as Equation (8):27  

E = E0 + RT/nF·ln(CO/CR),                                                                        (8) 

η = E − Eeq,                                                                                                (9) 

where E and E0 are applied potential and standard potential, respectively; R is the gas 

constant; T is the absolute temperature; n is the number of electrons transferred; F is 

the Faraday constant; and CO and CR represent the concentrations of oxidized and 

reduced reagents, respectively.29 Overpotential is defined as the difference between 

applied potential (E) and equilibrium potential (Eeq) as illustrated in Equation (9). In 

many cases, the overpotential required to achieve a current density of 10 mA cm−2, 

which matches a photoelectrochemical water-splitting efficiency of 12.3%, is 

employed as an important reference to assess electrocatalysts.30 

1.2.2.2 Tafel Slope (b) and Exchange Current Density (j0) 

The Tafel slope (b) is another important parameter to analyze the kinetics and the 

reaction mechanism of the OER process. The relationship between overpotential (η) 

and current density (j) can be illustrated through the Tafel equation [Equation (10)], in 

which b is the Tafel slope. The linearly fitted Tafel slope can be described as “how 

fast the current increases against overpotential”.15 Additionally, exchange current 
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density (j0), which shows the catalyst’s catalytic activity at equilibrium status, can be 

calculated through the Tafel equation by assuming an overpotential of 0. An ideal 

catalyst should have a small Tafel slope (b) and a high exchange current density (j0): 

η = a + b log(j).                                                                                       (10) 

1.2.2.3 Turnover Frequency (TOF) 

Evaluating the overpotential or the Tafel slope values of a given catalyst is not a 

perfect method to judge its overall catalytic performance due to differences in loading 

mass.8 Turnover frequency (TOF), which is defined as the number of reactant 

molecules transformed per catalytic site over a unit of time, has been proposed to 

address this problem. TOF can be calculated through equation (11):  

TOF = jA/zFn,                                                                                       (11) 

here j is the current density, A is the working area, z is the number of transferred 

electrons, F is the Faraday constant, and n is the mole amount. However, it should be 

noted that a precise TOF value is very difficult to obtain because not all active atoms 

are involved in a real catalytic reaction, so the mole amount n in this equation cannot 

be precisely calculated.30 

Apart from the important parameters mentioned above, the faradaic efficiency 

(FE), which is calculated as the ratio between the quantity of produced gas obtained in 

the experiments to the theoretical quantity, electrochemically active surface area 

(ECSA), and mass activity (MA) and specific activity (SA), which are calculated as 

the measured current normalized on the mass or the ECSA of the catalyst, are also 

used to assess the catalytic properties.28 
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1.3 Typical Self-supported Catalysts 

Although non-noble-metal based catalysts have been developed for many years 

due to their various advantages, such as low cost, abundance, and tunable composition, 

the poor durability and low conductivity of the powdery catalysts greatly hinder their 

catalytic performance and practical application. More importantly, a non-conductive 

polymer binder is usually needed to attach the catalyst powder onto a conductive 

substrate for electrode preparation. On one hand, using a non-conductive binder 

significantly increases the charge-transfer resistance of the electrode. On the other 

hand, the formation of strong bubbles during the water electrolysis process would 

damage the connection between the powdery catalyst and the substrate, leading to 

catalyst collapse. A self-supported catalyst architecture with enhanced kinetics and 

stability is more attractive than the conventional coated powdery form. In addition to 

their excellent charge-transfer ability, conventional supports like nickel foam (NF), 

copper foam (CF), and carbon cloth (CC) can provide a large surface area for active 

catalysts to grow. Generally speaking, the in-situ growth of self-supported catalysts on 

substrates can accelerate the catalysis process based on the following aspects: (1) 

direct growth of catalyst on conductive bones not only immobilizes the catalyst’s 

structure on the electrode surface, but also promotes electron transport from the 

catalyst to the substrate due to the intimate interfacial connection; (2) the large surface 

area of this open structure is beneficial to the contact between the electrode and the 

electrolyte media, which guarantees that the active sites effectively take part in the 

catalytic reaction and avoid potential aggregation; (3) the self-supported catalyst with 

an ordered structure and open space are helpful for the gas-bubble release by 
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providing smooth diffusion paths for gaseous products; and (4) compared with 

powdery catalysts, a self-supported catalyst on a substrate can be directly utilized as 

an electrode for the electrochemical tests, while the former often requires the addition 

of an insulating polymeric binder and a multi-step operation to assemble the electrode.  

Here we select three types of typical catalysts: layered double hydroxides (LDHs), 

transition metal phosphides (TMPs), and transition metal nitrides (TMNs) for 

introduction. Their catalytic performance toward water and seawater electrolysis and 

details for some synthetic methods are discussed. 

1.3.1 Layered Double Hydroxides (LDHs) 

In general, layered double hydroxide (LDH) materials are brucite-like lamellar 

crystals composed of positive host layers and charge-balancing interlayers. All of the 

LDH materials can be classified by a formula as M2+1-xM3+x(OH)2(An−)x/n·yH2O, in 

which M2+ and M3+ represent divalent and trivalent cations such as Ni2+, Co2+, Fe2+, 

Zn2+ and Fe3+, Al3+, Cr3+, Mn3+ etc., respectively, and An- is the charge-compensating 

interlayer anion such as CO32−, NO3−, SO42−, Cl− etc.12, 29, 31-32 Most LDH materials 

exhibit two-dimensional (2D) layered nanosheet structures, on which metal cations 

can be located.29 Such a 2D nanosheet structures make the cations and anions in the 

host layers and interlayers flexibly tunable, which offers more opportunities for 

fabricating novel LDH catalysts.27 

Among all of the self-supported LDH catalysts reported thus far, nickel (Ni)-based 

LDHs have been studied the most. The fabrication of NiFe LDH was achieved in early 

studies, but its application for alkaline OER was barely studied until Gong et al. used 

the solvothermal method to synthesize crystalline NiFe LDH nanoplates on carbon 
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nanotubes as OER catalysis in 2013.33 Following this achievement, quite a few studies 

have focused on this kind of highly efficient catalyst for water oxidation. In particular, 

to conquer the drawback of low conductivity associated with powdery LDH, 

constructing three-dimensional (3D) LDH on a substrate is highly desirable. Self-

supported bi-/tri-metallic LDH as well as their complex have been synthesized and 

studied.34 

1.3.2 Transition Metal Phosphides (TMPs) 

Over the past few years, transition-metal phosphides (TMPs) have attracted intense 

attention due to their high intrinsic catalytic activity, tunable structure, and 

composition.35 It has been reported that P atoms in TMPs possess more 

electronegativity and can draw electrons from metal atoms.36 The negatively charged 

P can act as base to trap positively charged proton during electrochemical HER. 

Therefore, TMPs first emerging as efficient HER catalysts in earlier research.36 Binary 

Ni2P,37 Ni5P4,38 FeP,39 and CoP40 and ternary NiCo2Px41 and Ni2(1-x)Mo2xP,9 as well as 

CoP/Ni5P4/CoP,42 have been successfully synthesized and demonstrated to be high-

performance HER catalysts. Very recently, there has been a focus on heterogeneous 

bimetallic phosphides, including (Ni0.33Fe0.67)2P,43 FeP/Ni2P,44 Ni2P-Cu3P,45 Fe-Co-

P,46 and NiCoP,47-48 as OER or bifunctional catalysts due to their various structural 

and chemical advantages.49-50 First, compared with the other transition-metal-based 

bifunctional catalysts such as transition-metal sulfides, nitrides, carbides, and layered 

double hydroxides,51-53 the electronegative P atoms in the bimetallic phosphides can 

not only act as a base to trap positively charged protons, but also provide high activity 

for the dissociation of H2 to boost HER activity.36 Second, with an appropriate atomic 



 

11 

 

ratio of metal and P, bimetallic phosphides are able to exhibit excellent conductivity. 

Finally, with P alloying, metal dissolution will be thermodynamically less favored, 

leading to enhancement of both corrosion resistance and chemical stability.35-36  

1.3.3 Transition Metal Nitrides (TMNs) 

Transition metal nitrides (TMNs) are a class of interstitial compounds in which the 

nitrogen atoms are integrated into the interstitial sites of the parent metals, possessing 

the properties of covalent compounds, ionic crystals, and transition metals.54 In 

general, the M-N bonding in TMNs leads to expansion of the parent metal lattice and 

constriction of the metal d-band.55-56 Such a deficiency in the d-band and higher 

density of states (DOS) of the metal near the Fermi level allow noble metal-like 

behavior in catalysis and ensure good adsorption between the surface of TMNs and 

reactants. Bimetallic and high-entropy metal nitrides usually show superior catalytic 

activities to monometallic nitrides due to the coordination between metal atoms. Thus, 

proper design toward the structural engineering and electronic modulation of TMNs is 

crucially needed for electrochemical energy applications.54 

Over the past decades, TMNs have attracted considerable attention due to their 

good electrical conductivity and outstanding mechanical robustness. Recent 

experimental and theoretical results suggest that TMNs have moderate binding 

capabilities toward reactants (water molecules, atomic hydrogen, or protons), allowing 

them outstanding HER catalytic activity.54, 56-58 To further boost the alkaline HER 

performance of TMNs, effective sites for water dissociation should be introduced to 

enhance its sluggish kinetics. However, studies of these heterogeneous TMN-based 

catalysts have mainly focused on freshwater electrolysis at small current densities 
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usually lower than 500 mA cm−2. For large-current-density water electrolysis, the 

catalytic performance might be limited by insufficient active sites and structural 

instability.59 

1.4 Typical Synthesis Methods 

To synthesize self-supported LDHs, TMPs, and TMNs with excellent catalytic 

activity, both the substrates and synthesis methods should be taken into consideration. 

Typically, a substrate can not only serve as a current collector for catalyst growth, but 

can also provide a tremendous number of diffusion pathways for the release of oxygen 

or hydrogen bubbles. Conductive substrates like nickel foam (NF), copper foam (CF), 

carbon cloth (CC), and carbon paper (CP) are usually chosen to grow catalysts 

because of their low cost, good conductivity, and outstanding stability in alkaline 

electrolyte. A variety of fabrication techniques has been explored to synthesize self-

supported catalysts with specific structures and morphologies. Here, some most-used 

methods are introduced to provide a comparative overview of catalyst fabrication. 

1.4.1 Hydrothermal Reaction 

Synthesizing self-supported LDHs through a hydrothermal reaction is thought to 

be an advantageous method due to its easy operation process and simple chemical 

reaction.60 A hydrothermal reaction is carried out by mixing metal salts and 

precipitating agents together into a solvent and subjecting the solution to thermal 

treatment under a specified temperature higher than boiling point of water. The 

precipitator like urea or ammonia plays a significant role in this method because the 

OH− anions provided by the precipitator can attract metal ions to form metal 

hydroxides in the initial nucleation step and help to form layered structures during the 
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subsequent hydrothermal treatment. Typically, the self-supported LDH-based catalysts 

obtained through hydrothermal reaction are homogeneously ordered nanoplates or 

nanorods with high crystallinity and relatively large surface areas.61 The morphology 

and structure of self-supported LDHs obtained via hydrothermal reaction can be easily 

controlled by adjusting the reaction parameters, such as temperature, pressure, and 

reaction time. Moreover, dopants and composites could be introduced into the as-

obtained self-supported LDHs through a second hydrothermal reaction. However, it 

should be noted that the chemical composition and growth rate of LDHs fabricated via 

hydrothermal reaction cannot be precisely controlled because of the sealed reaction 

environment employed and the long thermal-treatment time required. 

1.4.2 Water Bath Reaction 

Different from the widely employed hydrothermal reaction operated in a sealed 

container, water bath reaction is a facile and scalable method which can be performed 

under mild conditions. As mentioned, hydrothermal reaction commonly requires strict 

reaction conditions (maintenance at temperatures above the boiling point of water in a 

sealed container) that are not suitable for scaling up and always lead to a nanosheet or 

nanorod structure for LDH catalyst. In contrary, water bath reaction can be conducted 

in an open beaker with at temperatures lower the boiling point of water. The chemicals 

used in water bath reaction can be the same as or similar to that in hydrothermal 

reaction since both use water as the solvent. The synthetic route used to prepare a 

catalyst determines its structure, and structure determines activity. Thus, a totally 

different synthesis method can lead to different structured catalyst with different 

catalytic performance even though the chemicals used are the same. 



 

14 

 

1.4.3 Electrodeposition 

The electrodeposition method is often applied to fabricate self-supported LDH or 

oxyhydroxide films on conductive substrates in a two- or three-electrode configuration. 

The substrate is employed as the working electrode while an aqueous solution 

containing metal salts acts as the electrolyte in this system. The reduction reactions 

between the metal ions and OH− leads to the formation of a self-supported LDH or 

oxyhydroxide nanoarray on the substrate. This simple and time-saving process can be 

finished within a quite short amount of time ranging from several seconds to several 

minutes. The thickness and crystallinity of the LDH/oxyhydroxide can be adjusted by 

changing the deposition parameters, such as the current density and working time, 

while its chemical composition can be controlled by changing the metal salts in the 

electrolyte. 

1.4.4 Ion Exchange 

Ion exchange is generally conducted to fabricate self-supported LDHs or 

hydroxides via replacing the ions of the host material with other high-mobility ions in 

the solvent. When employed to synthesize a self-supported LDHs/ hydroxides, the ion-

exchange method can introduce new cations into the precursor while inheriting its 

morphology and microstructure. For example, Wang et al. dipped an as-prepared 

NiCo LDH precursor into an iron nitrate aqueous solution to substitute Fe3+ for Ni2+ 

and Co2+. Various types of NiCoFe LDHs with different amounts of iron could thus be 

obtained by changing the iron nitrate content in the solvent.62 
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1.4.5 Annealing 

To synthesize TMP and TMN catalysts, metallic composite precursors are usually 

required, followed by the phosphidation or nitridation process at high annealing 

temperatures. For example, to synthesize TMPs, red phosphorous or sodium 

hypophosphite monohydrate powder can be placed upstream in a tube to serve as the 

phosphorous source and a precursor can be put at the center of the tube for 

phosphidation. Subsequently, when annealed above the decomposition temperature of 

phosphorous source, the P atoms can react with precursor through the Ar steam to 

form TMPs. Similarly, to synthesize TMNs, reductive ammonia gas, serving as both 

the reducing agent and the nitrogen source, can react with the precursor to form TMNs 

at a high annealing temperature. 
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CHAPTER 2 TUNGSTEN-DOPED NICKEL IRON LAYERED 

DOUBLE HYDROXIDE NANOSHEETS FOR WATER 

OXIDATION 

Note: The material in this chapter has been published. The introduction, experimental 

section, and figure captions were adjusted for dissertation consistency. Reproduced 

with permission from Royal Society of Chemistry.53 

2.1 Introduction 

Electrochemical water splitting to produce high-purity hydrogen is an efficient and 

CO2-free alternative to traditional steam-reforming technology, which is based on the 

consumption of methane or coal.5, 63-64 However, the overall water-electrolysis process 

is significantly limited by the high energy barrier and sluggish kinetics of the oxygen 

evolution reaction (OER) on the anode.15 Thus, OER catalysts, which can promote the 

OER kinetics by lowering the activation energy, are widely employed in hydrogen 

production.65-66 Noble-metal-based catalysts like IrO2 and RuO2 have been identified 

as state-of-the-art OER catalysts in alkaline electrolyte. However, their high price and 

scarcity severely impede their large-scale industrial application.67 It is thus desirable to 

develop alternative cost-efficient and catalytically active non-noble-metal based OER 

catalysts to replace these expensive ones. 

Layered double hydroxide (LDH) materials have emerged as appealing OER 

electrocatalysts due to their unique layered structures and high catalytic activity.12, 60, 68 

Bimetallic LDH materials like NiFe LDH, NiCo LDH, CoFe LDH, etc. have been 

synthesized and utilized as efficient OER catalysts. Moreover, these LDH materials 
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can be in situ grown on conductive bones (e.g., nickel foam, copper foam, and carbon 

cloth) to fabricate self-supported LDH catalysts, which are considered to have a large 

active surface area, good conductivity, and a high density of active sites, resulting in 

excellent catalytic activity.69-70 Additionally, pristine bimetallic LDH can be easily 

transformed into trimetallic LDH via a third type of metal cation doping due to the 

flexibility of cations in LDH layers. For example, Co, Al, Zn, and Ir have been chosen 

as dopants to synthesize self-supported NiFeCo LDH,71 Ni3FeAlx LDH,72 NiFeZn 

LDH,9 and NiFeIr LDH 73 on conductive bones. More recently, high valence state 

dopants like Cr, V, and Ru have attracted intense interest because they are not only 

able to create more active sites but can also tune the electronic structure of bimetallic 

LDH, producing strong synergetic effects between the doping cations and the host 

cations. For example, Yang et al. demonstrated that Cr cations can readily adopt high 

valence oxidation states during the OER process and have a positive effect on the 

active species for water oxidation.74 Li et al. explained that the incorporation of V into 

NiFe LDH layers can optimize the electronic structure and promote the intrinsic 

catalytic activity.75 Chen et al. accelerated the oxygen evolution kinetics of NiFe LDH 

by Ru doping.76 Zhang et al. employed both theoretical calculations and practical 

experiments to reveal that FeCoW oxyhydroxides could exhibit better OER activity 

than CoFe LDH, indicating that W could be an efficient dopant.77 On the other hand, it 

has been reported recently that the crystalline-amorphous phase boundaries could 

enhance OER activity by providing highly defective interfaces.78-80 

Inspired by the analysis above, here we have selected high valence state tungsten 

(W) as a dopant to synthesize self-supported ultrathin Ni-Fe-W LDH nanosheets on 



 

18 

 

commercial nickel foam (NF) via a water bath reaction. These Ni-Fe-W LDH 

nanosheets are further composed of mesoporous nanoparticles and have abundant 

crystalline-amorphous phase boundaries. We obtained a series of Ni3FeWx (x = 0.5, 1, 

2, and 3) LDH samples by tuning the W ratio in the initial reactants. The optimized 

one, Ni3FeW LDH, was found to retain a low overpotential and fast current increase 

toward OER due to its unique open porous architecture and the intrinsically high 

catalytic activity of the Ni-Fe-W LDH. The synthesis method employed here is also 

versatile and can be applied to produce various self-supported Ni-Fe-M (M = Co, Ru, 

and Mo) LDH/NF catalysts with good OER activity. 

2.2 Experimental Section 

2.2.1 Synthesis of Catalysts 

Ni3FeW LDH nanosheets were grown on NF via a one-step water bath reaction. 

Briefly, a piece of NF (5 cm × 3 cm) was cleaned by HCl solution (2 M) and 

deionized water with the assistance of sonication for 15 min each. To synthesize 

Ni3FeW LDH, 0.75 mmol nickel nitrate hexahydrate [Ni(NO3)2·6H2O, Sigma 

Aldrich)], 0.25 mmol iron nitrate nonahydrate [Fe(NO3)3·9H2O, Alfa Aesar], 0.0208 

mmol ammonium tungsten oxide hydrate [(NH4)6W12O39·xH2O, Alfa Aesar] (the 

atomic ratio of Ni:Fe:W is 3:1:1), 3 mmol ammonium fluoride (NH4F, Alfa Aesar), 

and 15 mmol urea [CO(NH2)2, Promega Corporation] were dissolved in 60 mL 

deionized water in a beaker with continuous stirring. After 30 min intensive stirring, 

the previously washed NF was put into this beaker, which was then transferred to a 

water bath oven maintained at 90 °C for 7 h. The sample was then naturally cooled 
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down to room temperature, removed from the beaker, and rinsed several times with 

deionized water. 

Other Ni3FeWx LDH (x = 0.5, 2, and 3) samples were synthesized via a similar 

procedure with different amounts of (NH4)6W12O39·xH2O (0.0104 mmol, 0.0417 

mmol, and 0.0625 mmol, respectively) in the initial reactants. For comparison, pristine 

Ni3Fe LDH was synthesized without the addition of (NH4)6W12O39·xH2O. Ni3FeCo 

LDH, Ni3FeMo LDH, and Ni3FeRu LDH were synthesized using the same procedure 

except for replacing the tungsten source with a cobalt source (0.25 mmol 

Co(NO3)2·6H2O), a molybdenum source (0.25 mmol Na2MoO4·2H2O), and a 

ruthenium source (0.25 mmol RuCl3 xH2O), respectively. 

2.2.2 Physical and Chemical Characterization 

The phase and crystal structure data for the as-obtained samples were obtained by 

X-ray diffraction (XRD, PANalytical X'pert PRO, Cu Kα radiation). The 

microstructure and X-ray energy-dispersive spectroscopy (EDS) mapping were 

characterized by scanning electron microscopy (SEM, LEO 1525) and transmission 

electron microscopy (TEM, JEOL 2010F). The X-ray photoelectron spectroscopy 

(XPS) was acquired using a PHI Quantera XPS scanning microprobe with an Al 

monochromatic Kα source. Atomic force microscopy (AFM) characterization was 

performed with a Bruker 8 Atomic Force Microscope system to measure the thickness 

of the nanosheets. 

2.2.3 Electrochemical Characterization 

Electrochemical characterizations were evaluated on a Gamry Reference 600 

electrochemical station with a three-electrode configuration in 1 M KOH electrolyte. 
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Pt wire was used as the counter electrode, Hg/HgO electrode was used as the reference 

electrode, and Ni-Fe-W LDH was used as the working electrode. All potentials 

applied were calibrated to a reversible hydrogen electrode (RHE) using the equation: 

ERHE = EHg/HgO + 0.098 + 0.059 × pH. Linear sweep voltammetry (LSV) curves were 

recorded at a scan rate of 5 mV s-1 with iR compensation. The overpotential (η) for 

OER was calculated by η = ERHE – 1.23 V and the Tafel slope (b) was calculated by η 

= a + b log (j), where b is the Tafel slope and j is the current density. The 

electrochemically active surface area (ECSA) was evaluated by measuring the double-

layer capacitance (Cdl) in a non-Faradaic region. Briefly, cyclic voltammetry (CV) 

measurements were carried out with scan rates ranging from 10 to 100 mV s-1 in the 

potential range from around 1.13 to 1.23 V vs. RHE. By plotting the capacitive current 

against the scan rate, the Cdl was obtained as half of the slope and the ECSA can be 

derived from the equation ECSA = Cdl/Cs, where Cs is the specific capacitance.81 

Electrochemical impedance spectroscopy (EIS) was performed at an overpotential of 

300 mV from 0.01 Hz to 100 kHz at an alternating current voltage amplitude of 10 

mV. For durability testing, 5000 CV cycles were performed between 1.125 and 1.525 

V vs. RHE with a scan rate of 100 mV s−1, and the LSV curves were recorded before 

and after the CV cycles were performed. Chronopotentiometric measurements were 

measured at a current density of 100 mA cm−2 for 50 h. The current densities were all 

normalized by the geometric area of the Ni foam immersed in the electrolyte. 
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2.3 Results and Discussion 

2.3.1 Structural and Compositional Analysis Results 

As illustrated in Figure 2.1a, nanoparticle-stacked Ni-Fe-W LDH nanosheets were 

synthesized via a one-step water bath reaction using urea and NH4F as precipitants. 

We first investigated the crystal structure and composition of the as-prepared Ni3FeW 

and Ni3Fe LDH catalysts by X-ray diffraction (XRD). The blue curve of Ni3Fe LDH 

in Figure 2.1b corresponds to iron nickel carbonate hydroxide (JCPDS#40-0215), 

confirming that LDH material can be successfully synthesized through this water bath 

reaction. After introducing W, Ni3FeW LDH sample retain the same crystal structure 

and phases as pristine Ni3Fe LDH. Scanning electron microscopy (SEM) was 

performed on these Ni3FeWx LDH samples to verify their structures. As shown in 

Figure 2.1c-d, dense Ni3Fe LDH nanosheets up to 15 µm in length were vertically 

grown on the NF substrate. For the Ni3FeW0.5 (Figure 2.2a-b) and Ni3FeW LDH 

(Figure 2.1e-h) samples, the surfaces of the NF substrates are uniformly covered by 

Ni-Fe-W LDH nanosheets of smaller size (around 500 nm in length). These 

nanosheets interconnect with each other to form an open porous structure that is 

beneficial for the connection between the active material and the electrolyte. Higher 

amounts of W lead to fewer nanosheets (Ni3FeW2 LDH in Figure 2.2c-d) and finally 

result in forming a dense film on the NF (Ni3FeW3 LDH in Figure 2.2e-f). It can be 

concluded that the morphology and structure of these Ni3FeWx LDH samples can be 

tuned by adjusting the molar ratio of W in the initial reactants. 
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Figure 2.1. (a) Schematic illustration of the synthesis of Ni-Fe-W LDH catalysts. (b) 
XRD patterns of Ni3Fe and Ni3FeW LDH catalysts. SEM images of (c-d) 
Ni3Fe LDH and (e-h) Ni3FeW LDH. 

 

Figure 2.2. SEM images of (a-b) Ni3FeW0.5 LDH, (c-d) Ni3FeW2 LDH, and (e-f) 
Ni3FeW3 LDH. 

The thicknesses of the Ni3Fe LDH and Ni3FeW LDH nanosheets were measured 

by atomic force microscopy (AFM). As shown in Figure 2.3, the thickness of the 

Ni3FeW LDH nanosheets is only 5.2 nm, which is around 1/3 that of the pristine Ni3Fe 
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LDH nanosheets (16.8 nm), indicating that W doping decreases the thickness of the 

LDH nanosheets. An open porous architecture with such ultrathin Ni3FeW LDH 

nanosheets is indeed beneficial for providing a large surface area and exposing 

abundant active for catalytic reaction. 

 

Figure 2.3. AFM images and corresponding height profiles of (a, b) Ni3Fe LDH and 
(c, d) Ni3FeW LDH nanosheets. 

We selected the Ni3FeW LDH nanosheets for transmission electron microscopy 

(TEM) and energy-dispersive X-ray spectrometry (EDX) measurements. A single slice 

of nearly transparent nanosheet is observed in Figure 2.4a due to its ultrathin nature. 

The higher magnification TEM image in Figure 2.4b indicates that these ultrathin 

Ni3FeW LDH nanosheets are further composed of nanoparticles. The high-resolution 

TEM (HRTEM) image in Figure 2.4c reveals that lattice fringes can only be observed 

in a small portion of the nanoparticles due to the amorphous structure of LDH 
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materials.82 The randomly oriented crystal nanoparticles mixed with the amorphous 

phase are clearly observed in an enlarged HRTEM image (Figure 2.4d). Some recent 

studies have proved that the amorphous phase can offer a high density of adsorption 

sites for hydroxide while the crystalline phase can enhance charge transfer between 

adsorbates and metal-metalloid compounds.78-79 The broad-ring pattern with discrete 

dots in the selected area electron diffraction (SAED) pattern in Figure 2.4e reveals the 

characteristic (006), (101), and (015) facets of Ni3FeW LDH, which are consistent 

with the diffraction peaks at 22.8, 33.5, and 39.0 degrees in its XRD pattern (Figure 

2.1b). The distributions of Ni, Fe, W, and O were measured by EDX elemental 

mapping. The uniform distribution of these elements shown in Figure 2.4f-k not only 

confirms the existence of Ni3FeW LDH but might also be highly beneficial for the 

synergistic effects among these elements. The TEM images (Figure 2.5a-d) of another 

Ni3FeW LDH nanosheet with different magnification show that it has the same 

structure as that shown in Figure 2.4. The diameter distribution of these nanoparticles 

ranges from 2 to 6 nm (Figure 2.5e-f), which is close to the thickness data measured 

by AFM. 
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Figure 2.4. (a, b) TEM and (c, d) HRTEM images and (e) SAED pattern of Ni3FeW 
LDH nanosheets. (f) TEM image of a Ni3FeW LDH nanosheet and the 
corresponding (g-k) EDX elements mapping images. 

 



 

26 

 

Figure 2.5. (a, b) TEM and (c, d) HRTEM images of Ni3FeW LDH nanosheets. (e) 
TEM image of two layers of Ni3FeW LDH nanosheets and (f) the 
corresponding nanoparticle diameter distribution measured from (e). 

To gain insight into the chemical composition and valence states of the Ni3FeW 

LDH, X-ray photoelectron spectroscopy (XPS) was performed. The signals of 

elemental Ni, Fe, W, and O were clearly detected in the overall XPS spectra of 

Ni3FeW LDH (red line in Figure 2.6a), which matches well with the EDX mapping 

results. In addition to two shakeup satellites, the Ni 2p spectra of pristine Ni3Fe LDH 

shown in Figure 2.6b is composed of a pair of peaks with binding energies at 855.6 

and 873.7 eV, corresponding to the Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively 71. Compared 

with that of Ni3Fe LDH, the main peak for Ni2+ 2p3/2 in Ni3FeW LDH is negatively 

shifted 1.1 eV. The Fe 2p3/2 peak for Ni3FeW LDH in Figure 2.6c corresponds to Fe3+, 

which shows a positive shift to 713.3 eV from 712 eV for that in Ni3Fe LDH. The 

lower oxidation valence state of the Ni sites83-84 and the higher oxidation state of the 

Fe sites74 have been reported to be more favorable for OER activity. The XPS spectra 

of W in Ni3FeW LDH displayed in Figure 2.6d show that the binding energies of W 

4f7/2 and W 4f5/2 are located at 35.1 and 37.7 eV, respectively, and are assigned to W6+. 

The above analysis demonstrates that high-valence W was successfully doped into the 

Ni3Fe LDH and modified the electronic structure of both the Ni and Fe sites. 
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Figure 2.6. (a) XPS spectra of Ni3Fe LDH and Ni3FeW LDH. High-resolution XPS 
spectra of (b) Ni and (c) Fe in Ni3Fe LDH and Ni3FeW LDH and of (d) W 
in Ni3FeW LDH. 

2.3.2 Catalytic Performance of Synthesized Catalysts 

The OER performance of the as-synthesized Ni3FeWx (x = 0, 0.5, 1, 2, and 3) 

LDH catalysts was measured using a three-electrode configuration in 1 M KOH 

electrolyte. The linear sweep voltammetry (LSV) curves shown in Figure 2.7a 

indicate that Ni3FeW LDH requires a low overpotential of 230 mV to drive a current 

density of 50 mA cm−2, which is clearly smaller than that of Ni3Fe LDH (255 mV), 

Ni3FeW0.5 LDH (256 mV), Ni3FeW2 LDH (272 mV), and Ni3FeW3 LDH (342 mV). 

To drive higher current densities of 100, 500, and 1,000 mA cm−2, the Ni3FeW LDH 

sample requires overpotentials of 247, 294, and 320 mV, respectively, which are also 

superior to those for both pristine Ni3Fe LDH and other trimetallic Ni3FeWx LDH 

samples. Compared with pristine Ni3Fe LDH, both the trimetallic Ni3FeW0.5 LDH and 

Ni3FeW LDH samples require lower overpotentials to drive large current densities like 
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500 and 1,000 mA cm−2, indicating an enhancement of OER activity by W doping. In 

particular, many bubbles are produced under such large current densities during the 

water-splitting process, and the open porous nanosheets structure of Ni3FeW0.5 

LDH/NF and Ni3FeW LDH/NF guarantees the rapid release of the bubbles and 

maintains good contact between the catalyst and the electrolyte. High-ratio W doping 

(Ni3FeW2 LDH and Ni3FeW3 LDH) results in increased overpotential, which might be 

attributed to structure change (from porous nanosheets to dense films). To further 

assess the intrinsic catalytic activity, the OER kinetics of the as-synthesized Ni3FeWx 

(x = 0, 0.5, 1, 2, and 3) LDH catalysts were measured using the corresponding Tafel 

plots calculated from Figure 2.7a. As shown in Figure 2.7b, the Tafel slope value of 

Ni3FeW LDH is as low as 55 mV dec−1, which is lower than that of Ni3Fe LDH (66 

mV dec−1), Ni3FeW0.5 LDH (64 mV dec−1), Ni3FeW2 LDH (67 mV dec−1), and 

Ni3FeW3 LDH (85 mV dec−1), indicating its higher transfer coefficient and enhanced 

electrocatalytic kinetics.15 To elucidate the improved OER activity of the Ni3FeW 

LDH catalyst, we then determined its electrochemically active surface area (ECSA), 

which is proportional to the double-layer capacitance (Cdl, Figure 2.7c) calculated 

from the cyclic voltammetry (CV) scans in Figure 2.8. Ni3FeW LDH has the largest 

Cdl of 18.1 mF cm−2 among the samples studied, higher than that of pristine Ni3Fe 

LDH (13.7 mF cm−2), suggesting that more electrochemically active sites are created 

by the introduction of W.75 An electrochemical impedance spectroscopy (EIS) analysis 

was performed to study the conductivity properties of these self-supported 

electrocatalysts and is shown in Figure 2.7d. The charge-transfer resistance of 

Ni3FeW LDH is clearly much smaller than that of pristine Ni3Fe LDH, which further 
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confirms the enhanced electrocatalytic kinetics by W doping. On the other hand, too 

much W doping (Ni3FeW3 LDH) results in increased charge-transfer resistance, which 

might be another reason for the degraded performance as shown by the LSV curves. 

 

Figure 2.7. (a) OER LSV curves of Ni3FeWx LDH samples in 1.0 M KOH. (b) Tafel 
plots derived from the polarization curves in (a). (c) Double-layer 
capacitance (Cdl) plots and (d) Nyquist plots of these samples. 
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Figure 2.8. CV curves of (a) Ni3Fe LDH, (b) Ni3FeW0.5 LDH, (c) Ni3FeW LDH, (d) 
Ni3FeW2 LDH, and (e) Ni3FeW3 LDH at different scan rates in a non-
faradaic region. 

The OER LSV curves of the Ni3FeW LDH sample before and after 5000 CV 

cycles are shown in Figure 2.9a. The polarization curve shows negligible change after 

5000 CV scans and the SEM images of the catalyst after CV testing shown in Figure 

2.9b confirm that the open porous nanosheets structure is well maintained, indicating 

good stability during CV cycling. The catalyst’s stability was also confirmed by a 

long-term electrochemical durability test performed at a current density of 100 mA 

cm−2 for 50 h (Figure 2.9c). The facile water bath reaction method used here has also 

been demonstrated to be versatile and was applied to synthesize Ni3FeMo LDH/NF, 

Ni3FeRu LDH/NF, and Ni3FeCo LDH/NF with good OER activity by changing the 

dopants. The OER performance of these catalysts in 1.0 M KOH is indicated by the 

LSV curves shown in Figure 2.9d. 
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Figure 2.9. (a) CV cycling performance of Ni3FeW LDH. (b) SEM images of Ni3FeW 
LDH after 5000 CV scans. (c) Chronopotentiometric curve of Ni3FeW 
LDH. (d) OER LSV curves of Ni3FeM (M = W, Mo, Co, and Ru) LDH. 

2.3.3 Discussion 

The widely accepted alkaline OER mechanism can be described as follows: 

OH− + * → OH* + e−,                                                                                                          (12) 

OH* + OH− → O* + H2O + e−,                                                                                    (13) 

OH− + O* → OOH* + e−, and                                                                                       (14) 

OOH* + OH− → O2 + * + H2O + e−,                                                                        (15) 

where * is the adsorption site on the catalyst surface and O*, OH*, and OOH* denote 

adsorbed intermediates.29, 34 After incorporating W into Ni-Fe LDH, its XPS patterns 

show that the Ni sites change to a lower oxidation valence state while the Fe sites 

change to a higher oxidation state. The multiple oxidation states of Fe (2+ or 3+) and 

W (from 4+ to 6+) make them versatile coordination hosts, and both can absorb the 

intermediate species to form Fe-OOH or W-OOH. The adoption energy of OH* is too 

strong on the FeOOH (010) surface, but too weak on the WO3 (001) surface.77 It is 

reasonable that the Ni-Fe-W LDH complex might have optimal adsorption energies 

for intermediates, allowing it to exhibit excellent OER performance due to this 

synergistic effect. In addition to the electronic structure adjustment and synergistic 

effects originating from high-valence W, the excellent OER activity of the self-

supported Ni3FeW LDH catalyst can further be attributed to the following aspects. 

First, the direct growth of open porous Ni3FeW LDH nanosheets on conductive nickel 

foam not only stabilizes the unique layered structure of LDH, but also provides a large 

surface area to guarantee the intimate contact between the active material and the 
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electrolyte media. Ensuring that the active sites always take part in the OER process is 

very important, especially at high current densities when large numbers of oxygen 

bubbles are produced and can separate the electrode from the electrolyte. Second, the 

crystalline nanoparticles and the highly abundant crystalline-amorphous phase 

boundaries in ultrathin Ni3FeW LDH nanosheets lead to a high transfer coefficient and 

good catalytic kinetics. Third, with the introduction of a moderate amount of W, the 

same phase as pristine Ni3Fe LDH is maintained, but the electrochemically active 

surface area is increased and the charge-transfer resistance between the LDH 

nanosheets and the electrolyte is reduced. 

2.4 Conclusion 

We have introduce a scalable water bath reaction to synthesize self-supported 

Ni3FeW LDH nanosheets as produce efficient OER catalysts. Such open porous 

nanosheets with a high density of crystalline-amorphous phase boundaries can provide 

a large active surface area and guarantee continued good contact between the electrode 

and the electrolyte. Additionally, W doping leads to enhanced conductivity, favorable 

kinetics, and modification of the electronic structure of both the Ni and Fe sites, 

producing favorable synergistic effects for OER. With an optimized W ratio, Ni3FeW 

LDH exhibits much better catalytic activity than that of pristine Ni3Fe LDH. This 

study shows that Ni-Fe-W LDH can be used as highly efficient catalysts and provides 

a general way to fabricate trimetallic LDH-based OER catalysts. 
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CHAPTER 3 BORON-MODIFIED COBALT IRON LAYERED 

DOUBLE HYDROXIDES FOR HIGH EFFICIENCY 

SEAWATER OXIDATION 

Note: The material in this chapter has been published. The introduction, experimental 

section, and figure captions were adjusted for dissertation consistency. Reproduced 

with permission from Elsevier.85 

3.1 Introduction 

Among all of the catalysts studied for alkaline freshwater oxidation, layered 

double hydroxides (LDHs) are the most promising ones due to their high intrinsic 

OER activity and tunable chemical composition feature.34, 86 Ni-Fe LDH was reported 

as an advanced OER catalyst by Gong et al. in 2013 and tremendous bi- and 

trimetallic LDHs, as well as their compositions, have been explored and demonstrated 

to be efficient OER catalysts.12, 33, 51-52, 71, 75, 87-92 However, LDH-based catalysts still 

suffer from deficiencies like poor electronic conductivity and limited active sites, 

which need further enhancement for their application in industrial hydrogen 

production.12, 27 Constructing self-supported LDH-based catalysts on conductive 

substrates like nickel foam,52, 75, 87 copper foam,51, 90 and carbon cloth71 is an effective 

way to enhance their conductivity and stability but is still not adequate. Another issue 

is that hydrothermal reaction, the most used synthesis method for LDH-based catalysts, 

commonly requires strict reaction conditions (maintenance at temperatures above the 

boiling point of water for 6-12 h in a sealed container) that are not suitable for scaling 

up and always lead to a nanosheet structure.34 An easily scalable synthesis method, as 

well as a novel structure that can rivet and expose more active sites to enhance the 
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catalytic activity should be explored to promote the potential practical application of 

the LDH catalysts. Recently, amorphous catalysts have been greeted with great 

enthusiasm due to their structural and chemical advantages.93-96 Amorphous catalysts 

normally possess strong corrosion resistance, a large number of percolation pathways, 

and a fast ion-diffusion feature due to their structure disorder and relatively loose 

packing of atoms.93, 97-101 Among various amorphous catalysts, boron-based ones such 

as Co2B,94 Fe-Ni-P-B-O,95 Gd-CoB@Au,102 and Cr1–xMoxB2103 have recently been 

synthesized and shown to exhibit high catalytic activity. 

Considering the features of LDH- and amorphous boron-based catalysts, 

amorphous boron-modified LDH materials might be promising catalysts for seawater 

electrolysis, although relevant studies remain quite limited. Here, for the first time, we 

synthesized partially amorphous boron-modified cobalt iron layered double 

hydroxides (denoted as B-Co2Fe LDH) using a two-step water bath reaction-chemical 

reduction approach in an open beaker at low temperature. A unique hierarchical 

nanosheet-nanoflake structure was obtained by optimizing the Co/Fe ratio in the 

reactants and the partial amorphousness feature was then achieved by the boron 

modification. The catalyst’s open and hierarchical architecture, along with the partial 

amorphousness feature, allows for abundant active sites, enhanced electronic kinetics, 

and high corrosion resistance. Typically, it requires overpotentials of only 205 and 246 

mV to drive current densities of 10 and 100 mA cm−2, respectively, in 1 M KOH and it 

exhibits a small Tafel slope of 39.2 mV dec−1, which place it among the best self-

supported OER catalysts reported thus far. As for seawater oxidation, it requires 

overpotentials of 310 and 376 mV to drive current densities of 100 and 500 mA cm−2, 
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respectively, in 1 M KOH seawater and can work continuously for 100 h without 

producing any hypochlorite. in situ and ex situ Raman tests and post-OER analysis 

were applied to reveal its transformation during OER. Long-term immersion and 

corrosion testing, as well as chronopotentiometric measurements, were applied to 

prove its corrosion resistance and catalytic durability. 

3.2 Experimental Section 

3.2.1 Synthesis of Catalysts 

3.2.1.1 Synthesis of Co2Fe LDH 

Co2Fe layered double hydroxide (Co2Fe LDH) was in situ grown on the surface of 

Nickel foam (NF, areal density: 350 g m−2) via a one-step water bath reaction. Briefly, 

a piece of commercial NF (4 cm × 3 cm) was first cleaned by HCl solution and 

ethanol with the assistance of sonication. Afterward, 1 mmol cobalt nitrate 

hexahydrate [Co(NO3)2·6H2O, Sigma Aldrich], 0.5 mmol iron nitrate nonahydrate 

[Fe(NO3)3·9H2O, Alfa Aesar], 3.75 mmol ammonium fluoride (NH4F, Alfa Aesar), 

and 15 mmol urea [CO(NH2)2, Promega Corporation] were dissolved in 50 mL 

deionized (DI) water in a beaker with continuous stirring. After 30 min intensive 

stirring, the previously washed NF was put into this beaker, which was then 

transferred to a water bath oven maintained at 90 °C for 7 h. The sample was then 

naturally cooled down to room temperature, removed from the beaker, and rinsed 

several times with DI water. After drying in air naturally, Co2Fe LDH was 

successfully obtained, and the loading mass was measured to be 1.14 mg cm−2. 

Co(OH)2 and Fe CH precursors were prepared via a similar procedure using 0.5 mmol 

Co(NO3)2·6H2O and 4 mmol urea in the reactants and 0.5 mmol Fe(NO3)3·9H2O, 3.75 
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mmol NH4F, and 15 mmol urea in the reactants, respectively. 

3.2.1.2 Synthesis of Partially Amorphous B-Co2Fe LDH 

To synthesize partially amorphous boron-modified Co2Fe LDH (B-Co2Fe LDH), 

the as-prepared Co2Fe LDH precursor was soaked in a 0.5 M aqueous sodium 

borohydride solution (NaBH4, Sigma Aldrich), which contains 0.25 M NaOH to slow 

the hydrolysis of NaBH4, at room temperature for 1 h to ensure the complete reaction. 

After this boron-modification procedure, the partially amorphous B-Co2Fe LDH 

sample was removed from the solution and then dried in vacuum. The loading mass of 

B-Co2Fe LDH was measured to be 1.08 mg cm−2. Here, NaBH4 serves as both the 

reducing agent and the boron source in this reaction. Similarly, boron-modified 

Co(OH)2 [B-Co(OH)2] and boron-modified Fe CH (B-Fe CH) were prepared by 

soaking each of their precursors in a 0.5 M aqueous NaBH4 solution, and the loading 

masses were measured to be 0.51 and 0.44 mg cm−2, respectively. 

3.2.1.3 Preparation of IrO2 Electrode 

A noble-metal-based IrO2 electrode was prepared for comparison in this 

experiment. First, 40 mg iridium oxide (IrO2, 99%, Alfa Aesar) was dissolved in a 

mixture solution containing 810 μL ethanol, 90 μL Nafion 117 solution (5%, Sigma 

Aldrich), and 600 μL DI water with the assistance of ultrasonication. The NF was then 

soaked in the solution for 1 h to let the active material load onto the surface, followed 

by drying at 50 °C for 12 h in an oven. 

3.2.2 Physical and Chemical Characterization 

X-ray diffraction (XRD, PANalytical X'pert PRO, Cu Kα radiation) tests were 

conducted to identify the crystal structures and compositions of these as-prepared 
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samples. Morphology characterizations and energy-dispersive spectroscopy (EDS) 

were performed using scanning electron microscopy (SEM, LEO 1525) and 

transmission electron microscopy (TEM, JEOL 2010F). X-ray photoelectron 

spectroscopy (XPS, PHI Quantera) was conducted to identify the valence states. The 

wettability of pure NF and B-Co2Fe LDH was tested by dropping droplets (DI water 

or seawater) onto each catalyst’s surface. in situ and ex situ Raman tests were 

conducted on a Horiba iHR320 Raman spectrometer using a He-Ne laser (excitation 

wavelength: 532 nm). Electron paramagnetic resonance (EPR) spectroscopy was 

analyzed using a Bruker A300 spectrometer. 

3.2.3 Electrochemical Characterization 

Electrochemical characterizations of these as-prepared catalysts were conducted 

on a Gamry Reference 600 electrochemical station using a three-electrode 

configuration. A Pt plate was used as the counter electrode, an Hg/HgO electrode was 

used as the reference electrode, and the as-prepared catalyst was used as the working 

electrode. The stable polarization curve of each catalyst was recorded at a scan rate of 

2 mV s−1 with iR compensation after running at least 100 cyclic voltammetry (CV) 

cycles for activation and stabilization. The potential (EHg/HgO) was calibrated to the 

reversible hydrogen electrode (RHE) using the equation: ERHE = EHg/HgO + 0.098 + 

0.0591 × pH and the overpotential (η) was calculated by: η = ERHE − 1.23 V. The Tafel 

slope (b) was calculated by η = a + b log (j), in which j is the current density. 

Electrochemical impedance spectroscopy (EIS) was performed at the overpotential of 

300 mV from 100 kHz to 0.01 Hz in 1 M KOH electrolyte. To evaluate the 

electrochemically active surface area (ECSA) of each catalyst, CV cycling was 
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performed in the potential range from 0.9 to 1.0 V vs. RHE with scan rates ranging 

from 20 to 100 mV s−1. By plotting the capacitive current at 0.95 V vs. RHE against 

the scan rates, the double-layer capacitance (Cdl) was obtained as half of the 

corresponding slope, and then the ECSA was derived from the equation: ECSA = 

Cdl/Cs, in which Cs is the specific capacitance for a flat surface (40 μF cm−2). For the 

durability testing, 2,000 CV cycles were performed between 1.125 and 1.525 V vs. 

RHE with a scan rate of 50 mV s−1, and the corresponding polarization curves were 

recorded before and after CV cycling. Chronopotentiometric measurements were 

recorded at the current densities of 100 and 500 mA cm−2 in both 1 M KOH and 1 M 

KOH seawater electrolytes. Natural seawater was collected from Galveston Bay, 

Galveston, Texas, USA (29.303° N, 94.772° W). There was no pre-treatment of the 

natural seawater and the electrochemical testing in 1 M KOH seawater electrolyte was 

performed after most of the particles visible to the naked eye had settled. Corrosion 

testing was conducted on a SP-200 Biologic electrochemical station in natural 

seawater using a saturated calomel electrode (SCE) as the reference electrode. 

3.2.4 Calculation of TOF 

The plots of current density can be converted into turnover frequency (TOF) plots 

using the equation: TOF = j × A/4 × F × n, where j is the current density (A cm−2), A 

is the surface area of the electrode, 4 represents a four-electron oxygen evolution 

reaction, F is the Faraday constant (96485.3 C mol-1), and n represents the moles of 

active material on the substrate, which can be calculated by the loading mass and the 

molecular weight of the catalyst.48, 75 Since the nature of the active sites is not yet 

understood, we estimated the number of active sites using the total loading mass (1.14 
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mg cm−2 for Co2Fe LDH and 1.08 mg cm−2 for B-Co2Fe LDH, respectively) and each 

metal cation (either Co or Fe) represents one active site, which may underestimate the 

real TOF. 

3.2.5 Gas Chromatography Testing 

Gas chronopotentiometry (GC, GOW-MAC 350 TCD) testing was conducted with 

a constant current density of 500 mA cm−2 in 1 M KOH seawater electrolyte. The 

theoretical amount of generated O2 gases was calculated using the equation: n = i × t 

/(n × F), where n is the theoretical amount (mol) of gaseous products, i is the current 

(A), t is the time (s), n is the number of electrons transferred (4), and F is the Faraday 

constant. 

3.3 Results and Discussion 

3.3.1 Structural and Compositional Analysis Results 

As illustrated in Figure 3.1, a two-step water bath reaction-chemical reduction 

procedure was applied to synthesize partially amorphous B-Co2Fe LDH. Here, 

commercial nickel foam (NF) was employed as the substrate due to its three-

dimensional structure, high conductivity, and low cost. 

 

Figure 3.1. Schematic illustration of the formation of B-Co2Fe LDH via a two-step 
water bath reaction-chemical reduction procedure. 

Scanning electron microscopy (SEM) images in Figure 3.2a-c show that the 

structure of the Co2Fe LDH precursor has a hierarchical structure composed of 
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nanosheets with numerous nanoflakes attached on the surface. Transmission electron 

microscopy (TEM) analysis was then performed to characterize the structures in detail. 

As shown in Figure 3.2d, a slice of almost transparent Co2Fe LDH precursor 

nanosheet with numerous nanoflakes on its edges can be clearly observed. The 

interplanar spacings in the high-resolution TEM (HRTEM) image in Figure 3.2e were 

measured to be 0.38 and 0.23 nm, corresponding to the (006) and (015) planes of 

Co2Fe LDH, respectively. Additionally, the discrete dots in the selected area electron 

diffraction (SAED) pattern shown in the inset to Figure 3.2f reveal the characteristic 

(015) and (110) facets of Co2Fe LDH. The clear space fringes along with the sharp 

discrete dots indicate that the Co2Fe LDH precursor has a crystalline structure. 

Meanwhile, Co(OH)2 (Figure 3.3a-c) and Fe6(OH)12CO3·2H2O (Fe CH) (Figure 

3.3d-f) precursors exhibit nanoflake and nanosheet structures, respectively. 

 

Figure 3.2. (a-c) SEM, (f) TEM, (e) HRTEM images, and (f) SAED pattern of the 
Co2Fe LDH precursor. 
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Figure 3.3. SEM images of (a-c) Co(OH)2 and (d-f) Fe CH precursors. 

In the subsequent chemical reduction step, B-Co2Fe LDH sample was obtained by 

soaking Co2Fe LDH precursors in 0.5 M NaBH4 solution at room temperature for 1 h. 

The H-, which originates from NaBH4 and exhibits strong reducing ability, can act as 

an oxygen scavenger to create oxygen defects and modify the crystallinity of the 

precursor.97, 104 As shown in Figure 3.4a-c, B-Co2Fe LDH samples share a thinner 

nanosheet and more porous nanoflake structure compared with the Co2Fe LDH 

precursor. Such hierarchical structure can dramatically enhance the surface area to 

disperse and expose more active sites for water electrolysis compared with the pure 

nanosheet structure.12, 34 On the other hand, the TEM image of B-Co2Fe LDH in 

Figure 3.4d shows a more porous structure and the detailed HRTEM image in Figure 

3.4e indicates that parts of the sample are amorphous (marked by yellow ellipses), 

which is further confirmed by the broad rings, normally recognized as the intrinsic 

characteristic of an amorphous material,95, 105 in the SAED pattern shown in Figure 

3.4f. The uniform modification of boron inside a single B-Co2Fe LDH nanosheet 
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(Figure 3.4g) is illustrated by the energy-dispersive X-ray spectrometry (EDX) 

mapping images in Figure 3.4h-k. The SEM images of B-Co(OH)2 and B-Fe CH 

shown in Figure 3.5a-b and 3.5d-e, respectively, also confirm that their structures 

could be slightly tuned through modification by the NaBH4 solution. 

 

Figure 3.4. (a-c) SEM, (f) TEM, (e) HRTEM images, and (f) SAED pattern of the B-
Co2Fe LDH (g) TEM image of the B-Co2Fe LDH and the EDX element 
mapping images. 
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Figure 3.5. (a-b) SEM images of B-Co(OH)2. (c) XRD patterns of the Fe CH 
precursor and B-Fe CH. (d-e) SEM images of B-Fe CH. (f) XRD patterns 
of the Co(OH)2 precursor and B-Co(OH)2. 

The exact phase compositions and crystal structures of these samples were 

detected by X-ray diffraction (XRD). The resulting curve for the Co2Fe LDH 

precursor in Figure 3.6a corresponds well to cobalt iron carbonate hydroxide 

(JCPDS#50-0235). Compared with that of the Co2Fe LDH precursor, the lower 

intensity and broader half-width of the main diffraction peaks in the B-Co2Fe LDH 

curve indicates that the modification by boron can decrease the crystallinity.96, 102, 106 

This phenomenon can also be observed in the XRD patterns of B-Co(OH)2 and B-Fe 

CH samples (Figure 3.5c and 3.5f, respectively), in which the intensity of the main 

peaks for the boron-modified samples is lower than that for the initial precursors. A 

similar phenomenon, that the NaBH4 solution can lower the crystallinity of the 

material being modified or even transform it to completely amorphous, has been 

previously reported.79, 96-97, 102, 106 To investigate the change of the valence states 

before and after the boron-modification, X-ray photoelectron spectroscopy (XPS) was 
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conducted. As shown in Figure 3.6b, in addition to a pair of satellite peaks, the high-

resolution XPS spectra of Co 2p for the Co2Fe LDH precursor can be deconvolved to a 

Co2+ 2p3/2 peak at 781.3 eV and a Co2+ 2p1/2 peak at 796.7 eV.92 An additional peak 

for Co-B at 778.0 eV can be observed in both B-Co2Fe LDH and B-Co(OH)2, 

suggesting that the modification by boron could lead to the formation of a Co-B 

bond.94 Similarly, a peak for Fe-B at 707.4 eV can be observed in the high-resolution 

XPS spectra of Fe for both the B-Co2Fe LDH and B-Fe CH samples, in addition to the 

regular Fe3+ 2p3/2 and 2p1/2 peaks (Figure 3.6c). Both Co and Fe were positively 

shifted to higher oxidation states by the boron modification. As for the XPS spectra of 

B (Figure 3.6d), in addition to the huge oxidation peak for B-O at 192.0 eV, peaks for 

B-Co at 188.1 eV and B-Fe at 187.9 eV can be found in B-Co2Fe LDH. These XPS 

results prove that the NaBH4 solution can not only tune the structure and phase of 

Co2Fe LDH, but can also react with it to form metallic boride.95 As for the XPS 

spectra of O in Figure 3.6e, the peaks located at 529.3, 531.1, and 532.8 eV are 

assigned to oxygen-metal (O-M), hydroxide (O-H), and chemisorbed water on the 

surface (H2O), respectively.71, 98 Additionally, an extra peak for O-B located at 533 eV 

can be found for each of the boron-modified catalysts. The asymmetric nature of the 

high energy hydroxide bond (O-H) in the XPS spectrum indicates the presence of 

oxygen vacancies, so the relative peak area ratio of O-H/O-M can be used to roughly 

assess the amount of oxygen defects.98, 107-108. Figure 3.6e clearly shows that the ratio 

of O-H/O-M in the B-Co2Fe LDH is higher than that of the pristine Co2Fe LDH 

precursor, confirming relatively more oxygen defects. Additionally, the stronger 

magnetic signal at around 3514 G for the B-Co2Fe LDH catalyst, determined by 
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electron paramagnetic resonance (EPR) spectroscopy (Figure 3.6f) indicates a higher 

concentration of unpaired electrons, which generally results from oxygen defects.97, 109 

Thus, both XPS and EPR data prove that more oxygen defects were created by boron 

modification. 

 

Figure 3.6. (a) XRD patterns of the Co2Fe LDH and B-Co2Fe LDH. High-resolution 
XPS spectra of (b) Co, (c) Fe, (d) B, and (e) O for these catalysts. (f) EPR 
spectra of Co2Fe LDH and B-Co2Fe LDH. 

3.3.2 OER Performance in Alkaline Freshwater 

The OER activity of these catalysts was evaluated in three types of electrolytes (1 

M KOH, 1 M KOH + 0.5 M NaCl, and 1 M KOH seawater), respectively. To avoid 

the oxidation peak and precisely measure the overpotential at small current density, all 

polarization curves for these catalysts were collected from high to low potential with a 

scan rate of 2 mV s−1. As shown in Figure 3.7a, the optimal partially amorphous B-

Co2Fe LDH catalyst requires overpotentials of only 205, 246, 289, and 309 mV to 

attain current densities of 10, 100, 500, and 1,000 mA cm−2, respectively, in 1 M KOH, 
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superior to that of boron-modified single-metallic hydroxide catalysts [B-Co(OH)2 and 

B-Fe CH], the pristine bimetallic LDH catalyst (Co2Fe LDH), and the benchmark 

noble-metal-based catalyst (IrO2). There is no peeled-off catalyst can be observed 

even with vigorous O2 bubbles released from the surface of the catalyst, demonstrating 

excellent structure stability at high current densities. The Tafel slope value of partially 

amorphous B-Co2Fe LDH is only 39.2 mV dec−1 (Figure 3.7b), which is the lowest 

among all of these catalysts and indicates a higher transfer coefficient and enhanced 

electrocatalytic kinetics. Such low overpotentials (η10 = 205 mV and η100 = 246 mV, 

where η10 and η100 are the overpotentials required to achieve current densities of 10 

and 100 mA cm−2, respectively) together with a small Tafel slope (39.2 mV dec−1) 

place the B-Co2Fe LDH catalyst among the best documented self-supported catalysts 

reported thus far. The modification by boron can significantly enhance the 

conductivity of these catalysts as revealed by the electrochemical impedance 

spectroscopy (EIS) analysis in Figure 3.7c. Based on the equivalent circuit (inset, 

Figure 3.7c), the charge-transfer resistance (Rct) values of partially amorphous B-

Co2Fe LDH, B-Co(OH)2, and B-Fe CH were measured to be ~1.3, ~3.0, and ~1.9 Ω, 

respectively, much smaller than those of the Co2Fe LDH precursor (~11.7 Ω) and IrO2 

(~16.4 Ω). The electrochemically active surface area (ECSA) of each catalyst, which 

is proportional to its double-layer capacitance (Cdl) shown in Figure 3.8 can be used 

to evaluate the catalyst’s intrinsic surface-area activity. As shown in Figure 3.7d, the 

ECSA of B-Co2Fe LDH (202.5 cm−2ECSA) is larger than that of the Co2Fe LDH 

precursor (140 cm−2ECSA), which is due to the greater number of oxygen defects and 

the partial amorphousness feature created through the modification by boron. We 
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further normalized current density by the ECSA (Figure 3.7e) and the B-Co2Fe LDH 

catalyst still exhibited the best OER activity, indicating its highest intrinsic catalytic 

activity among these catalysts. Furthermore, the turnover frequency (TOF) value of 

the B-Co2Fe LDH catalyst at the potential of 1.50 V vs. RHE (η = 270 mV) is 

calculated to be 0.065 s−1 (Figure 3.7f), which is much higher than that of B-Co(OH)2 

(0.0089 s−1), B-Fe CH (0.026 s−1), and the pristine Co2Fe LDH precursor (0.023 s−1), 

indicating its highest instantaneous efficiency for OER. 

 

Figure 3.7. (a) OER polarization curves and (b) Tafel plots of as-prepared catalysts in 
1 M KOH. (c) Nyquist plots, (d) ECSA, and (e) ECSA-normalized OER 
activity, and (f) TOF curves of these catalysts. 
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Figure 3.8. CV curves of (a) B-Co(OH)2, (b) B-Fe CH, (c) Co2Fe LDH, (d) B-Co2Fe 
LDH, and (e) IrO2 in a non-faradaic region. (f) Cdl values of these catalysts 
calculated from (a-e). 

3.3.3 OER Performance in Alkaline Seawater 

The corrosion resistance performance of B-Co2Fe LDH catalyst in natural 

seawater was first roughly evaluated using long-term immersion testing. As shown in 

Figure 3.9a-c no obvious corrosion pitting or structural collapse can be found at 

different magnification levels after immersion in natural seawater for 28 days, 

indicating excellent structure stability. We then conducted corrosion testing of Co2Fe 

LDH and B-Co2Fe LDH catalysts in natural seawater, and the corresponding data are 

displayed in Figure 3.9d-f. The corrosion current density of B-Co2Fe LDH is merely 

1.38 μA cm−2, which is around half of that of Co2Fe LDH (2.4 μA cm−2), showing its 

higher corrosion resistance after boron modification. The excellent structure stability 

and the high corrosion resistance indicate that this partially amorphous B-Co2Fe LDH 

has a high probability to be a stable catalyst for seawater oxidation. As mentioned 

above, the most critical challenge for alkaline seawater electrolysis is the formation of 
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hypochlorite, which will compete with OER and severely lower the efficiency of 

seawater oxidation. This B-Co2Fe LDH catalyst requires an overpotential of 309 mV 

to drive a large current density of 1,000 mA cm−2 in 1 M KOH, much lower than the 

maximum theoretical value of ~480 mV for avoiding the formation of hypochlorite. 

We then measured the OER activity of all these as-prepared catalysts in both alkaline 

saline (1 M KOH in 0.5 M NaCl water, simulated seawater electrolyte) and alkaline 

seawater (1 M KOH seawater). As shown in Figure 3.10a and 3.10c, all five catalysts 

show a slight decline in OER activity when tested in alkaline saline water than in pure 

water due to the blockage of active sites by the Cl−. This decline greatly increased 

when the catalysts were tested under the actual seawater condition (Figure 3.10b-c), 

which has a much more complicated composition, such as including alkaline metal 

cations (Ca2+, Mg2+, Na+, K+) chloride ions (Cl−), sulfate ions (SO24−), and insoluble 

precipitates. Specifically, the B-Co2Fe LDH catalyst requires overpotentials of 245, 

310, 376, and 415 mV to drive current densities of 10, 100, 500, and 1,000 mA cm−2, 

respectively, in 1 M KOH seawater. The Tafel slope values of these catalysts in 

different electrolytes shown in Figure 3.10d-f also indicate that their catalytic kinetics 

and transfer coefficient values are slightly and severely lowered in saline and natural 

seawater, respectively. Even though the Co2Fe LDH precursor shows the second-best 

OER activity among these catalysts in 1 M KOH, its performance declined more 

heavily than that of the boron-modified ones when tested in alkaline seawater. This 

proves that the modification by boron, which can enhance a catalyst’s conductivity 

and enlarge its ECSA, contributes significantly to maintaining catalytic activity in the 

critical seawater electrolyte. 
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Figure 3.9. (a-c) SEM images of B-Co2Fe LDH after immersion in natural seawater. 
Corrosion polarization curves of (d) Co2Fe LDH and (e) B-Co2Fe LDH. (f) 
Corrosion potentials and corrosion current densities of these catalysts. 

 

Figure 3.10. OER polarization curves of these catalysts in (a) 1 M KOH + 0.5 M 
NaCl and (b) 1 M KOH seawater. (c) OER CV curves of B-Co2Fe LDH 
catalyst. (d) and (e)Tafel plots. (f) Comparison of the Tafel slope values. 

The faradaic efficiency of B-Co2Fe LDH was measured by a gas chromatography 

(GC) test performed at a current density of 500 mA cm−2 in 1 M KOH seawater to 

identify whether this catalyst can work efficiently for seawater oxidation. As shown in 
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Figure 3.11a, the amount of measured O2 gas matches well with the theoretical values, 

showing a nearly 100% faradaic efficiency. in situ Raman testing was then performed 

to reveal the transformation of this catalyst during OER. As shown in Figure 3.11b, 

the peaks corresponding to the -LDH system (at around 431 and 508 cm−1) gradually 

changed to the -OOH system (at around 459 and 531 cm−1) while the peaks 

corresponding to the B-O bond (at around 263 and 708 cm−1) gradually disappeared 

with the application of higher oxidation potential.110-112 ex situ Raman spectra of the 

catalyst displayed in Figure 3.11c show more obvious -OOH peaks without the 

interference of the electrolyte liquid and the O2 bubbles. These results indicate that the 

gradually formed Co-/Fe- (oxy)hydroxide, which have the optimized 

adsorption/desorption ability of intermediates (O*, OH*, and OOH*),113 are the active 

sites of B-Co2Fe LDH for OER. The corresponding XPS spectra of B-Co2Fe LDH 

after 2,000 CV scans in 1 M KOH seawater (Figure 3.11d-g) show that the specific 

peak for B almost disappeared, indicating that boron in this case serves more as a 

modifier to the crystallinity of Co2Fe LDH than to form a metallic boride catalyst 

(either Fe-B or Co-B). Both Co and Fe were oxidized to higher oxidation states 

corresponding to Co-/Fe-OOH, as shown by the slight shifts in their XPS spectra in 

Figure 3.11d-e, respectively. The increased intensity of the specific peak for O in 

Figure 3.11g proves the formation of -OOH during CV cycling, matching the Raman 

result (Figure 3.11c). 
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Figure 3.11. (a) Gaseous products from B-Co2Fe LDH in 1 M KOH seawater. (b) in 
situ and (c) ex situ Raman spectra of B-Co2Fe LDH. XPS spectra of (d) Co, 
(e) Fe, (f) B, and (g) O in B-Co2Fe LDH before and after CV scans. 

Catalytic durability is another important criterion for the practical application of a 

catalyst. The almost overlapping polarization curves before and after 2,000 cyclic 

voltammetry CV scans in 1 M KOH (Figure 3.12a) and the well-maintained 

hierarchical structure after CV scanning (Figure 3.12b-d) prove that this B-Co2Fe 

LDH catalyst has excellent catalytic durability and structural stability in alkaline 

freshwater. When cycled in 1 M KOH seawater, the resultant polarization curve shows 

some decline compared with the initial curve (Figure 3.13a). SEM images of the post-

cycling catalyst (Figure 3.13b-d) show that even though some cracks and insoluble 

precipitates can be observed on the macro scale, the overall hierarchical nanosheet-

nanoflake structure is maintained on the micro scale, confirming the good chlorine 

corrosion resistance of the partially amorphous B-Co2Fe LDH catalyst. Some common 

metal elements such as Mg and Ca in the natural seawater can be clearly observed in 

the corresponding EDS spectrum in Figure 3.13e. The well-maintained hierarchical 
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structure and the partially amorphous phase feature were also confirmed by TEM and 

HRTEM images obtained after CV scanning and shown in Figure 3.13f-g and 3.13h, 

respectively. This result reveals that even though some portions of the surface of this 

catalyst become covered by the precipitates, the underlying or side parts of the catalyst 

can remain in contact with, and react with, the electrolyte to allow the seawater 

electrolysis to continue. Such a hierarchical nanosheet-nanoflake structure feature, 

which provides large surface area to expose active sites, is more important in seawater 

electrolysis due to the existence of insoluble precipitates. 

 

Figure 3.12. (a) OER polarization curves of B-Co2Fe LDH before and after CV scans 
in 1 M KOH. Insert to (a): digital image of 1 M KOH. (b-d) SEM images 
and (e) EDS spectrum of B-Co2Fe LDH after CV scans in 1 M KOH. 
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Figure 3.13. (a) OER polarization curves of B-Co2Fe LDH before and after CV scans 
in 1 M KOH seawater. (b-d) SEM images, (e) EDS spectrum, and (f-h) 
TEM images of B-Co2Fe LDH after CV scans in 1 M KOH seawater. 

The durability of the B-Co2Fe LDH catalyst was then determined by 

chronopotentiometric measurements performed at industrial-scale densities of 100 and 

500 mA cm−2 in both 1 M KOH and 1 M KOH seawater electrolytes. As shown in 

Figure 3.14a, the potential fluctuations at current densities of 100 and 500 mA cm−2 

over 100 h continuous testing in 1 M KOH are only 22 and 37 mV, respectively. In 1 

M KOH seawater (Figure 3.12b), this catalyst can still work over such long-term 

testing with only slight increases in the potential fluctuations (46 and 65 mV for 100 

and 500 mA cm−2, respectively), showing great potential for practical fuel gas 

production from natural seawater at industrial-scale current densities. The poorer 
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catalytic activity in seawater is mainly due to obstruction of active sites by chlorine 

ions and surface poisoning by insoluble precipitates, which has also been discussed in 

previous studies.10, 17-18, 23, 114 Additionally, the possible existence of hypochlorite 

products in the 1 M KOH seawater electrolyte after long-term stability testing was 

determined using a colorimetric reagent. As shown in Figure 3.14c, there is no color 

change in the reagent after OER stability testing of B-Co2Fe LDH at 500 mA cm−2 for 

100 h, indicating that no hypochlorite was formed during OER stability testing, which 

matches well with the GC test result shown in Figure 3.11a (nearly 100% seawater 

oxidation efficiency). 

 

Figure 3.14. Chronopotentiometric curves of B-Co2Fe LDH in (a) 1 M KOH and (b) 1 
M KOH seawater. (c) Colorimetric reagent testing result for hypochlorite 
production in the 1 M KOH seawater electrolyte. 

3.3.4 Discussion 

A tremendous amount of research on LDH-based catalysts has been reported in the 

last few years, most of which has focused on doping or coupling with other 

compounds to enhance the catalytic performance, while structure modeling and 

crystallinity tuning have been less studied. Here, to overcome the drawbacks of LDH 

catalysts, such as poor conductivity and limited active sites, a novel and scalable 
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strategy was developed to synthesize partially amorphous B-Co2Fe LDH with a 

hierarchical nanosheet-nanoflake structure. First, the direct growth of the B-Co2Fe 

LDH catalyst on conductive NF can enhance the transportation of electrons and 

stabilize the structure, while the hierarchical structure can provide a large surface area 

to rivet and disperse the active sites. The self-supported and hydrophilic characteristics 

of the B-Co2Fe LDH catalyst can provide adequate space for the diffusion of the 

electrolyte and accelerate the release of the bubbles, ensuring superior OER catalytic 

activity and long-term stability at high current density. Second, in the modification 

step, NaBH4 serves as both the boron source and the reduction reactant, which can not 

only react with the metallic cations to form metallic boride but also creates a great 

number of oxygen defects by extracting the oxygen and tuning the Co2Fe LDH 

precursor into a partially amorphous phase.97, 104, 106 Additionally, the defective 

interfaces located in the crystalline-amorphous phase boundaries can act as active sites 

while the amorphous phase can enhance the amount of adsorption sites for hydroxide. 

The modification by boron can also enhance the intrinsic catalytic kinetics and enlarge 

the ECSA of partially amorphous B-Co2Fe LDH, which together lead to superior OER 

catalytic activity in both fresh water and seawater. Finally, the enhanced stability and 

corrosion resistance of B-Co2Fe LDH, which result from its partial amorphousness 

feature, help it maintain both the hierarchical nanosheet-nanoflake structure and 

catalytic durability well in the critical seawater condition.93, 95 

3.4 Conclusion 

We have successfully synthesized a partially amorphous B-Co2Fe LDH catalyst 

using a two-step water bath reaction-chemical reduction approach. Its hierarchical 
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nanosheet-nanoflake structure, along with its hydrophilic feature, help it possess 

abundant active sites and accelerated bubble-release ability, producing favorable 

synergistic effects for seawater electrolysis. It also has higher intrinsic catalytic 

kinetics, a larger ECSA, and an improved TOF, as compared with the Co2Fe LDH 

precursor, resulting from the modification by boron. in situ Raman testing and post-

OER analysis were applied to reveal its chemical and physical transformation during 

OER. Therefore, our work not only introduces and analyzes an OER catalyst for 

highly selective and stable seawater oxidation, but also provides a novel approach 

toward the fabrication of partially amorphous boron-modified LDH-based catalysts. 
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CHAPTER 4 RATIONAL DESIGN OF CORE-SHELL-

STRUCTURED CoPX@FeOOH FOR SEAWATER 

ELECTROLYSIS 

Note: The material in this chapter has been published. The introduction, experimental 

section, and figure captions were adjusted for dissertation consistency. Reproduced 

with permission from Elsevier.115 

4.1 Introduction 

Iron oxyhydroxide (FeOOH), in which the oxyhydroxide species are considered to 

be the active species for OER,116-117 is a type of alkaline water oxidation catalyst. 

FeOOH-based catalysts such as amorphous FeOOH,118 (Ni,Fe)OOH,9 FeOOH(Se),119 

Ni3S2@MoS2/FeOOH,120 S-(Ni,Fe)OOH,121 and Ni-FeOOH@NiFe alloy122 have been 

demonstrated to be efficient OER or bifunctional catalysts. However, pure-phase 

FeOOH still suffers from deficiencies like low conductivity, limited active sites, and 

excessively strong absorption energy to OER intermediates, all of which hinder their 

application in practical hydrogen production.52, 119, 123 On the other hand, the self-

supported cobalt-phosphide catalyst has features like tunable structure, excellent 

conductivity, and high thermal stability, making it a suitable HER catalyst for 

seawater electrolysis.4, 40, 124-125 

Here, we employ heterogeneous cobalt phosphide (CoPx, CoP-CoP2) as the core to 

construct core-shell-structured CoPx@FeOOH as an efficient OER catalyst for 

seawater oxidation. Beyond their simple physical mixture, the combination of the 

highly conductive CoPx core and the OER-active FeOOH shell generates excellent 

synergistic effects such as high conductivity, large surface area, and improved 
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turnover frequency. Insight analysis reveals that the negatively charged CoPx core can 

moderate the absorption energy between the oxyhydroxide active species and the OER 

intermediates to achieve very good intrinsic catalytic activity. Additionally, its 

micron-scale mesh structure and hydrophilic surface equip this CoPx@FeOOH 

catalyst with sufficient mechanical strength and high mass transfer efficiency at high 

current density. The catalyst’s enhanced chloride corrosion resistance and chemical 

stability, which originate from the thermodynamically stable CoPx core, help it work 

well in seawater. Specifically, it requires overpotentials of only 235, 283, and 337 mV 

to attain current densities of 10, 100, and 500 mA cm−2, respectively, in 1 M KOH 

seawater electrolyte. It can sustain 80 h of continuous testing at current densities of 

100 and 500 mA cm−2 in alkaline seawater without forming any hypochlorite. When 

coupled with the HER-active CoPx core, the CoPx||CoPx@FeOOH pair requires low 

voltages of 1.710 and 1.867 V to attain current densities of 100 and 500 mA cm−2, 

respectively, with a high Faradaic efficiency and long-term catalytic durability. In 

general, this work demonstrates a novel strategy for the design and preparation of 

promising catalysts for efficient seawater electrolysis. 

4.2 Experimental Section 

4.2.1 Synthesis of Catalysts 

4.2.1.1 Synthesis of Co(OH)2 Nanowire Mesh 

Co(OH)2 nanowire mesh was in situ grown on commercial nickel foam (NF) using 

a modified hydrothermal reaction based on previous reports.40, 126 Briefly, 2 mmol 

cobalt nitrate hexahydrate [Co(NO3)2·6H2O, Sigma Aldrich], 10 mmol urea 

[CO(NH2)2, Promega Corporation], and 5 mmol ammonium fluoride (NH4F, Alfa 
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Aesar) were dissolved homogeneously in 60 mL deionized (DI) water. After stirring 

for 15 min, the mixed solution and a clean piece of NF (3 cm × 3.5 cm) were put into a 

100 mL Teflon-lined stainless steel autoclave, which was then transferred to an oven 

maintained at 120 °C for 6 h. After cooling down to room temperature, the sample was 

removed from the autoclave and rinsed several times with DI water. The loading mass 

of the active material was measured to be 2.21 mg cm−2. 

4.2.1.2 Synthesis of CoPx Nanowire Mesh 

To synthesize CoPx nanowire mesh, 500 mg sodium hypophosphite monohydrate 

(NaH2PO2·H2O, Alfa Aesar) was placed upstream in a tube as the phosphorous source. 

The as-prepared Co(OH)2 precursor was placed at the center of the tube, followed by 

phosphidation at 400 °C for 2 h under flowing argon. The product was denoted CoPx 

and the loading mass was measured to be 2.28 mg cm−2. 

4.2.1.3 Synthesis of Core-shell-structured CoPx@FeOOH 

To construct the core-shell-structured CoPx@FeOOH, FeOOH was 

electrodeposited on CoPx in a three-electrode configuration, in which the CoPx, a 

platinum plate, and a saturated calomel electrode (SCE) were used as the working, 

counter, and reference electrodes, respectively. The electrodeposition electrolyte was 

prepared by dissolving 15 mmol iron sulfate heptahydrate (FeSO4·7H2O, Sigma 

Aldrich) in 50 mL DI water under a continuous argon flow to prevent the oxidation of 

Fe2+. The electrodeposition parameter was set as -1.0 V vs. SCE for 2 min to 

synthesize the optimal CoPx@FeOOH sample. The loading mass of active material 

(FeOOH shell) was measured to be 1.82 mg cm−2. 
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Pristine FeOOH was electrodeposited directly on NF (donated FeOOH) using the 

same electrodeposition procedure, and its loading mass was measured to be 1.33 mg 

cm−2. CoPx@CoOOH (CoOOH) and CoPx@NiOOH (NiOOH) were synthesized using 

the same procedure except for replacing the iron sulfate heptahydrate with cobalt 

nitrate hexahydrate [Co(NO3)2·6H2O, Sigma Aldrich] and nickel nitrate hexahydrate 

[Ni(NO3)2·6H2O, Sigma Aldrich], respectively, in the electrodeposition step. 

4.2.1.4 Preparation of IrO2 and Pt/C Electrodes 

To prepare the IrO2 and Pt/C electrodes, 40 mg active material (either iridium 

oxide or platinum on carbon) was uniformly dispersed in a mixture solution containing 

90 μL Nafion solution, 810 μL ethanol, and 600 μL DI water with the assistance of 

intense ultrasonication. A clean piece of NF was then soaked in the solution for 1 h to 

let the active material coat the surface, followed by drying in air. 

4.2.2 Physical and Chemical Characterization 

X-ray diffraction (XRD, PANalytical X'pert PRO, Cu Kα radiation) was employed 

to identify the crystal structure and chemical composition of these as-prepared samples. 

X-ray photoelectron spectroscopy (XPS, PHI Quantera) was conducted to identify the 

valence states of the elements. Raman tests were conducted on a Horiba iHR320 

Raman spectrometer using a He-Ne laser (excitation wavelength: 532 nm). 

Morphology characterization and energy-dispersive spectroscopy (EDS) analysis were 

performed using scanning electron microscopy (SEM, LEO 1525) and transmission 

electron microscopy (TEM, JEOL 2010F). The wettability of pure NF, CoPx, and 

CoPx@FeOOH was tested by depositing seawater droplets onto the surface of each 

catalyst. 
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4.2.3 Electrochemical Characterization 

The catalytic performance of these catalysts was evaluated on a Gamry Reference 

600 electrochemical station using a three-electrode configuration in which a Pt plate 

and a carbon rod were used as the counter electrodes for OER and HER testing, 

respectively; a Hg/HgO electrode was used as the reference electrode; and each 

catalyst (the size of each active part in the electrolyte is 0.5-0.8 cm2) was used as the 

working electrode. After at least 100 cyclic voltammetry (CV) cycles were performed, 

the stable polarization curve was recorded with iR compensation in three types of 

electrolyte (1 M KOH, 1 M KOH + 0.5 M NaCl, and 1 M KOH seawater) at a scan 

rate of 2 mV s−1. The recorded potential (EHg/HgO) was calibrated to the reversible 

hydrogen electrode (RHE) using the equation: ERHE = EHg/HgO + 0.098 + 0.0591 × pH. 

Electrochemical impedance spectroscopy (EIS) was performed at the overpotential of 

300 mV for OER from 100 kHz to 0.01 Hz in 1 M KOH. For the OER durability test, 

2,000 and 5,000 CV scans were performed between 1.075 and 1.525 V vs. RHE at a 

scan rate of 100 mV s−1 and the corresponding polarization curves were recorded 

before and after the CV cycling. The chronopotentiometric measurements were 

recorded at the current densities of 100 and 500 mA cm−2 in 1 M KOH and 1 M KOH 

seawater, respectively. Overall seawater/freshwater electrolysis were carried out in an 

H-type electrolyzer cell with CoPx@FeOOH as the anodic electrode (0.5 cm2), CoPx 

as the cathodic electrode (0.5 cm2), and an anion-exchange membrane (Fumasep, 

FAA-3-PK-130) as the separator. Natural seawater was collected from Galveston Bay, 

Texas, USA (29.364° N, 94.810° W), from which Mg and Ca salts were first mostly 

removed by adding 0.68 g Na2CO3 into 100 mL natural seawater before application. 
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Corrosion polarization curves were obtained on a SP-200 Biologic electrochemical 

station in untreated natural seawater using SCE as the reference electrode. 

4.2.4 Calculation of TOF 

The plots of current density for OER can be converted into turnover frequency 

(TOF) plots using the equation: TOF = j × A/(4 × F × n), in which j is the current 

density (A cm−2), A is the active surface area of each electrode (cm2), 4 represents a 

four-electron transfer process, F is the Faraday constant (96485.3 C mol−1), and n is 

the amount of active sites (mol), which can be roughly evaluated by the loading mass 

and the molecular weight of the active material.74, 126 

4.2.5 Calculation of Faradaic Efficiency 

Faradaic efficiency (FE) testing was conducted using the drainage method at a 

constant current density of 500 mA cm−2 in 1 M KOH seawater. FE was calculated by 

the equation: FE= V/[Vm × i × t /(n × F)] × 100%, in which V is the volume of the gas 

products (L), Vm is the standard molar volume at room temperature (24.4 L mol−1), i is 

the current (A), t is the time (s), n is the number of electrons needed to form a 

molecule of gas products (4 for O2 and 2 for H2), and F is the Faraday constant. 

4.3 Results and Discussion 

4.3.1 Structural and Compositional Analysis Results 

 

Figure 4.1. Schematic illustration of the synthesis of core-shell-strcutured 
CoPx@FeOOH via a three-step hydrothermal-phosphidation-
electrodeposition procedure. 
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As schematically illustrated in Figure 4.1, the core-shell-structured 

CoPx@FeOOH catalyst was synthesized via a three-step hydrothermal-phosphidation-

electrodeposition procedure. A self-supported Co(OH)2 precursor was first in situ 

grown on conductive nickel foam (NF),40, 126 which was then phosphated into CoPx to 

enhance its conductivity, chloride corrosion resistance, and HER activity. The 

scanning electron microscopy (SEM) images in Figure 4.2a-d show numerous 

micron-scale CoPx nanowire meshes, which are composed of cross-linked nanowires 

that are tens of nanometers in diameter, vertically stand on the entire surface of the NF 

substrate. Corresponding energy-dispersive spectroscopy (EDS) mapping images in 

Figure 4.2e-f reveal that elemental Co and P are uniformly dispersed over the entire 

NF substrate, indicating a homogeneous and complete phosphidation. To characterize 

the structure of CoPx in detail, transmission electron microscopy (TEM) analysis was 

performed. As shown in Figure 4.2g-h, the CoPx nanowire meshes are consisted of 

linear smooth nanowires with diameters ranging from 70 to 100 nm. The interplanar 

spacings in the high-resolution TEM (HRTEM) images in Figure 4.2i-j, which are 

precisely measured to be 0.228 and 0.231 nm, respectively, correspond to the 

respective (210) plane of CoP2 and the (201) plane of CoP, indicating that CoPx is a 

mixture of heterogeneous cobalt phosphide (CoP-CoP2). 
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Figure 4.2. (a-d) SEM images of the CoPx nanowire mesh. (e) Co and (f) P EDS 
mapping images corresponding to (d). (g-h) TEM, and (i-j) HRTEM 
images of CoPx. 

In the final step, an OER-active FeOOH shell was electrodeposited on the surface 

of the CoPx core to construct the core-shell-structured CoPx@FeOOH. SEM images in 

Figure 4.3a-e and TEM image in Figure 4.3f clearly show that the CoPx nanowire 

mesh core was completely covered by the porous FeOOH shell. An open-structured 

CoPx core with a FeOOH shell of suitable thickness will be beneficial for reducing the 

charge-transfer resistance. The ring patterns from selected area electron diffraction 

(SAED) in Figure 4.3g reveal the characteristic (112) facet of CoP and the (104) and 

(315) facets of FeOOH. Distinctive lattice fringes with interplanar spacings of 0.241 

nm, which is assigned to the (104) plane of FeOOH, can be measured in the shell part 
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in the HRTEM image shown in Figure 4.3h. The core-shell structure feature of the 

CoPx@FeOOH catalyst can also be confirmed by the energy-dispersive X-ray 

spectrometry (EDX) mapping images in Figure 4.3i-m, in which elemental Co and P 

(Figure 4.3j-k, respectively) can only be observed in the core, while elemental Fe and 

O (Figure 4.3l-m, respectively) can be observed over the entire selected area. 

 

Figure 4.3. (a-e) SEM and (f) TEM images, (g) SAED pattern, and (h) HRTEM image 
of CoPx@FeOOH. (i) TEM image of a CoPx@FeOOH mesh and the EDX 
element mapping for (j) Co, (k) P, (l) Fe, and (m) O. 

Compared with the irregular film structure of pristine FeOOH (Figure 4.4), the 

hierarchical structure of CoPx@FeOOH can dramatically enlarge the surface area to 

expose more active sites during electrolysis, which is very important for achieving a 

high current density at a low overpotential. In addition, both CoPx and CoPx@FeOOH 

catalysts exhibit a hydrophilic feature for seawater as demonstrated in Figure 4.5a-c 

and Figure 4.5d-f, respectively, in sharp contrast with the pure Ni foam, which 

exhibits a hydrophobic feature as demonstrated in Figure 4.5g-i. Some studies have 
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illustrated that a hydrophilic surface is helpful for fast electrolyte diffusion and easy 

gas bubble release, which will be of great benefit in maintaining catalytic durability at 

high current density.20, 127-128 

 

Figure 4.4. (a-e) SEM images of pristine FeOOH on NF. (f) Fe and (g) O EDS 
mapping images corresponding to (e). 

 

Figure 4.5. Digital images of a droplet of seawater placed on the surface of (a-c) CoPx, 
(d-f) CoPx@FeOOH, and (g-i) Ni foam to investigate their wettability. 
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The exact chemical compositions of these as-prepared catalysts were detected by 

X-ray diffraction (XRD) testing. As respectively shown in Figure 4.6a and 4.6b, the 

XRD curves of the Co(OH)2 precursor and pristine FeOOH correspond to the standard 

PDF cards for cobalt hydroxide [Co(OH)2, JCPDS#50-0235] and iron oxyhydroxide 

(FeOOH, JCPDS#22-0353), respectively. The XRD pattern of CoPx displayed in 

Figure 4.6c shows that it is a mixture of two kinds of cobalt phosphide (CoP, 

JCPDS#29-0497 and CoP2, JCPDS#22-0481), in good agreement with the HRTEM 

result. Besides the peaks for CoP and CoP2, some extra peaks corresponding to iron 

oxyhydroxide (FeOOH, JCPDS#22-0353) can be found in the XRD pattern of 

CoPx@FeOOH shown in Figure 4.6c. 

 

Figure 4.6. XRD patterns of (a) Co(OH)2, (b) FeOOH, and (c) CoPx and 
CoPx@FeOOH. 

To verify the compositions of FeOOH and CoPx@FeOOH more accurately, 

Raman testing was then conducted and the corresponding results are shown in Figure 

4.7a. Compared with the sharp peaks in the Raman spectrum of pristine FeOOH, the 

peaks corresponding to iron oxyhydroxide in that of CoPx@FeOOH are relatively 

lower in intensity due to the limited amount of iron oxyhydroxide on the shell.118, 122, 

129-130 X-ray photoelectron spectroscopy (XPS) was further performed in order to 

investigate the valence states of the elements in these catalysts. As shown in Figure 



 

69 

 

4.7b, the high-resolution XPS spectra of Co 2p for CoPx and CoPx@FeOOH can be 

deconvolved to a Co2+ 2p3/2 peak at 782.1 eV and a Co2+ 2p1/2 peak at 798.0 eV 

accompanied by a pair of satellite peaks.125, 131-132 A tiny metallic peak for Co at 777.8 

eV can be observed in the XPS spectrum for CoPx. As for the XPS spectra of P 2p 

(Figure 4.7c), in addition to a huge oxidation peak for P-O at 134.5 eV, which is 

mainly caused by the oxidation of the metallic phosphide when being exposed the to 

the air, the peaks for P 2p3/2 at 128.3 eV and for P 2p1/2 at 129.8 eV can only be 

identified in the CoPx sample. Due to the coverage by the FeOOH shell, the intensity 

of the Co and P peaks for CoPx@FeOOH is relatively lower than that for CoPx. The 

XPS spectra of Fe for CoPx@FeOOH in Figure 4.7d exhibit peaks for Fe3+ 2p3/2 at 

711.5 eV and Fe3+ 2p1/2 at 724.3 eV along with a satellite peak at 718.6 eV.122 

Compared with those for pristine FeOOH, the Fe peaks for CoPx@FeOOH are 

positively shifted to a higher oxidation state by ~0.3 eV. 
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Figure 4.7. (a) Raman spectra of pristine FeOOH and CoPx@FeOOH. High-
resolution XPS spectra of (c) Co and (d) P in CoPx and CoPx@FeOOH 
and of (e) Fe in FeOOH and CoPx@FeOOH. 

4.3.2 Catalytic Performance of Synthesized Catalysts 

4.3.2.1 OER Performance in Alkaline Freshwater and Seawater 

These self-supported catalysts as well as the benchmark IrO2 catalyst were then 

directly used as working electrodes in a standard three-electrode configuration to 

evaluate their catalytic performance. For OER testing, all polarization curves were 

collected from high to low potential at a scan rate of 2 mV s−1 to avoid the oxidation-

peak effect and to determine the overpotentials at small current densities precisely. As 

shown in Figure 4.8a, the CoPx@FeOOH catalyst displays catalytic activity for 

freshwater oxidation superior to that of Co(OH)2, CoPx, FeOOH, and IrO2, requiring 

overpotentials of 222, 254, 292, and 303 mV to attain current densities of 10, 100, 500, 

and 800 mA cm−2, respectively, in 1 M KOH. Impressively, its Tafel slope value is 

calculated to be only 37.6 mV dec−1 (Figure 4.8b), indicating a high transfer 

coefficient and rapid electrocatalytic kinetics. Notably, to attain current densities of 10 

and 100 mA cm−2, the second-best catalyst studied here, pristine FeOOH, requires 

overpotentials of 244 and 287 mV, respectively, lower than those for Co(OH)2 (299 

and 370 mV, respectively) and CoPx (297 and 346 mV, respectively), demonstrating 

higher intrinsic OER catalytic activity among oxyhydroxide-based catalysts in 

comparison with hydroxide- and phosphide-based ones. To reveal the origin of the 

excellent catalytic activity of CoPx@FeOOH, electrochemical impedance 

spectroscopy (EIS) and turnover frequency (TOF) analyses were conducted. Based on 

the equivalent circuit in the EIS analysis (Figure 4.8c),133 the charge-transfer 
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resistance (Rct) value of CoPx is calculated to be ~1.58 Ω, much smaller than that of 

the Co(OH)2 precursor (~12.87 Ω), implying that phosphidation can dramatically 

enhance the charge transfer kinetics. Even coated by poorly conductive FeOOH, the 

Rct value of CoPx@FeOOH only increases to ~2.51 Ω, still lower than that of pristine 

FeOOH (5.13 Ω), suggesting a remarkable enhancement in conductivity through the 

combination with the CoPx core. In addition, the TOF value for CoPx@FeOOH at the 

potential of 1.52 V vs. RHE is calculated to be 0.059 s−1 (Figure 4.8d), which is 

around three times as high as that for pristine FeOOH (0.021 s−1), showing a much 

higher instantaneous efficiency for OER catalysis. According to the theoretical 

calculations in previous reports, pure-phase FeOOH has excessively strong absorption 

ability toward the negatively charged OER intermediates (O*, OH*, and OOH*), 

which hinders the dislocation of products.77, 134-135 It is reasonable that the negatively 

charged P atoms can repel these OER intermediates to reach an optimal absorption 

energy for the CoPx@FeOOH catalyst. This may explain why the core-shell-structured 

CoPx@FeOOH exhibits intrinsic catalytic activity that is much better than that of both 

pristine FeOOH and CoPx, as revealed by the TOF analysis. 
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Figure 4.8. (a) OER polarization curves of Co(OH)2, CoPx, FeOOH, CoPx@FeOOH, 
and IrO2 catalysts in 1 M KOH. (b) Tafel plots derived from (a). (c) 
Nyquist plots and (d) TOF slopes of these catalysts. 

Considering the excellent OER catalytic activity of the CoPx@FeOOH catalyst in 

alkaline freshwater, we then evaluated its performance for seawater oxidation in both 

alkaline saline (1 M KOH in 0.5 M NaCl water, simulated seawater) and alkaline 

natural seawater (1 M KOH seawater). When measured in 1 M KOH seawater, the 

polarization curves in Figure 4.9a reveal that the CoPx@FeOOH catalyst requires 

overpotentials of 235, 283, 337, and 354 mV to attain current densities of 10, 100, 500, 

and 800 mA cm−2, respectively, much lower than the maximum potential (~480 mV) 

for avoiding the formation of hypochlorite. Compared with the FeOOH catalyst, which 

experiences a severe drop in its catalytic activity, the CoPx@FeOOH catalyst 

maintains its catalytic activity well in natural seawater, showing the great benefit from 

its high conductivity and hierarchical core-shell structure. The Tafel slope value of 

CoPx@FeOOH catalyst in 1 M KOH seawater is calculated to be only 50.3 mV dec−1 
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(Figure 4.9b), indicating the rapid electrocatalytic kinetics was maintained in natural 

seawater condition. The catalytic durability of the CoPx@FeOOH catalyst were 

verified by both CV cycling and chronopotentiometric measurement in 1 M KOH and 

1 M KOH seawater electrolytes. As shown in Figure 4.9c, the CV cycling durability 

of this catalyst in 1 M KOH is confirmed by the nearly overlapping polarization 

curves obtained before and after 5,000 CV cycles. A slight decline in the resultant 

polarization curves can be observed after cycling in 1 M KOH seawater due to the 

obstruction of active sites by Cl− and the poisoning of the catalyst by insoluble 

precipitates. SEM images of the CoPx@FeOOH catalyst after CV cycling in 1 M KOH 

seawater indicate that the core-shell structure on the micro scale (Fiure 4.10a) and the 

nanowire mesh structure on the macro scale (Insert Figure 4.10a) are both maintained, 

confirming good structural stability and high corrosion resistance. The peaks refer to 

FeOOH phase disappeared in the XRD pattern of post-OER sample (Figure 4.10c), 

indicating an amorphous phase was reconstructed on the surface.114, 118 This can be 

confirmed by the Raman spectra shown in Figure 4.10c, in which a pair of huge peaks 

refer to -OOH species appeared in the post-OER sample. Based on the XRD and 

Raman analysis, we can conclude that the OER active sites are Fe-OOH species in the 

reconstructed amorphous shell in the CoPx@FeOOH catalyst. 
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Figure 4.9. (a) OER polarization curves of these catalysts in 1 M KOH seawater. (b) 
Tafel plots derived from (a). (c) OER polarization curves of 
CoPx@FeOOH before and after CV scans. 

 

Figure 4.10. (a) SEM images of CoPx@FeOOH after 5,000 CV cycles in 1 M KOH 
seawater. (b) XRD patterns and (c) Raman sepctra of CoPx@FeOOH 
before and after 5,000 CV cycles in 1 M KOH seawater. 

The chronopotentiometric measurement curves in Figure 4.11a-b show that the 

potential fluctuation of the CoPx@FeOOH catalyst over 80 h continuous testing at a 

current density of 100 mA cm−2 in 1 M KOH seawater is merely 29 mV, slight worse 

than its performance in 1 M KOH (15 mV over 50 h testing). When tested at the 

industrial-scale current density of 500 mA cm−2, this CoPx@FeOOH catalyst can still 

work steadily despite some increase in the potential fluctuations (70 mV over 80 h 

testing and 51 mV over 50 h testing in 1 M KOH seawater and 1 M KOH electrolytes, 

respectively). These low potential fluctuations at such a high current density for such 

long testing durations place the CoPx@FeOOH catalyst among the best self-supported 

catalysts reported thus far. 
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Figure 4.11. Chronopotentiometric curves of CoPx@FeOOH catalysts at constant 
current densities of 100 and 500 mA cm−2 in (a) 1 M KOH and (b) 1 M 
KOH seawater. 

When measure in alkaline saline, the OER catalytic activity of the five studied 

catalysts (Figure 4.12a-b) is well maintained in 1 M KOH + 0.5 M NaCl despite a 

slight decline caused by the blocking of some active sites by the Cl-. To assess the 

catalytic kinetics of these catalysts in each electrolyte, corresponding Tafel slope 

values are calculated and summarized in Figure 4.12c. Notably, all of these catalysts 

have increasing Tafel slope values in the same order of 1 M KOH, 1 M KOH + 0.5 M 

NaCl, and 1 M KOH seawater electrolytes, indicating that their catalytic kinetics and 

transfer coefficient values are slightly and severely lowered in saline and natural 

seawater, respectively. Additionally, both the catalytic activity and the Tafel slope 

values of these catalysts obtained in freshwater are very close to those obtained in 

simulated seawater but are much better than those obtained in natural seawater. 

Compared with simulated seawater (0.5 M NaCl in freshwater), natural seawater has a 

low conductivity and a more complicated composition, containing alkaline metal 

cations (Ca2+, Mg2+, Na+, K+), chloride ions (Cl−), sulfate ions (SO42−), insoluble 

precipitates (dust, colloids, and bacteria), etc.17, 85, 136 Thus, for study of seawater 

electrolysis, it is more reasonable to use the data obtained in natural seawater, 

although it is worse than that obtained in simplified simulated seawater. 
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Figure 4.12. (a) OER polarization curves of these catalysts in 1 M KOH + 0.5 M 
NaCl. (b) Tafel plots derived from (a). (c) Comparison of the Tafel slope 
values of these catalysts in different electrolytes. 

4.3.2.2 HER Performance in Alkaline Freshwater and Seawater 

It is widely accepted that phosphide-based catalysts normally have high HER 

catalytic activity because the P atoms can trap H* intermediates and easily dissociate 

H2 molecules.35-36, 40, 137 In particular, the CoPx catalyst in this work, due to its 

heterogeneous phase composition (CoP-CoP2) with a higher ratio of P atoms 

compared to pure-phase CoP, has relatively more active sites (either defective phase 

interfaces or P atoms) for HER catalysis.36, 125, 131, 138 Additionally, the nanowire mesh 

structure not only can expose each nanowire for contact and reaction with the 

electrolyte, but also provides sufficient mechanical strength when these nanowires 

cross one another to form a micron-scale mesh. As shown in Figure 4.13a-b, the CoPx 

catalyst exhibits much higher HER catalytic activity than the other three self-

supported catalysts when working as a cathodic electrode in 1 M KOH electrolyte. 

When measured in 1 M KOH seawater, it requires low overpotentials of 117, 190, 248, 

and 269 mV to attain current densities of 10, 100, 500, and 800 mA cm−2, respectively, 

with an acceptable Tafel slope value of 71.1 mV dec-1 (Figure 4.13c-d). The catalyst’s 

vertically standing nanowire mesh structure and its hydrophilic surface can promote 

electrolyte diffusion and H2 bubble release, leading to excellent catalytic durability 

and structural stability in 1 M KOH seawater electrolyte,127-128 which is proved by the 

negligible decline in the resultant polarization curve after CV cycling (Figure 4.13e) 

and the stable chronopotentiometric measurement at constant current density of 500 

mA cm−2 in 1 M KOH seawater electrolyte (Figure 4.13f). 
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Figure 4.13. HER polarization curves of theses catalysts in (a) 1 M KOH and (c) 1 M 
KOH seawater. (b) and (d) Tafel plots. (c) HER polarization curves of 
CoPx in 1 M KOH seawater. Stability performance of Co(OH)2 and CoPx. 

4.3.2.3 Overall Water and Seawater Electrolysis Performance of 

CoPx||CoPx@FeOOH Pair 

Inspired by these exciting results, we then coupled the OER-active CoPx@FeOOH 

as the anode electrode and the HER-active CoPx as the cathode electrode for overall 

seawater electrolysis. As shown in Figure 4.14a, this CoPx||CoPx@FeOOH pair 

requires voltages of 1.549, 1.710, 1.867, and 1.922 V to attain current densities of 10, 

100, 500, and 800 mA cm−2, respectively, in 1 M KOH seawater. When measured in 

the 1 M KOH electrolyte, which is widely used in freshwater electrolysis studies, this 

pair requires voltages of only 1.478, 1.688, 1.833, and 1.881 V to attain the same 

respective current densities. The Faradaic efficiency (FE) of this pair for overall 

seawater electrolysis was measured at a constant current density of 500 mA cm−2 

using the drainage method. The resultant data was collected and is displayed in Figure 

4.14b, which shows that the produced O2 and H2 gas amounts nearly match the 
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theoretical values, indicating the high FE (> 98%) of this pair. Additionally, its 

catalytic durability was evaluated through CV cycling and chronopotentiometric 

measurement. As shown in Figure 4.14c, this CoPx||CoPx@FeOOH pair has incredible 

cycling stability in 1 M KOH electrolyte, which is proved by the slight difference in 

the polarization curves before and after 5,000 CV scans. Although there is some 

decline when cycled in 1 M KOH seawater electrolyte, this pair still maintains 

excellent overall seawater electrolysis activity, especially at large current densities. 

The catalytic durability of this pair is also proved by the results from a long-term 

chronopotentiometric measurement at an industrial-scale current density of 500 mA 

cm−2, which show that it suffers a 53-mV potential fluctuation over 80 h continuous 

testing (Figure 4.14d). Their high FE and excellent catalytic durability at such a high 

current density make CoPx and CoPx@FeOOH promising catalysts for realistic H2 

production from natural seawater. 

 

Figure 4.14. (a) Overall freshwater/seawater electrolysis of the CoPx||CoPx@FeOOH 
pair. (b) Gaseous products, (c) CV cycling performance, and (d) stability 
performance of this pair in 1 M KOH seawater. 
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4.3.3 Chloride Corrosion Resistance Analysis 

Chloride corrosion is another severe challenge whose effect is difficult to 

determine during catalytic activity tests but will gradually take the center stage and 

limit the service life of a catalyst for seawater electrolysis. Here, the corrosion 

resistance performance of the CoPx@FeOOH and CoPx catalysts was first determined 

by a 25-day immersion test in natural seawater. As shown in Figure 4.15a-b, the 

structures of these two catalysts are well maintained after long-term immersion. For 

the CoPx in particular, no obvious corrosion pits or structural collapse can be found, 

indicating its outstanding corrosion resistance and structural stability. To analyze the 

corrosion resistance of these catalysts in depth, corresponding corrosion polarization 

curves (Figure 4.15c-e) were collected in pure natural seawater without adding the 

conductive reagent KOH and the resultant data is summarized in Figure 4.15f. CoPx 

exhibits the highest corrosion potential (-0.071 V vs. SCE) and the lowest corrosion 

current density (0.0037 mA cm−2) among all of the catalysts measured, indicating its 

highest chloride corrosion resistance ability. When incorporated into core-shell-

structured CoPx@FeOOH, the corresponding corrosion potential declines to -0.377 V 

vs. SCE and the corrosion current density increases to 0.0439 mA cm−2, which are still 

much better than those of pristine FeOOH (-0.758 V vs. SCE and 0.0818 mA cm−2, 

respectively). The corrosion polarization curve analysis shows that the CoPx@FeOOH 

catalyst has remarkably enhanced chloride corrosion resistance compared with the 

pristine FeOOH catalyst. The alloying between the metallic Co and Fe cations and the 

P atoms can result in high thermodynamic stability and less metal dissolution, leading 

to enhancement in both chemical stability and corrosion resistance. The CoPx core in 
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particular can act as a protection layer in the CoPx@FeOOH catalyst to repel the 

chloride ions and reduce electrode corrosion. Thus, beyond a simple physical mixture, 

such a core-shell-structured CoPx@FeOOH catalyst can effectively “hits two birds 

with one stone”, in which both the catalytic activity and chloride corrosion resistance 

are enhanced. 

 

Figure 4.15. SEM images of (a) CoPx@FeOOH and (b) CoPx after immersion in 
seawater. Corrosion polarization curves of the (c) CoPx, (d) FeOOH, and (e) 
CoPx@FeOOH in seawater. (f) Corrosion performance of these catalysts. 
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4.3.4 Discussion and Expansion 

With the limited supply of freshwater, seawater electrolysis is more appealing and 

has attracted tremendous research interest recently. However, due to critical 

challenges such as chlorine chemistry and catalyst poisoning, selective and stable 

catalysts are highly required for seawater electrolysis. Here, for the first time, we 

designed core-shell-structured CoPx@FeOOH as an OER catalyst and a CoPx 

nanowire mesh core as a HER catalyst for overall seawater electrolysis. Such a 

combination generates remarkable benefits to conquer the deficiencies of pure-phase 

FeOOH and thus can meet the requirement for selective seawater oxidation. First, 

besides enhancing the electron transport in the FeOOH shell, the micron-scale CoPx 

core can provide sufficient mechanical strength and enlarge the surface area to rivet 

and expose more oxyhydroxide active sites for OER catalysis, which can address the 

low conductivity of, and insoluble precipitates in, natural seawater. Second, negatively 

charged P atoms in the CoPx core can moderate the absorption energy of the FeOOH 

active sites to OER intermediates, leading to high intrinsic catalytic activity, which 

can effectively avoid the ClER and reach a high FE at industrial-scale current densities. 

Third, the employment of a binder-free NF substrate modified to exhibit a hydrophilic 

surface feature provides adequate space for electrolyte diffusion and accelerates 

bubble release, together ensuring the catalytic durability of CoPx@FeOOH and CoPx 

catalysts at high current densities. Fourth, when alloying with P atoms, both the 

chloride corrosion resistance and the structural stability of the CoPx@FeOOH and 

CoPx catalysts are enhanced due to their higher chlorine-repelling ability and less 

metal dissolution. The three-step hydrothermal-phosphidation-electrodeposition 
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procedure described here can also be exploited to synthesize core-shell-structured 

CoPx@CoOOH (Figure 4.16a) and CoPx@NiOOH catalysts (Figure 4.16b) by 

simply changing the electrodeposition electrolyte to Co(NO3)2 and Ni(NO3)2 aqueous 

solutions, respectively. As shown in Figure 4.16c, all of the core-shell-structured 

catalysts exhibit higher OER catalytic activity in alkaline seawater electrolyte than 

their counterparts directly electrodeposited on NF substrates, indicating that this may 

be an effective and universal method for synthesizing promising catalysts for seawater 

electrolysis. 

 

Figure 4.16. SEM images of (a) CoPx@CoOOH and (b) CoPx@NiOOH. (c) OER 
polarization curves of FeOOH, CoPx@FeOOH, CoOOH, CoPx@CoOOH, 
NiOOH, and CoPx@NiOOH catalysts in 1 M KOH seawater. 
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4.4 Conclusion 

We have successfully constructed core-shell-structured CoPx@FeOOH as an 

efficient OER catalyst for seawater oxidation. Benefiting from the highly conductive 

and vertically standing CoPx core as well as a hydrophilic surface, this hierarchical 

CoPx@FeOOH catalyst exhibits enhanced conductivity, enriched active sites, 

sufficient mechanical strength, and accelerated bubble-release ability, all of which 

lead to superior OER catalytic activity at high current densities. In addition, the high 

chloride corrosion resistance and enhanced chemical stability help it work well in 

alkaline seawater electrolyte. When coupled with the HER-active CoPx core, the 

CoPx||CoPx@FeOOH pair requires voltages of 1.710 and 1.867 V to attain current 

densities of 100 and 500 mA cm−2, respectively, in 1 M KOH seawater electrolyte 

with high Faradaic efficiency and long-term stability. This work not only introduces 

and analyzes catalysts for selective seawater electrolysis, but also provides 

opportunities in engineering the structure and corrosion chemistry to design more 

innovative catalysts for seawater electrolysis. 
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CHAPTER 5 EFFICIENT ALKALINE WATER/SEAWATER 

HYDROGEN EVOLUTION BY Ni-MoN CATALYST WITH 

FAST WATER-DISSOCIATION KINETICS 

Note: The material in this chapter has been published. The introduction, experimental 

section, and figure captions were adjusted for dissertation consistency. Reproduced 

with permission from Weily. 

5.1 Introduction 

Alkaline water electrolysis is currently more appealing than acid water electrolysis 

due to its inexpensive equipment requirements and effective avoidance of acid fog and 

corrosion.8-10 To accelerate the sluggish kinetics resulting from the extra water-

dissociation step in alkaline electrolyte and to minimize the dynamic overpotential of 

the hydrogen evolution reaction (HER), efficient, highly stable catalysts, especially 

those that can sustain large current densities (> 500 mA cm−2), are desirable.127, 139-140 

To date, platinum (Pt)-based catalysts remain the benchmark HER catalysts in both 

acid and alkaline electrolytes. Unfortunately, the high costs and scarce sources for 

their constituent elements seriously limit the widespread utilization of these 

catalysts.141-142 On the other hand, seawater electrolysis has recently attracted growing 

research interest due to the inexhaustible resource reserves and the great promise of 

massive hydrogen production without exacerbating freshwater shortages. However, 

the complicated composition of natural seawater can result in additional challenges for 

direct seawater electrolysis.23, 136, 143 For example, the chlorine evolution reaction 

(ClER) from chloride ions (Cl-, ~0.5 M) in the seawater might compete with the 
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oxygen evolution reaction (OER) on the anode and thus lower the overall seawater-

electrolysis efficiency.17-18, 144 Catalyst corrosion by chloride ions and poisoning by 

insoluble precipitates (dust, colloids, and bacteria) will degrade catalytic activity and 

durability. Some recent works point out that corrosion-resistant electrolyzers and 

affordable membranes play important roles in direct seawater electrolysis, which can 

affect the device lifetime and efficiency of the system.10, 24-25 All these challenges have 

greatly impeded the development of seawater-electrolysis technology. 

Over the past decades, tremendous effort has been devoted to exploring efficient 

non-noble-metal based catalysts intended to replace the Pt-based ones. Among these, 

transition metal nitrides (TMNs) have attracted considerable attention due to their 

good electrical conductivity and outstanding mechanical robustness. Recent 

experimental and theoretical results suggest that TMNs have moderate binding 

capabilities toward reactants (water molecules, atomic hydrogen, or protons), allowing 

them outstanding HER catalytic activity.54, 56-58 To further boost the alkaline HER 

performance of TMNs, effective sites for water dissociation should be introduced to 

enhance its sluggish kinetics. Thus, heterogeneous TMN-based catalysts, including 

Ni3N/Ni, Co-Ni3N, V-Co4N, Cr-Co4N, Co/MoN, Co-Mo5N6, and Ni0.2Mo0.8N/Ni, in 

which either the introduced metallic atoms or the original metals in the TMNs serve as 

effective water-dissociation sites, have been synthesized and have shown comparable 

or even better HER performance than the benchmark Pt/C.58, 65, 145-149 However, 

studies of these heterogeneous TMN-based catalysts have mainly focused on 

freshwater electrolysis at small current densities usually lower than 500 mA cm−2. For 

large-current-density water electrolysis, the catalytic performance might be limited by 
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insufficient active sites and structural instability.59 Additionally, scaling up alkaline 

water electrolysis technology and bringing it to market requires practical catalytic 

performance under industrial conditions (normally in 6 M KOH at 60-65 °C), long-

term stability of the catalysts, and affordable catalysts and cells. Designing TMN-

based catalysts with tailored structures, efficient catalytic activity, and long-term 

durability for large-current-density alkaline seawater electrolysis is very meaningful, 

although studies remain quite limited. 

Here we demonstrate that a novel Ni-MoN catalyst consisting of dense crystalline 

Ni and MoN nanoparticles on an amorphous MoN nanorod matrix can be an efficient 

HER catalyst for both alkaline freshwater and seawater electrolysis. A nanorod-

structured NiMoO4·xH2O precursor was first obtained through a scalable water bath 

reaction and was subsequently converted to a hierarchical nanorod-nanoparticle-

structured Ni-MoN catalyst with high surface roughness upon a second step of 

ammonia reduction. Its large surface area and multidimensional boundaries/defects 

can expose abundant active sites while its mesoporous structure (pore size of ~6.5 nm) 

and hydrophilic surface are beneficial for fast electrolyte diffusion and quick release 

of gas bubbles. Theoretical calculations show that charge exchange and electron 

redistribution occur at the interfaces between Ni and MoN, so Ni-MoN is in a metallic 

state with high conductivity. As a result, the Mo sites in Ni-MoN have high capability 

toward water adsorption and dissociation, which greatly enhances the sluggish alkaline 

HER kinetics. Consequently, the optimized Ni-MoN catalyst achieves remarkable 

HER catalytic activity with ultralow overpotentials of 61 and 136 mV to drive large 

current densities of 100 and 1,000 mA cm−2, respectively, in 1 M KOH and exhibits a 
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small Tafel slope of 35.5 mV dec−1, placing it among the best self-supported HER 

catalysts reported thus far. It also has outstanding catalytic durability at constant 

current densities up to 100 and 500 mA cm−2 during 200 h of continuous testing. The 

Ni-MoN catalyst can well maintain its catalytic activity and durability in alkaline 

natural seawater and high-chlorine-concentration alkaline saline electrolytes. When 

coupled with a commercial stainless-steel mat (SSM), the Ni-MoN||SSM pair exhibits 

remarkable overall water/seawater electrolysis performance that is superior to the 

benchmark Pt/C||Ni-Fe layered double hydroxide (LDH) pair and many other catalysts, 

showing great potential for sustainable, efficient, and stable hydrogen production from 

seawater electrolysis. 

5.2 Experimental Section 

5.2.1 Synthesis of Catalysts 

5.2.1.1 Synthesis of NiMoO4·xH2O Precursor 

A self-supported NiMoO4·xH2O precursor was grown on a Copper foam (CF) 

substrate via a scalable water bath reaction. Briefly, a piece of CF (1.5 cm × 2.5 cm) 

was first cleaned by HCl solution, ethanol, and deionized (DI) water in sequence. 

Separately, 2 mmol nickel nitrate hexahydrate [Ni(NO3)2·6H2O, Sigma Aldrich], 0.25 

mmol ammonium molybdate [(NH4)6Mo7O24·4H2O, Sigma Aldrich], and 3 mmol urea 

[CO(NH2)2, Promega Corporation] were dissolved homogeneously in 20 mL DI water 

in a glass bottle. The washed CF was then immersed into the solution, and the glass 

bottle was transferred to a water bath oven maintained at 90 °C for 8 h. After rinsing 

several times with DI water and drying in air, the light green NiMoO4·xH2O precursor 

was obtained. 
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5.2.1.2 Synthesis of Ni-MoN Catalyst 

An ammonia reduction procedure was employed to convert the as-obtained 

NiMoO4·xH2O precursor to a Ni-MoN catalyst. Typically, the NiMoO4·xH2O 

precursor was annealed in the center of a glass tube under a mixed ammonia (120 

sccm) and argon (60 sccm) flow at 400 °C for 2 h with a heating rate of 10 °C/min. 

Here, ammonia gas served as both the reducing agent and the nitrogen source. After 

naturally cooling down, the black product was denoted Ni-MoN. 

To determine the optimal Ni:Mo ratio, other Ni-MoN catalysts were then prepared 

via a similar procedure except for varying the Ni:Mo ratio (2:7, 4:7, and 12:7) in the 

reactants. The annealing temperature was also tuned from 300 to 500 °C to reach the 

optimal ammonia reduction temperature. For a comprehensive comparison, nickel 

nitride (Ni-Ni4N) and molybdenum nitride (Mo-N) catalysts were prepared via a 

similar procedure without adding a Mo or Ni source in the reactants for the respective 

catalysts. 

5.2.1.3 Preparation of Pt/C Electrode 

A noble-metal-based Pt/C catalyst was loaded on CF to serve as the benchmark 

HER catalyst for comparison. Briefly, 60 mg commercial platinum carbon powder 

(Pt/C, nominally 20% on carbon black, Alfa Aesar) was homogenously dissolved in a 

mixture solution containing 810 μL ethanol, 90 μL Nafion solution, and 600 μL DI 

water with the assistance of ultrasonication. A piece of CF (~1.5 cm−2) was then 

soaked in the solution for 1.5 h, followed by drying in air. 

5.2.1.2 Synthesis of Ni-Fe LDH 

A Ni-Fe layered double hydroxide (LDH) catalyst was grown on CF via a water 
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bath reaction to serve as the benchmark oxygen evolution reaction (OER) catalyst. 

Briefly, 0.6 mmol nickel nitrate hexahydrate, 0.2 mmol iron nitrate nonahydrate 

[Fe(NO3)3·9H2O, Alfa Aesar], 2 mmol ammonium fluoride (NH4F, Alfa Aesar), and 

10 mmol urea were dissolved homogeneously in 40 mL DI water in a beaker. A piece 

of CF was placed inside the beaker and then underwent a water bath reaction at 90 °C 

for 8 h. The product was denoted Ni-Fe LDH. 

5.2.2 Physical and Chemical Characterization 

The morphology, structure, and elemental distribution of the as-prepared catalysts 

were comprehensively investigated using scanning electron microscopy (SEM, LEO 

1525), transmission electron microscopy (TEM, JEOL 2010F), and aberration-

corrected transmission electron microscopy (ACTEM, FEI Titan Themis) with energy-

dispersive spectroscopy (EDS). X-ray diffraction (XRD, PANalytical X'pert PRO, Cu 

Kα radiation) measurements were taken to identify the compositions of the as-

prepared catalysts and X-ray photoelectron spectroscopy (XPS, PHI Quantera) was 

conducted to identify the valence states of their constituent elements. pH values of the 

electrolytes were measured using a pH meter (AR10, Fisher Scientific) at room 

temperature. The Brunauer-Emmett-Teller (BET) surface area and pore size 

distribution were measured using a TriStar II Plus (Micromeritics). Electron 

paramagnetic resonance (EPR) spectroscopy was performed using a Bruker A300 

spectrometer. Raman tests were conducted on a Horiba iHR320 Raman spectrometer 

using a DPSS laser (excitation wavelength: 532 nm). 
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5.2.3 Electrochemical Characterization 

Electrochemical characterizations of the as-prepared catalysts were performed on a 

Gamry Reference 600 or a Gamry Reference 3000 Potentiostat. In a typical three-

electrode configuration, an as-prepared catalyst (the geometric surface area of each 

catalyst in the electrolyte is 0.5-1 cm2), a carbon rod, and a Hg/HgO electrode were 

used as the working, counter, and reference electrodes, respectively. The scan rate was 

set to be 1 mV s−1 to achieve reliable catalytic performance and iR compensation was 

used for all electrochemical measurements. Linear sweep voltammetry (LSV) curves 

were recorded for HER and backward polarization curves were collected for OER. At 

least 100 cyclic voltammetry (CV) cycles were performed for activation and 

stabilization before the collection of each HER or OER polarization curve. At room 

temperature (298.15 K), the potential (EHg/HgO) was calibrated to the reversible 

hydrogen electrode (RHE) using the equation: ERHE = EHg/HgO + 0.098 + 0.0591 × pH, 

where the pH values of 1 M KOH and 1 M KOH seawater electrolytes were measured 

to be 13.91 and 13.83, respectively. The Tafel slope (b) was calculated using the 

equation η = a + b log (j), where η is the overpotential and j is the current density. 

Electrochemical impedance spectroscopy (EIS) was measured at a constant potential 

of -0.12 V vs. RHE (overpotential of 120 mV for HER) in 1 M KOH with varied 

frequency from 100 kHz to 0.01 Hz. The electrochemically active surface area 

(ECSA) was calculated through the double-layer capacitance (Cdl) method. Briefly, 

CV cycling was performed in a non-Faradaic region with different scan rates. The Cdl 

was then obtained as half of the slope in the plot of capacitive current as a function of 

scan rate. ECSA was calculated from the equation: ECSA = Cdl/Cs, where Cs is the 
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specific capacitance for a flat surface (40 μF cm−2 was used here). For HER durability 

testing, CV cycling was performed between 0 and -0.17 V vs. RHE with a scan rate of 

100 mV s−1. Chronopotentiometric measurements were conducted at current densities 

of 100 and 500 mA cm−2 in both 1 M KOH and 1 M KOH seawater electrolytes. 

Overall water/seawater electrolysis was performed in an H-type electrolyzer with Ni-

MoN as the cathodic electrode (0.5 cm2), SSM as the anodic electrode (0.5 cm2), and 

an anion-exchange membrane (AEM, Fumasep, FAA-3-PK-130) as the separator. For 

overall water/seawater electrolysis durability testing and to reach ultrahigh current 

density (3 A cm−2), the AEM separator was not used because of its low stability and 

the limited mass transfer issue. 

5.2.4 Calculation of TOF 

The turnover frequency (TOF) value of HER was estimated using the following 

equation:  

TOF=
Number of total hydrogen turn overs / geometrical area (cm2)

Number of surface active sites / geometrical area (cm2)
. 

The total numbers of hydrogen turn overs:  

Number of H2 = �j
A

cm2� �
1 C s-1

1000 mA
��

6.02 ×1023 H2 molecules
1 mol H2

� �
1 mol e-

96485.3 C
� �

1 mol H2

2 mol e- � 

                          = 3.12 ×1015 
H2 s-1

cm2  per 
mA
cm2  . 

We estimated the number of the active sites as the total number of the surface sites 

from the roughness factor together with the unit cell of the catalysts, which will 

underestimate the actual TOF. Taking Ni-MoN as an example, the upper limit of the 
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surface active sites (all Ni, Mo, and N atoms were included as active sites) per unit of 

actual surface area can be calculated using the following equations: 

Number of active sites= �
Number of atoms/unit cell

 Volume/unit cell
�

2/3

, 

Number of active sites (MoN) =�
16 atoms/unit cell

 159.2 Å3 /unit cell
�

2/3

  = 2.16×1015 atoms cm-2, 

Number of active sites (Ni) =�
4 atoms/unit cell

 43.8 Å3 /unit cell
�

2/3

= 2.03×1015 atoms cm-2, and 

Number of active sites 

(NiMoO4·xH2O) =�
24 atoms/unit cell

 404.1 Å3 /unit cell
�

2/3

= 1.52×1015 atoms cm-2. 

Thus, the number of the active sites for Ni-MoN is around 2.1 × 1015 atoms cm−2 

and that for NiMoO4·xH2O is 1.52× 1015 atoms cm-2. The plots of current density can 

be converted into TOF plots using the following formula: 

TOFHER = 
3.12 ×1015 H2 s-1

cm2  per mA
cm2  × j 

Number of active sites× AECSA
. 

5.2.5 Overall Water Electrolysis Driven by a Thermoelectric Module 

A thermoelectric (TE) module, which can convert thermal energy to electricity, 

was used to drive the homemade electrolyzer according to our previous work.7, 20 In 

detail, a heater and a cooler were placed in contact with the TE module on its top and 

bottom, respectively, with two copper plates working as the thermal conductor in the 

middle. A constant hot-side temperature was maintained by tuning the DC power 

supply, while the cold-side temperature was controlled by a water-cooling system on 

the homemade testing platform. A relatively stable open circuit voltage could be 
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generated by the TE module when the temperature difference between the two sides 

was kept constant. A voltmeter and an ammeter were applied for real-time monitoring 

of the voltage and the current, respectively, of the two electrodes (Ni-MoN and SSM) 

in the electrolyzer. 

5.2.6 Theoretical Calculations 

Density functional theory (DFT) calculations were performed using the plane-

wave technique implemented in the Vienna ab initio simulation package (VASP). The 

Perdew-Burke-Ernzerhof (PBE) formalism was employed for electron exchange and 

correlation. The plane wave pseudopotential with a cut-off energy of 450 eV and the 

Gaussian electron smearing method with an electronic temperature of kBT = 0.05 eV 

were used in the calculation. The geometrical optimization was performed when the 

residual forces on the atoms were smaller than 0.05 eV Å−1 and the energy difference 

was converged to 10−5 eV. The unit cell of the Ni-MoN catalyst was constructed using 

a Ni cluster on MoN (202). There are Ni sites on top of the Ni clusters and Mo sites 

near the Ni and MoN heterointerface, respective, that are exposed in Ni-MoN for DFT 

calculations. For comparison, models of metallic Ni (111) and Mo sites in MoN (202) 

were also built for the DFT calculations. All these models were constructed based on 

the TEM and XRD results and take into account thermodynamic stability. In the Ni-

MoN catalysts, the reactant (H2O) is first adsorbed on these active Ni and Mo sites 

(M) described above and then dissociates into intermediates (OH− and M-H*). 

Subsequently, the hydrogen will be desorbed via the Heyrovsky reaction here, in 

which another H2O molecule and an extra electron will diffuse to M-H* and form H2 

and OH−. The adsorption energy (Eads) of species X is calculated by Eads = E(X/slab) − 
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E(X) − E(slab), where a more negative Eads generally indicates stronger adsorption. To 

evaluate the energy barrier, the transitional state (TS) was located using the climbing 

image nudged elastic band method. The Gibbs free energy (G) values of the adsorbed 

species were calculated by G=Eele + ZPE − TS, where Eele is the electronic energy, 

ZPE is the zero-point energy, T is temperature (25 °C in all our calculations), and S is 

entropy. 

5.3 Results and Discussion 

5.3.1 Structural and Compositional Analysis Results 

As depicted in Figure 5.1a, a self-supported NiMoO4·xH2O precursor was first 

grown on copper foam (CF) through a water bath reaction at 90 °C for 8 h, and it was 

subsequently converted to Ni-MoN through a second ammonia reduction step at 

400 °C for 2 h. Commercial CF was selected as a binder-free substrate for catalyst 

growth since it has the advantages of a three-dimensional (3D) porous structure, high 

conductivity, and good chemical/mechanical stability. Photographs in Figure 5.1b-d 

show that the pristine CF substrate, the NiMoO4·xH2O precursor, and Ni-MoN are 

reddish, brown, and black, respectively, in color.  
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Figure 5.1. (a) Schematic illustrations of the synthesis of Ni-MoN and corresponding 
SEM images at different synthesis stages. Photographs of (b) CF, (c) 
NiMoO4·xH2O, (d) Ni-MoN, and (e) SSM. 

Scanning electron microscopy (SEM, Figure 5.2a-c) and transmission electron 

microscopy (TEM, Figure 5.2d-e) characterizations indicate that NiMoO4·xH2O has a 

smooth one-dimensional nanorod structure with diameters of between 100 and 200 nm. 

Such a nanorod-structured NiMoO4·xH2O precursor is different from the widely 

reported microrod- or microsheet-structured precursors produced through the 

hydrothermal reaction, and the smaller size of its constituent components will be 

beneficial for reacting with the ammonia flow during the subsequent ammonia 

reduction step.148-151 Corresponding energy dispersive spectroscopy (EDS) line scan 

curve (Figure 5.2f) and EDS mapping images (Figure 5.2g-j) illustrate the uniform 

distribution of elemental Ni, Mo, and O throughout the skeleton of the CF substrate 

and inside each NiMoO4·xH2O nanorod. The X-ray diffraction (XRD) pattern in 

Figure 5.2k confirms the successful synthesis of the crystalline NiMoO4·xH2O phase. 

It should be noted that urea plays an important role in the synthesis process since OH− 
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from the urea can combine with metal cations to form metal hydroxides during the 

initial nucleation step and help to form nanorods during the water bath reaction.34, 61 

The nanorod-structured precursor could not be obtained if urea were not added in the 

reactants. 

 

Figure 5.2. (a-c) SEM and (d-e) TEM images, (f) EDS line scan, and (k) XRD pattern 
of the NiMoO4·xH2O precursor. (g) TEM image and corresponding (h) Ni, 
(i) Mo, and (j) O EDS mapping images of the NiMoO4·xH2O precursor. 

After annealing in mixed ammonia-argon gas, the main structure of these vertical-

standing nanorods was well preserved, and newly formed nanoparticles can be found 

on the surfaces of these nanorods (Figure 5.3a-c). In addition, the Ni, Mo, and N 

elements can be clearly found in the EDS spectrum of Ni-MoN in Figure 5.3d. 
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Detailed TEM and aberration-corrected TEM (ACTEM) images in Figure 5.3e-f and 

Figure 5.4a-b show that these nanoparticles were embedded in the nanorod matrix 

and are several to tens of nanometers in diameter. Such a hierarchical nanorod-

nanoparticle structure with a high degree of surface roughness not only exposes 

abundant active sites but also avoids catalyst aggregation during HER catalysis, 

benefiting the enhancement of both catalytic activity and durability.122, 152 Selected 

area electron diffraction (SAED), high-resolution TEM (HRTEM), and EDS 

characterizations were performed to identify the detailed compositions of the 

nanoparticles and nanorods. As shown in Figure 5.3g, characteristic (200) and (220) 

facets of metallic Ni and (202) and (220) facets of MoN can be distinguished within 

the SAED pattern, indicating a mixed composition of Ni and MoN in the hierarchical 

nanorod-nanoparticle-structured catalyst. The composition of Ni and MoN in the 

ammonia reduction product can further be confirmed by the EDS line scan curve in 

Figure 5.3h and the high-angle annular dark field (HAADF) EDS mapping images in 

Figure 5.3i-n, which show that elemental Ni gathers in the centers of the nanoparticles, 

while elemental Mo and N can both be found throughout the entire nanorod. The low-

magnification HRTEM image in Figure 5.4c shows that the main part of the nanorod 

is in an amorphous state and the nanoparticles in the nanorod matrix are in a 

crystalline state. The phase boundaries between the amorphous nanorod matrix and the 

crystalline nanoparticles and between the metallic Ni and MoN phases, as well as the 

defects, can be clearly observed in the HRTEM image of Ni-MoN in Figure 5.4d. 

These multidimensional boundaries and defects can expose more active sites for 

boosting the catalytic reaction.28, 79 The interplanar spacings of the lattice fringes in the 
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center of each crystalline nanoparticle were precisely measured to be 0.176 nm 

(Figure 5.4d-e), corresponding to the (200) plane of metallic Ni. Additionally, a 

lattice fringe with an interplanar spacing of 0.186 nm, which is assigned to the (202) 

plane of MoN, can be found on the nanoparticle edges (Figure 5.4d and 5.4f). 

Therefore, the nanorods in the hierarchical catalyst should be mainly composed of 

amorphous MoN, and the nanoparticles on the nanorods are mostly metallic Ni with a 

slight amount of MoN. It has been demonstrated that there might be a preferential 

reaction at the Ni sites in NiMoO4·xH2O and that Mo-oxide reduction may only 

proceed via gas spillover from the Ni sites when being annealed in a reductive gas 

flow.153-154 Based on the characterizations above, the formation mechanism of Ni-

MoN can be derived as follows: Ni sites are first reduced and gather to form metallic 

Ni at the centers of the nanoparticles when being annealed in ammonia flow, and Mo 

combines with nitrogen in the excess ammonia gas to form crystalline MoN on the 

edges of, or amorphous MoN between, these Ni nanoparticles. Clearly, reductive 

ammonia gas, serving as both the reducing agent and the nitrogen source, is the key to 

generate this unique nanorod-nanoparticle structure. Additionally, the loss of H2O 

molecules and elemental due to the reaction with the flowing ammonia-argon gas, can 

create abundant atomic defects and lead to disordered atom packing in the nanorod 

matrix, forming amorphous regions. 
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Figure 5.3. (a-c) SEM and (e-f) TEM images, (d) EDS spectrum, and (g) SAED 
pattern of Ni-MoN. (h) EDS line scan of a single Ni-MoN nanorod. (i) 
HAADF image and corresponding (j-n) EDS mapping images of Ni-MoN. 
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Figure 5.4. (a) TEM images of the Ni-MoN catalyst. (b) Diameter distribution of the 
nanoparticles. (c-d) Detailed HRTEM images of the Ni-MoN catalyst. 

For a comprehensive comparison, nickel nitride and molybdenum nitride catalysts 

were synthesized using a similar procedure except that no Mo or Ni source was added 

to the initial reactants for the respective catalysts. SEM images show that nickel 

nitride has a nanoparticle structure (Figure 5.5a-c) and molybdenum nitride has an 

irregular film structure (Figure 5.5g-i). Clearly, the combination of Ni and Mo is 

essential for obtaining a hierarchical nanorod-nanoparticle structure. The phase 

composition and crystal structure of the hierarchical catalyst were further determined 

by XRD measurements. The XRD pattern of nickel nitride in Figure 5.5f shows peaks 

for both metallic nickel and nickel nitride (Ni4N, JCPDS#36-1300), confirming a 

mixed composition of Ni and Ni4N. There are no specific peaks in the XRD pattern of 

molybdenum nitride (Figure 5.5l) due to its poor crystallinity, so we used Mo-N to 

represent its composition. 

 

Figure 5.5. (a-c) SEM images and (f) XRD pattern of the Ni-Ni4N. (d) Ni and (e) N 
EDS mapping images. (g-i) SEM images and (l) XRD pattern of the Mo-N. 
(j) Mo and (k) N EDS mapping images. 
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As shown in Figure 5.6a, the main peaks in the XRD pattern of Ni-MoN 

correspond to metallic nickel (Ni, JCPDS#04-0850) and molybdenum nitride (MoN, 

JCPDS#25-1367), which is consistent with the TEM results. The electron 

paramagnetic resonance (EPR) spectrum of Ni-MoN shows a stronger magnetic signal 

at around 3515 G (g factor = 2.005) than that of the NiMoO4·xH2O precursor (Figure 

5.6b), indicating a higher concentration of unpaired electrons resulting from structure 

defects.155-156 This is in good agreement with the observation of multidimensional 

defects from the HRTEM images. The surface area of Ni-MoN was measured using 

the Brunauer-Emmett-Teller (BET) method and was found to be 27.5 m2 g−1 (Figure 

5.6c), which is three times higher than that of the NiMoO4·xH2O precursor (7.6 m2 

g−1), indicating that the hierarchical nanorod-nanoparticle structure efficiently enlarges 

the surface area. Additionally, the nitrogen adsorption-desorption isotherm of Ni-MoN 

shows a typical Ⅳ hysteresis loop, suggesting that it has a mesoporous structure with 

an average pore size of ~6.5 nm (inset, Figure 5.6c).157-159 A large surface area can 

disperse abundant active sites and a mesoporous structure can provide additional pores 

for electrolyte diffusion, thereby promoting effective utilization of the catalyst during 

water electrolysis. The surface chemical states of elemental Ni, Mo, and N for these 

catalysts were investigated by X-ray photoelectron spectroscopy (XPS). As shown in 

Figure 5.6d, two Ni0 peaks corresponding to metallic Ni can be observed at 853.4 and 

870.6 eV for both Ni-MoN and Ni-Ni4N but are absent for NiMoO4·xH2O, which 

agrees well with the metallic Ni phase observed in the XRD patterns. The remaining 

peaks in the XPS spectrum of Ni for Ni-MoN can be deconvolved to Ni2+ 2p3/2 and 

Ni2+ 2p1/2 at 856.0 and 873.9 eV, respectively, along with a pair of satellite peaks, due 
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to the inevitable surface oxidation of metallic Ni in the air.9, 58, 145, 160 In the Mo XPS 

spectrum of Ni-MoN (Figure 5.6e), three doublets were observed: 230.0 and 233.1 eV 

(Mo3+ 3d5/2 and 3d3/2), 231.3 and 234.2 eV (Mo4+ 3d5/2 and 3d3/2), and 232.6 and 235.7 

eV (Mo6+ 3d5/2 and 3d3/2).20, 149 Compared with the Mo XPS spectrum of 

NiMoO4·xH2O, the presence of Mo3+ in that of Ni-MoN confirms the formation of 

MoN and the negative shift of Mo4+ indicates a lower valence state caused by the 

reduction of Mo species under the ammonia flow.161-162 The Mo3+ peaks in the Mo 

XPS spectrum of Ni-MoN show a positive shift compared to those for Mo-N, 

indicating a possible electron transfer from Mo to adjacent atoms.148 Additionally, the 

peak intensities of Ni0 (metallic Ni) and Mo3+ (molybdenum nitride) are much 

stronger than those of Ni2+ (nickel oxide) and Mo4+ (molybdenum oxide), respectively, 

in the XPS spectra for Ni-MoN, confirming that elemental Ni and Mo in Ni-MoN 

mainly exist as metallic Ni and MoN rather than in oxide forms. Since the N 1s XPS 

spectrum of Ni-MoN is overlapped with that of Mo 3p (Figure 5.6f), three peaks were 

deconvolved to Mo 3p at 395.6 eV, N-Mo or N-Ni at 397.5 eV, and N-H at 399.0 

eV.20 In the N 1s XPS spectrum for Ni-Ni4N, only a major peak attributed to N-Ni and 

a tiny peak attributed to N-H were found at 397.6 and 399.2 eV, respectively. Clearly, 

the N-Mo peak intensity in the XPS spectrum for Ni-MoN is much stronger than either 

the case of N-Ni in Ni-Ni4N or that of N-Mo in Mo-N, indicating a tight connection 

between Mo and N in Ni-MoN. 
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Figure 5.6. (a) XRD pattern of Ni-MoN. (b) EPR spectra and (c) nitrogen adsorption-
desorption isotherms of NiMoO4·xH2O and Ni-MoN. High-resolution XPS 
spectra of (d) Ni, (e) Mo, and (f) N and Mo for these catalysts. 

5.3.2 HER Performance in Alkaline Freshwater 

The HER catalytic performance of the as-prepared catalysts was evaluated in a 

typical three-electrode configuration at a scan rate of 1 mV s−1. For HER activity in 

alkaline water (1 M KOH), the linear sweep voltammetry (LSV) curves in Figure 5.7a 

show that our Ni-MoN requires very low overpotentials (η) of 24 and 61 mV to attain 

current densities of 10 and 100 mA cm−2, respectively, which is significantly smaller 

than those for the NiMoO4·xH2O precursor (269 and 423 mV), Ni-Ni4N (193 and 312 

mV), and Mo-N (173 and 333 mV), as well as for the benchmark Pt/C (58 and 196 

mV). The η100 of Ni-MoN (61 mV, where η100 is the overpotential required to attain a 

current density of 100 mA cm−2) is even lower than that of some recently reported 

self-supported noble-metal-based catalysts such as Pt-IrO2 (~70 mV),163 Ru-MnFeP 

(~73 mV),164 Ru-CoP (74 mV),165 PtSA-NiO (85 mV),96 and NiFeRu LDH (~110 

mV).52 To achieve large current densities of 500 and 1000 mA cm−2, which are 
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required for commercial applications, the Ni-MoN catalyst only requires low 

overpotentials of 104 and 136 mV, respectively. Tafel slope values were calculated to 

reveal the intrinsic catalytic kinetics of the as-prepared catalysts. As shown in Figure 

5.7b, Ni-MoN has a small Tafel slope value of 35.5 mV dec−1, which is less than one-

quarter that of the NiMoO4·xH2O precursor (147.1 mV dec−1), and is also much 

smaller than that of the comparison catalysts, including the benchmark Pt/C, indicating 

a higher transfer coefficient and enhanced catalytic kinetics.15, 34 Such efficient HER 

catalytic activity places this Ni-MoN catalyst among the best documented self-

supported nitride and other catalysts reported to date (Figure 5.7c). To determine the 

origin of the catalytic activity of Ni-MoN, electrochemical impedance spectroscopy 

(EIS), electrochemically active surface area (ECSA), and turnover frequency (TOF) 

analyses were performed. An amorphous phase normally exhibits structure disorder 

and loose atom packing, which is beneficial for fast ion diffusion and electron 

transfer.93, 98 Thus, the catalyst’s amorphous nanorod structure not only serves as a 

matrix for dispersing catalytic-active Ni-MoN nanoparticles but also acts as an 

expressway for electron transfer. Based on the fitted Nyquist plots and the equivalent 

circuit shown in Figure 5.7d, Ni-MoN has a much lower charge-transfer resistance 

(Rct) of ~2.7 Ω at the electrode-electrolyte interface than that of the NiMoO4·xH2O 

precursor (~161.6 Ω), suggesting a faster electron transport toward catalytic reaction. 

ECSA is usually calculated to evaluate the number of active sites, and it is 

proportional to the double-layer capacitance (Cdl) shown in Figure 5.7a-e.74, 166 

Benefiting from the hierarchical nanorod-nanoparticle structure, abundant phase 

boundaries, and high concentration of defects, the ECSA of Ni-MoN (377.5 cm−2ECSA) 
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is twice that of the NiMoO4·xH2O precursor (177.5 cm−2ECSA, Figure 5.8f), and much 

larger than that of the Ni-Ni4N and Mo-N catalysts. When current density was 

normalized for ECSA (Figure 5.7e), Ni-MoN still exhibited the best HER 

performance among all the catalysts studied, confirming that it exhibits the highest 

intrinsic catalytic activity. Furthermore, turnover frequency (TOF) represents the 

number of molecules reacting per active site per unit of time and can be used to 

measure the instantaneous efficiency of a catalyst.167 The TOF value for the Ni-MoN 

catalyst at the potential of -0.1 V vs. RHE is 1.79 s−1 (Figure 5.7f), which is much 

higher than that of the NiMoO4·xH2O precursor (0.013 s−1), indicating a high 

instantaneous efficiency for HER catalysis. Notably, all results from the EIS, ECSA, 

and TOF analyses agree well with the low overpotentials and small Tafel slope value 

of Ni-MoN shown in Figure 5.7a and 5.7b, respectively, suggesting its ultrahigh 

intrinsic HER activity. For practical application of a catalyst, its durability must be 

taken into consideration. As shown in Figure 5.7g shows the results of long-term 

stability tests of the Ni-MoN catalyst performed at constant current densities. It can be 

seen that the potential fluctuation at a current density of 100 mA cm−2 over 200 h 

continuous testing in 1 M KOH is only 16 mV, which is superior to many self-

supported catalysts. Furthermore, the Ni-MoN catalyst can work well at the industry-

standard current density of 500 mA cm−2 for over 200 h despite some potential 

fluctuation, showing great potential for practical application. 
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Figure 5.7. (a) HER LSV curves and (b) Tafel plots of these catalysts in 1 M KOH. (c) 
Comparison of HER activity. (d) Nyquist plots and (e) ECSA-normalized 
HER LSV curves. (f) TOF curves. (g) Stability performance of Ni-MoN. 

 

Figure 5.8. CV curves of (a) NiMoO4·xH2O, (b) Ni-Ni4N, (c) Mo-N, and (d) Ni-MoN 
catalysts. (e) Corresponding Cdl values of these catalysts calculated from 
(a-d). (f) ECSA values of NiMoO4·xH2O, Ni-Ni4N, Mo-N, and Ni-MoN. 
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The hierarchical nanorod-nanoparticle structure and large surface area of Ni-MoN 

can provide abundant active sites for water electrolysis and its hydrophilic surface 

helps to achieve accelerated gas-release capabilities. As a result, the hydrogen gas 

bubbles, when still very small in size, can be released rapidly from numerous active 

sites as shown in Figure 5.9a. A previous study confirms that a hydrophilic surface 

normally possesses very low adhesive force between the gas bubbles and the catalyst, 

which might be good for catalytic stability.152 On the other hand, the hydrogen gas 

bubbles will remain attached to the hydrophobic surface of CF and merge together into 

large-size bubbles as shown in Figure 5.9b. These large-size bubbles will prevent the 

further contact between the active sites and the electrolyte and their bursting can cause 

resistance/potential fluctuations.128, 168  

 

Figure 5.9. Digital images of hydrogen gas bubbles on the surfaces of (a) Ni-MoN 
and (b) CF at a current density of 100 mA cm−2 in 1 M KOH electrolyte. 

The effects of the Ni:Mo ratio and ammonia reduction temperature on the final 

morphology and catalytic performance of Ni-MoN were investigated. Based on the 

SEM images of Ni-MoN catalysts produced with different Ni:Mo ratio shown in 

Figure 5.10a-c, we found that the Ni:Mo ratio in the reactants did not have a 

significant effect on the nanorod structure but had a huge effect on the density of the 
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Ni-MoN nanoparticles. Low Ni:Mo ratios of 2:7 (Figure 5.10a) and 4:7 (Figure 5.10b) 

resulted in sparse nanoparticles and a high Ni:Mo ratio of 12:7 (Figure 5.10c) resulted 

in dense nanoparticles. This is because these nanoparticles are mainly composed of 

metallic Ni and a higher Ni:Mo ratio is beneficial for forming denser Ni nanoparticles 

on the MoN matrix. To determine the best conditions for synthesizing the Ni-MoN 

catalyst, the influences of Ni:Mo ratio and ammonia-reduction temperature on its HER 

activity were investigated in detail. As shown in Figure 5.10d, all the Ni-MoN 

catalysts with different Ni:Mo ratios exhibit very good HER activity, and the one with 

a ratio of 8:7 shows the highest activity. The composition of the ammonia-treated 

catalysts can be tuned by varying the annealing temperature, as shown by the 

intensities of the diffraction peaks in the corresponding XRD patterns in Figure 5.11. 

A low annealing temperature of 300 °C results in the catalyst being mainly composed 

of the NiMoO4·xH2O phase and a high temperature of 500 °C results in a mainly 

MoN-phase composition, which might be due to the weaker and stronger reactivity of 

ammonia species at low and high temperatures, respectively. So it has a significant 

effect on the catalytic performance as well. A low temperature of 300 °C and a high 

temperature of 500 °C both lead to inferior HER activity. 
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Figure 5.10. SEM images of Ni-MoN catalysts with different Ni:Mo ratios of (a) 2:7, 
(b) 4:7, and (c) 12:7. (d) HER LSV curves these catalysts in 1 M KOH. 

 

Figure 5.11. SEM images of Ni-MoN catalysts annealed at (a) 300 °C and (b) 500 °C 
in a mixed ammonia-argon flow. (c) XRD patterns and (d) HER LSV 
curves of these catalysts in 1 M KOH. 
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5.3.3 HER Performance in Alkaline Seawater 

Seawater electrolysis is attracting increasing research interest due to the 

inexhaustible reserves of feedstock.10, 17 Considering the remarkable HER 

performance of Ni-MoN in alkaline water, we then measured its hydrogen-generation 

ability in alkaline natural seawater (1 M KOH seawater). As shown in Figure 5.12a, 

compared with their corresponding LSV curves in 1 M KOH (Figure 5.8a), all five 

as-prepared catalysts show a decline in activity in 1 M KOH seawater, which could be 

caused by the obstruction of active sites and the degradation in conductivity in the 

complicated natural seawater electrolyte. However, our Ni-MoN catalyst still exhibits 

very good HER activity with limited degradation in 1 M KOH seawater electrolyte. 

Specifically, it requires overpotentials of 29, 66, 128, and 176 mV to attain current 

densities of 10, 100, 500, and 1,000 mA cm−2, respectively, in 1 M KOH seawater. 

The corresponding Tafel slope of Ni-MoN in 1 M KOH seawater is 36.8 mV dec−1 

(Figure 5.12b), close to that in 1 M KOH, showing good retention of catalytic activity. 

To verify the durability of the Ni-MoN catalyst, HER LSV curves were recorded 

before and after CV cycling in both 1 M KOH and 1 M KOH seawater electrolytes. As 

shown in Figure 5.12c, after 19,000 (19k) CV cycles in 1 M KOH electrolyte, the 

resultant LSV curve (orange) shows a slight decline compared with the initial curve 

(red). Even after 48,000 CV cycles in 1 M KOH seawater electrolyte (violet), the 

required overpotential of the Ni-MoN catalyst only increased by 1, 5, 10, and 13 mV 

to attain current densities of 10, 100, 500, and 1000 mA cm−2, respectively, compared 

with its initial catalytic performance in 1 M KOH seawater electrolyte (brown). Even 

in 1 M KOH seawater electrolyte (Figure 5.12d), this catalyst can work stably over 
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100 h at a large current density of 500 mA cm−2 with an affordable overpotential 

fluctuation of 47 mV. Considering that the concentration of NaCl in seawater 

electrolyte will increase due to the continuous consumption of water during the 

process of seawater catalysis, we then measured the catalytic activity of Ni-MoN in a 

harsh chlorine environment to verify its robustness against corrosive chlorine. As 

shown in Figure 5.12e, the catalytic activity of Ni-MoN in 1 M KOH + 0.5 M NaCl 

(alkaline simulated seawater) is close to that in 1 M KOH electrolyte. After further 

increasing the chlorine concentration (1 M KOH + 1 M NaCl and 1 M KOH + 2 M 

NaCl), the HER activity exhibits slight decay, but is still better than the performance 

in alkaline natural seawater, demonstrating good chlorine-resistant performance. 

When measured at a constant current density of 100 mA cm−2 in harsh chlorine 

electrolytes, the Ni-MoN catalyst operated well for 115 h and did not show much 

increase in overpotential (23 mV in total, Figure 5.12f). 
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Figure 5.12. (a) HER LSV curves and (b) Tafel plots of these catalysts in 1 M KOH 
seawater. (c) CV cycling performance, (e) HER LSV curves, and (d) and (f) 
stability performance of the Ni-MoN in different electrolytes. 

We further investigated changes in the morphology and composition of the Ni-

MoN catalyst after long-term stability testing for HER catalysis. SEM images in 

Figure 5.13a-d show that the hierarchical nanorod-nanoparticle structure of the Ni-

MoN catalyst was mostly maintained after long-term stability testing, although some 

of the catalyst was peeled off. The TEM image in Figure 5.13e shows that some 

nanosheets formed on the surfaces of the nanorods, the composition of which was 

identified as a mixture of NiOOH and NiO by SAED pattern (Figure 5.13f) and 

HRTEM image (Figure 5.13g) analysis. The high-resolution XPS spectrum of Ni for 

Ni-MoN after performing 19,000 CV cycles in 1 M KOH (Figure 5.13h) shows that 

the peaks attributed to metallic Ni disappeared and that new peaks attributed to 
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NiOOH emerged. The Raman spectrum (Figure 5.13i) of the Ni-MoN catalyst after 

CV cycling further confirmed the formation of the -OOH species. Similarly, the SEM 

images and EDS spectrum (Figure 5.14) of the Ni-MoN catalyst after stability testing 

for 115 h in alkaline saline show that the main structure of the catalyst was maintained 

while the intensity of the O peak was enhanced greatly in the EDS spectrum. Such 

results together reveal that some nanosheets formed on the surfaces of the nanorods 

after HER stability testing, and their composition was identified as a mixture of 

NiOOH and NiO, which is consistent with previous reports.149, 169 

 

Figure 5.13. (a-d) SEM images, (e) TEM image, (f) SAED pattern, and (g) HRTEM 
image of the Ni-MoN after stability testing. (h) XPS and (i) Raman spectra 
of the Ni-MoN before and after 19,000 CV cycles in 1 M KOH. 
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Figure 5.14. (a-e) SEM images and (f) EDS spectrum of the Ni-MoN catalyst after 
115-h stability testing at a constant current density of 100 mA cm−2 in 
alkaline saline electrolytes. 

5.3.4 DFT Calculation Results 

To gain molecular-level insights into the high catalytic activity of Ni-MoN, 

density functional theory (DFT) calculations were performed. Typical models of Ni-

MoN consisting of metallic Ni clusters on MoN (202), metallic Ni (111), and MoN 

(202) were built and are shown in Figure 5.15a-f. Besides the XPS data, the electronic 

structure tunning in Ni-MoN can also be confirmed by the charge density distributions 

displayed in Figure 5.16a, which shows that there is an accumulation of charge 

density on both the N and Mo sites, unlike the case of MoN (Figure 5.16b).170-171 The 

charge density differences shown in Figure 5.16c-d, in which yellow and cyan regions 

represent electron accumulation and depletion, respectively, illustrate that there is 

electron accumulation at the heterointerface, suggesting a strong charge exchange and 

electronic tuning between Ni and MoN.172-173 The successive distribution of the 

density of states (DOS) near the Fermi level, as shown in Figure 5.16e, indicates that 
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Ni-MoN is in a metallic state, which is beneficial for achieving high electronic 

conductivity.57, 161 

 

Figure 5.15. Side and top views, respectively, of the (a-b) Ni-MoN, (c-d) metallic Ni 
(111), and (e-f) MoN (202) models for DFT calculations. 

 

Figure 5.16. Charge density distributions of (a) MoN and (b) Ni-MoN. (c) Side and (d) 
top views of charge density differences in Ni-MoN. (e) DOS calculated for 
Mo, N, and Ni in Ni-MoN. The black dotted line indicates the Fermi level. 
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The Tafel slope value of Ni-MoN is 35.5 mV dec-1, suggesting that the catalytic 

pathway of Ni-MoN follows a Volmer (H2O dissociation, M + H2O + e− → M-H* + 

OH−)-Heyrovsky (H adsorption/desorption, M-H* + H2O + e− → M + OH− + H2) 

routine.28, 57, 139, 174 Therefore, we further calculated the H2O adsorption energy, the 

energy barrier of H2O dissociation, and the H adsorption/desorption energy to deeply 

understand the Volmer-Heyrovsky pathway for the Ni-MoN catalyst. The models for 

DFT calculations include the (111) facet of metallic Ni, the (202) facet of pristine 

MoN, Ni sites on top of the Ni clusters in Ni-MoN, and Mo sites near the interface 

between Ni and MoN in Ni-MoN, and corresponding reaction pathways are shown in 

Figure 5.17a-d. Figure 5.18a shows that the Mo sites in Ni-MoN possess much lower 

adsorption energy for H2O molecules (-1.082 eV) than the other three sites, indicating 

more favorable H2O adsorption on the surface of Mo sites in Ni-MoN.9 This is 

important for boosting alkaline HER since absorption of H2O molecules is the 

preliminary step for the subsequent H2O dissociation process.57 Figure 5.18b shows 

the H2O dissociation energy results, from which it can be seen that the energy barrier 

of water dissociation (ΔGH2O) on metallic Ni and Mo sites in MoN are as high as 0.93 

and 1.81 eV, respectively. In contrast, the ΔGH2O on Ni-MoN, especially on the Mo 

sites in Ni-MoN, is significantly decreased to 0.46 eV, suggesting accelerated H2O 

dissociation kinetics.163 This is crucial for alkaline HER catalysis, in which the 

Volmer step (H2O dissociation) has been regarded as the rate-determining step 

(RDS).175 The hydrogen adsorption energy (ΔGH*) on the Mo sites in Ni-MoN was 

calculated to be -0.487 eV (Figure 5.18c), the absolute value of which is smaller than 

that on Ni sites in Ni-MoN (-0.644 eV), from which it can be inferred that Mo sites are 
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more favorable for H adsorption and desorption during the Heyrovsky step.161, 174 It 

should be noted that although metallic Ni shows the lowest absolute value of ΔGH* (-

0.258 eV), its sluggish H2O dissociation and inferior H2O absorption ability restrict its 

catalytic performance. Clearly, the combination of Ni and MoN lead to higher ΔGH2O 

on Ni sites and lower ΔGH2O on Mo sites in Ni-MoN compared with that on the 

pristine Ni cluster and the pristine MoN phase. Therefore, the DFT calculation results 

demonstrate that the introduction of Ni effectively regulates the electronic structure of 

MoN, which endows Mo sites in Ni-MoN with high capability towards H2O 

adsorption and dissociation, thus contributing to the catalyst’s outstanding HER 

activity in alkaline media. 
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Figure 5.17. Structure models for water adsorption, transition state, water dissociation, 
and hydrogen adsorption over (a) Ni (111), (b) Mo (202), (c) Ni sites and 
(d) Mo sites in Ni-MoN. Red: O; green: H. 

 

Figure 5.18. (a) Adsorption energy of H2O, (b) energy diagram for H2O dissociation, 
and (c) free energy diagram for H adsorption for metallic Ni, Mo sites in 
MoN, and Ni and Mo sites in Ni-MoN. 

5.3.5 Overall Water/Seawater Electrolysis Performance 

We then coupled our Ni-MoN catalyst with commercial stainless-steel mat (SSM) 

in an H-type electrolyzer with an anion exchange membrane (AEM) separator in the 

middle for overall water/seawater electrolysis. The silver-colored SSM electrode 

(Figure 5.1e) has a dense microrod structure with a mixed composition of Fe, Cr, Ni, 

and Mo.133 For comparison, we grew Ni-Fe LDH, one of the most OER-active 

catalysts, on CF using the same water bath reaction method as for Ni-MoN and then 

paired it with the benchmark HER catalyst Pt/C for overall water/seawater electrolysis. 

Impressively, the Ni-MoN||SSM pair outperforms the benchmark Pt/C||Ni-Fe LDH 

pair as shown in Figure 5.19a. This good electrolyzer requires voltages of only 1.613 

(1.635) and 1.711 (1.783) V to attain current densities of 100 and 500 mA cm−2 in 1 M 

KOH (1 M KOH seawater) electrolyte, respectively (Figure 5.19b), which are 

significantly lower than those for the Pt/C||Ni-Fe LDH pair. Such low voltage 

requirements to drive a current density of 100 mA cm−2 make this electrolyzer 

outperform many recently reported catalysts (Figure 5.19c) for overall water/seawater 



 

119 

 

electrolysis. For an even larger current density of 1,000 mA cm−2, the Ni-MoN||SSM 

pair requires voltages of 1.779 and 1.885 V in 1 M KOH and 1 M KOH seawater 

electrolytes, respectively, demonstrating remarkable catalytic activity. Long-term 

stability of the Ni-MoN||SSM pair was assessed at constant current densities and the 

results are shown in Figure 5.19d and 5.19e. At a constant current density of 100 mA 

cm−2, this electrolyzer can work effectively for ~100 h in both 1 M KOH and 1 M 

KOH seawater electrolytes with only slight fluctuations of 36 and 48 mV, respectively. 

Although there was some voltage fluctuation under a large current density of 500 mA 

cm−2 in 1 M KOH seawater, the Ni-MoN||SSM pair still operated well for 100 h, 

indicating good stability for hydrogen production via seawater electrolysis. 

 

Figure 5.19. (a-b) Overall water/seawater electrolysis performance of Ni-MoN||SSM 
and Pt/C||Ni-Fe LDH pairs. (c) Comparison of the catalytic performance. 
(d-e) Stability performance of Ni-MoN||SSM pair in different electrolytes. 

We also used a commercial thermoelectric (TE) module, a device that can convert 

thermal energy into electricity (Figure 5.20a-b), to drive the Ni-MoN||SSM pair in 1 

M KOH electrolyte. Encouragingly, our electrolyzer can be effectively driven by a 

single TE module on a homemade testing platform with temperature differences of 

around 49, 54, and 61 °C for output current densities of 83, 129, and 190 mA cm−2, 
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respectively, as shown in Figure 5.20c. The corresponding Figure 5.20b recorded 

during testing at the temperature difference of 61 °C shows that abundant hydrogen 

bubbles were generated on, and immediately released from, the surface of the Ni-MoN 

catalyst, demonstrating that waste heat can be efficiently converted into valuable 

hydrogen energy through water electrolysis. 

 

Figure 5.20. (a) Schematic illustration of a TE device. (b) Overall water electrolysis 
testing at the temperature difference of 61 °C. (c). Real-time dynamics of 
current density driven by a TE device at different temperature. 

Finally, we measured the catalytic activity of Ni-MoN and the Ni-MoN||SSM pair 

under industrial conditions (in 6 M KOH electrolyte at 60 °C), and the results are 

shown in Figure 5.21a-b. In particular, to achieve an ultrahigh current density of 
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3,000 mA cm−2 in 6 M KOH and 6 M KOH seawater electrolytes at 60 °C for HER, 

the Ni-MoN catalyst requires low overpotentials of 152 and 244 mV, respectively. For 

overall water and seawater electrolysis under these conditions, the Ni-MoN||SSM pair 

requires voltages of only 1.690 and 1.718 V, respectively, to reach the ultrahigh 

current density of 3000 mA cm−2. In addition, when measured in 6 M KOH electrolyte 

at 60 °C, this Ni-MoN||SSM pair can work efficiently at 500 mA cm−2 for more than 

110 h (Figure 5.21c), indicating a great potential for realistic industrial freshwater 

electrolysis. 

 

Figure 5.21. HER LSV curves of the Ni-MoN under industrial condition. (b) Overall 
water/seawater electrolysis curves and (c) stability performance of the Ni-
MoN||SSM pair under industrial condition. 
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5.4 Conclusion 

A heterogeneous Ni-MoN catalyst consisting of metallic Ni and MoN was 

synthesized and exhibits outstanding HER performance in both alkaline water and 

seawater electrolytes. Structure characterizations show that it has a hierarchical 

nanorod-nanoparticle structure with a large surface area, multidimensional 

boundaries/defects, and a hydrophilic surface. These characteristics allow Ni-MoN to 

possess abundant active sites and accelerated gas-release capabilities and to effectively 

avoid catalyst degradation during HER catalysis, especially at large current densities. 

Experimental results and DFT calculations together prove that the combination of 

metallic Ni and MoN can modulate the electron redistribution and enhance the 

sluggish water-dissociation kinetics. As a result, our Ni-MoN catalyst demonstrates 

remarkable HER catalytic activity and durability, outperforming the benchmark Pt/C 

and many other efficient alkaline HER catalysts. When Ni-MoN is coupled with SSM, 

an OER catalyst, the Ni-MoN||SSM pair is outstanding in overall water/seawater 

electrolysis, showing great promise for large-scale H2 production. 
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CHAPTER 6 BIMETALLIC PHOSPHIDE NI2P-FE2P AS A 

BIFUNCTIONAL CATALYST FOR WATER AND 

SEAWATER ELECTROLYSIS 

Note: The material in this chapter has been published. The introduction, experimental 

section, and figure captions were adjusted for dissertation consistency. Reproduced 

with permission from Weily.176 

6.1 Introduction 

Among the catalysts for water electrolysis, Ir/Ru- and Pt-based compounds have 

been identified as state-of-the-art ones for OER and HER, respectively,52, 64 but the 

high cost and scarcity of these precious metals severely impede their large-scale 

application. It is thus desirable to develop cost-effective and catalytic-active non-

noble-metal based catalysts to replace these expensive ones. In particular, bifunctional 

catalysts, which are active for both reactions, are more favorable for practical 

application due to the advantages of simplifying the devices and reducing the cost.177 

Over the past few years, transition metal phosphides (TMPs) have attracted intense 

attention due to their high intrinsic catalytic activity, tunable structure, and 

composition,18 first emerging as efficient HER catalysts in earlier research.36 Very 

recently, there has been a focus on heterogeneous bimetallic phosphides as OER or 

bifunctional catalysts due to their various structural and chemical advantages. 

Although significant research effort has been devoted to developing efficient TMP 

catalysts for water electrolysis in the freshwater condition, studies on their use in the 

seawater condition remain quite limited. Considering their high catalytic activity and 
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corrosion resistance features, bimetallic phosphides might be promising bifunctional 

catalysts for seawater electrolysis. Here we synthesize self-supported heterogeneous 

Ni2P-Fe2P on commercial nickel foam (denoted Ni2P-Fe2P/NF) via a novel in situ 

growth-ion exchange-phosphidation approach. This bimetallic phosphide catalyst 

possesses excellent bifunctional catalytic activity and long-term stability under large 

current density in both alkaline freshwater and seawater electrolytes. Its open, porous, 

and ultrathin (~7.4 nm) microsheet architecture allows for intrinsically high catalytic 

activity, enhanced electronic kinetics, and abundant active sites. Additionally, the 

Ni2P-Fe2P microsheet structure, along with its hydrophilic feature, can provide 

adequate space for diffusion of the electrolyte and accelerate the release of bubbles, 

leading to superior catalytic activity and stability at high current density. With 

optimized Fe3+ among its reactants, this as-prepared Ni2P-Fe2P/NF electrode achieves 

relatively low overpotential and fast current increase toward both OER and HER. 

Typically, it requires overpotentials of only 261 and 225 mV to drive current density 

of 100 mA cm−2 for OER and HER in 1 M KOH electrolyte, respectively. As for 

overall water/seawater electrolysis, it requires voltages of 1.682 and 1.811 V to drive 

current density of 100 mA cm−2 in 1 M KOH freshwater and 1 M KOH seawater 

electrolytes, respectively, which are superior to the respective voltages required by the 

benchmark IrO2||Pt/C pair and which place this catalyst among best bifunctional 

catalysts reported thus far. Our work presents a general and economic approach 

toward the fabrication of heterogeneous bimetallic phosphide catalysts for highly 

efficient and stable hydrogen production via water/seawater electrolysis. 
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6.2 Experimental Section 

6.2.1 Synthesis of Catalysts 

6.2.1.1 Synthesis of Ni(OH)2 Nanosheets 

Ni(OH)2 nanosheets were in situ grown on the surface of Nickel foam (NF) via a 

room-temperature etching-growth approach. Briefly, a piece of commercial NF (3 cm 

× 1 cm) was first cleaned by ethanol and deionized (DI) water with the assistance of 

ultrasonication for 15 min each. Afterward, the clean NF was immersed in 

hydrochloric acid (HCl, Marcon Fine Chemical, 3 M), for 1.5 h to etch the surface, 

followed by an immersion treatment in DI water for 24 h to grow Ni(OH)2 nanosheets 

on the surface. 

6.2.1.2 Synthesis of Ni2P-Ni5P4 Microsheets 

In a typical phosphidation procedure, 120 mg red phosphorous powder (P, Sigma-

Aldrich) was placed upstream in a tube to serve as the phosphorous source. 

Subsequently, the as-obtained Ni(OH)2/NF precursor was placed at the center of the 

tube and was phosphorized under an Ar steam at 450 °C for 1.5 h. After being cooled 

down, the resulting product was denoted Ni2P-Ni5P4/NF. 

6.2.1.3 Synthesis of Ni2P-Fe2P Microsheets 

To synthesize Ni2P-Fe2P microsheets, the Ni(OH)2/NF was first soaked in a 0.1 M 

aqueous iron nitrate solution [2 mmol Fe(NO3)3·9H2O (Alfa Aesar) dissolved in 20 

mL DI water] at room temperature for 1 h. After the ion-exchange process with Fe 

cations was complete, the light red (Ni,Fe)(OH)2/NF precursor was removed from the 

solution and then underwent the phosphidation process as described above for 

synthesizing Ni2P-Ni5P4/NF. Here, the resulting product was denoted Ni2P-Fe2P/NF. 
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In order to confirm the optimal iron nitrate solution concentration of 0.1 M, other 

Ni2P-Fe2P/NF-X (X = 0.025, 0.05, and 0.15) samples were prepared via a similar 

procedure except that the Ni(OH)2/NF samples were each soaked in a different 

aqueous iron nitrate solution with a concentration of 0.025, 0.05, or 0.15 M, 

respectively. 

6.2.1.4 Preparation of Pt/C and IrO2 Electrodes 

To prepare the Pt/C and IrO2 electrodes, 80 mg active material [either platinum (Pt, 

nominally 20% on carbon black, Alfa Aesar) or iridium oxide (IrO2, 99%, Alfa Aesar)] 

was uniformly dispersed in a mixture solution containing 90 μL Nafion solution (5%, 

Sigma-Aldrich), 810 μL ethanol, and 600 μL DI water with the assistance of intense 

ultrasonication. A clean piece of NF was then soaked in the solution for 1 h to let the 

active material coat the surface, followed by drying at 50 °C for 12 h in an oven. The 

loading masses of Ni2P-Fe2P, Ni2P-Ni5P4, and Pt/C (IrO2) were calculated to be 

around 15.0, 16.0, and 12.8 (7.7) mg cm−2, respectively. 

6.2.2 Physical and Chemical Characterization 

The crystal structures and compositions of the as-prepared samples were 

characterized by X-ray diffraction (XRD, PANalytical X'pert PRO, Cu Kα radiation). 

The morphologies and X-ray energy-dispersive spectroscopy (EDS) were examined by 

scanning electron microscopy (SEM, LEO 1525) and transmission electron 

microscopy (TEM, JEOL 2010F). The X-ray photoelectron spectroscopy (XPS) was 

acquired using a PHI Quantera XPS scanning microprobe to determine the valence 

states. Atomic force microscopy (AFM) characterization was performed with a Bruker 

8 atomic force microscope to measure microsheet thickness. 
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6.2.3 Electrochemical Characterization 

Electrochemical characterizations of all samples were performed on a Gamry 

Reference 600 electrochemical station. The catalytic activity was determined using a 

three-electrode configuration in which a carbon rod and a Pt wire were used as the 

counter electrode for HER and OER testing, respectively; a Hg/HgO electrode was 

used as the reference electrode; and each as-prepared sample was used as the working 

electrode. The catalytic activity was evaluated in three different types of alkaline 

electrolytes, 1 M KOH, 1 M KOH + 0.5 M NaCl, and 1 M KOH seawater. All 

potentials applied were calibrated to the reversible hydrogen electrode (RHE) using 

the equation: ERHE = EHg/HgO + 0.098 + 0.0591 × pH, where the pH of all these three 

electrolytes is around 14. The linear sweep voltammetry (LSV) curves were recorded 

at a scan rate of 2 mV s−1 with iR (current times internal resistance) compensation. 

The overpotential (η) for HER was recorded as the calculated ERHE and that for OER 

was calculated as η = ERHE − 1.23 V. The Tafel slope (b) was calculated by η = a + b 

log (j), where j is the current density. Overall alkaline water/seawater electrolysis tests 

were carried out in a homemade two-electrode cell using bifunctional N2P-Fe2P/NF as 

both the anode and cathode electrodes. Electrochemical impedance spectroscopy (EIS) 

was performed at the overpotentials of 300 mV for OER and 250 mV for HER from 

0.01 Hz to 100 kHz in 1 M KOH electrolyte. For durability testing, 3,000 CV cycles 

were performed between 1.225 and 1.525 V vs. RHE for OER and between 0 and -

0.250 V vs. RHE for HER with a scan rate of 100 mV s−1, and the corresponding LSV 

curves were recorded before and after the CV cycles were performed. The 

chronopotentiometric measurements were recorded at the current densities of 100 and 
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500 mA cm−2 in both 1 M KOH and 1 M KOH seawater electrolytes. Natural seawater 

was collected from Galveston Bay, Galveston, Texas, USA (29.303° N, 94.772° W). 

Before use in experiments, the natural seawater was kept in a bottle for around one 

week to let the sand and particles visible to the naked eye settle to the bottom, after 

which the supernatant was collected. 

6.2.4 Calculation of TOF 

The TOF value of OER/HER was estimated using the equation:47, 178 

TOF =
Number of total oxygen (or  hydrogen) turn overs / geometrical area (cm2)

Number of surface active sites / geometrical area (cm2)
. 

The total numbers of oxygen/hydrogen turn overs were calculated using the 

equations:41 

Number of O2 = �j
A

cm2� �
1 C s-1

1000 mA
��

6.02 ×1023 O2 molecules
1 mol O2

� �
1 mol e-

96485.3 C
� �

1 mol O2

4 mol e- � 

                          = 1.56 ×1015 
O2 s-1

cm2  per 
mA
cm2 , and 

Number of H2 = �j
A

cm2� �
1 C s-1

1000 mA
��

6.02 ×1023 H2 molecules
1 mol H2

� �
1 mol e-

96485.3 C
� �

1 mol H2

2 mol e- � 

                          = 3.12 ×1015 
H2 s-1

cm2  per 
mA
cm2 . 

The nature of the active sites is not yet understood, we thus estimated the number 

of the active sites as the total number of the surface sites from the roughness factor 

together with the unit cell of the catalysts, which may underestimate the real TOF. The 

active sites can be calculated using following equations and corresponding unit cell 

information shown in Figure 6.11c-e: 

Number of active sites = �
Number of atoms/unit cell

 Volume/unit cell
�

2/3

, 
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Number of active sites (Ni2P) =�
9 atoms/unit cell

 100.04 Å3 /unit cell
�

2/3

= 2.00×1015 atoms cm-2, 

Number of active sites (Ni5P4) = � 36 atoms/unit cell

 439.16 Å3 /unit cell
�

2/3
=1.89×1015 atoms cm-2, and 

Number of active sites (Fe2P) =�
9 atoms/unit cell

 100.33 Å3 /unit cell
�

2/3

=2.00×1015 atoms cm-2. 

So, the total number of the active sites of Ni2P-Fe2P is 2.00 × 1015 atoms cm−2 and 

of Ni2P-Ni5P4 is around 1.95× 1015 atoms cm−2. Then, the plots of current density can 

be converted into TOF plots using the following formulas: 

TOFOER = 
1.56 ×1015 O2 s-1

cm2  per mA
cm2  × j 

Number of active sites× AECSA
 and 

TOFHER = 
3.12 ×1015 H2 s-1

cm2  per mA
cm2  × j 

Number of active sites× AECSA
. 

6.2.5 Calculation of Faradaic Efficiency  

Overall seawater electrolysis for gas chromatography (GC, GOW-MAC 350 TCD) 

tests were performed in a gas-tight homemade two-electrode cell in 1 M KOH 

seawater electrolyte. Chronopotentiometry was applied with a constant current of 100 

mA to maintain oxygen and hydrogen generation. For each measurement over an 

interval of 30 min, a 0.3 mL gas sample was extracted from the sealed cell and 

injected into the GC instrument using a glass syringe (Hamilton Gastight 1002).20  

The theoretical amount of evolved gases was calculated using the equations: m = 

Q/(n × F) and Q = i × t, where m is the theoretical amount (mol) of gaseous products, 

Q is the accumulated charge (C), n is the number of electrons transferred (n = 2 for 

HER and n = 4 for OER), F is the Faraday constant (96,485 C mol-1), i is the current 
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(A), and t is the time (s). The faradaic efficiency (FE) of O2 gas was calculated 

according to the equation: FE = measured amount of O2 gas/theoretical amount of O2 

gas × 100%. 

6.3 Results and Discussion 

6.3.1 Structural and Compositional Analysis Results 

 

Figure 6.1. Schematic illustration of the formation of Ni2P-Fe2P/NF via a three-step in 
situ growth-ion exchange-phosphidation procedure. 

As schematically illustrated in Figure 6.1, the Ni2P-Fe2P/NF catalyst was 

synthesized via a three-step in situ growth-ion exchange-phosphidation approach, in 

which commercial nickel foam (NF) was employed as both the conductive substrate 

and the Ni source. First, the surface of the NF (Figure 6.2a-b) was converted to 

Ni(OH)2 nanosheets (Figure 6.2c-d) using a novel “etching growth” method reported 

here for the first time. Briefly, a piece of clean NF was etched by 3 M HCl for 1.5 h 

and then immersed in DI water for another 24 h at room temperature to grow uniform 

nanosheets. The composition of these nanosheets was determined to be Ni(OH)2 by 

their X-ray diffraction (XRD) pattern (Figure 6.2e) and Raman curve (Figure 6.2f), 

respectively. 
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Figure 6.2. SEM images of (a, b) pristine Ni foam and (c, d) Ni(OH)2/NF. (e) XRD 
patterns of pristine Ni foam and Ni(OH)2/NF samples. (f) Raman spectrum 
of Ni(OH)2/NF sample. 

Following this facile conversion, the as-obtained Ni(OH)2/NF underwent ion 

exchange with Fe cations by being soaked in an aqueous iron nitrate solution (Figure 

6.3). Compared to pristine NF with a smooth surface, the nanosheet-structured 

Ni(OH)2/NF with a hydrophilic feature is able to load more Fe cations to form 

(Ni,Fe)(OH)2/NF, which is light red in color, as proved by the bottom photographs in 

Figure 6.3. Finally, the Ni(OH)2/NF and (Ni,Fe)(OH)2/NF precursors were converted 

to nickel phosphide and nickel iron phosphide, respectively, during the subsequent 

phosphidation process. 
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Figure 6.3. (a) Photograph of pristine NF undergoing ion exchange in 0.1 M iron 
nitrate solution. Photographs of Ni(OH)2/NF undergoing ion exchange in 
(b) 0.025 M, (c) 0.05 M, (d) 0.1 M, and (e) 0.15 M iron nitrate solutions. 

The SEM images of nickel phosphide in Figure 6.4a-c show that numerous 

smooth microsheets up to 10 µm in length were grown on the NF substrate and the 

corresponding EDS mapping images in Figure 6.4d-e indicate that the P atoms were 

uniformly alloyed with Ni over the whole surface. XRD measurements were employed 

to investigate the compositions of these as-prepared phosphide-based samples. As 

shown in Figure 6.4f, the main diffraction peaks of nickel phosphide can be well 

indexed to Ni2P (PDF#03-0953) and Ni5P4 (PDF#18-0883), indicating that the nickel 

phosphide sample is a Ni2P-Ni5P4 hybrid. This result is similar to that from our earlier 

work employing a similar phosphidation approach on pristine Ni foam.42 
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Figure 6.4. (a, b) SEM images and (c) Ni and (d) P EDS mapping images 
corresponding to (b) of nickel phosphide. (f) XRD pattern of a nickel 
phosphide sample obtained from the phosphidation of a Ni(OH)2/NF. 

Unlike for the Ni2P-Ni5P4 sample, the surface morphology of the nickel iron 

phosphide microsheets was significantly modified by the Fe cations, resulting in a 

rough topography with some nanoparticles attached as shown in the SEM images 

(Figure 6.5a-c). A slice of a Ni2P-Fe2P microsheet was selected for transmission 

electron microscopy (TEM) measurement (Figure 6.5d). The interplanar spacings 

determined by high-resolution TEM (HRTEM) and shown in Figure 6.5e are 0.221, 

0.167, and 0.508 nm, corresponding to the (111) and (211) planes of Ni2P and the (100) 

plane of Fe2P, respectively. The heterostructure, which can produce an interfacial 

bonding effect and is beneficial for exposing more active sites,49-50 can be directly 

observed by the phase boundary between the Ni2P and Fe2P phases marked in Figure 

6.5e. The ring patterns from selected area electron diffraction (SAED) shown in 

Figure 6.5f reveal the characteristic (001) and (200) facets of Fe2P and the (111) and 

(210) facets of Ni2P. The uniform distribution of elemental Ni, Fe, and P inside a 
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single microsheet is illustrated by the energy-dispersive X-ray spectrometry (EDX) 

mapping images in Figure 6.5g-j. This synthesis method can result in a homogeneous 

Ni2P-Fe2P product in which the atomic ratio of Fe is around 3.2%. The XRD pattern of 

the nickel iron phosphide sample (Figure 6.5k) also reveals that it was transformed 

into a mixture of Ni2P (PDF#03-0953) and Fe2P (PDF#51-0943) following the 

introduction of Fe cations in the ion-exchange process, which matches well with the 

TEM characterizations above. The in situ growth of Ni2P-Fe2P microsheets on the 

conductive NF will enhance the transportation of electrons and reduce the charge-

transfer resistance between the catalyst and the electrolyte.51 

 



 

135 

 

Figure 6.5. (a-c) SEM, (d) TEM, and (e) HRTEM images, and (f) SAED pattern of 
Ni2P-Fe2P. (g) TEM image and (h-i) corresponding EDX mapping images 
of a Ni2P-Fe2P microsheet. (k) XRD pattern of nickel iron phosphide. 

In addition, the thickness of a Ni2P-Fe2P microsheet was measured to be only 7.4 

nm (Figure 6.6), which can effectively increase the active catalytic surface area for 

water electrolysis. The microsheet structures of Ni2P-Fe2P/NF-X (X = 0.025, 0.05, and 

0.15) samples synthesized using solutions with iron nitrate concentrations of 0.025 M, 

0.05 M, and 0.15 M, respectively, show slight differences (Figure 6.7), in which 

higher Fe concentration leads to a rougher surface and larger microsheets. 

 

Figure 6.6. (a) AFM image and (b) corresponding height profile of a Ni2P-Fe2P 
microsheet. 

 
Figure 6.7. SEM images of (a-b) Ni2P-Fe2P/NF-0.025, (c-d) Ni2P-Fe2P/NF-0.05, and 

(e-f) Ni2P-Fe2P/NF-0.15. 
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To investigate the surface chemical composition and valence states of the Ni2P-

Fe2P microsheet, X-ray photoelectron spectroscopy (XPS) depth profiling analysis 

was carried out. The signals of elemental Ni, P, and Fe clearly appear in the overall 

XPS spectra of Ni2P-Fe2P (red curve in Figure 6.8a), matching well with the sample’s 

XRD and EDX mapping data. For elemental Ni, the high-resolution XPS spectra of Ni 

2p in Ni2P-Fe2P (Figure 6.8b) can be deconvolved to a pair of Ni2+ 2p3/2 and Ni2+ 

2p1/2 peaks with binding energies at around 855.6 and 871.8 eV, respectively, in 

addition to two satellite peaks. The peaks of Ni for Ni2P with binding energy at around 

853.1 eV can be observed in the XPS spectra of both Ni2P-Fe2P and Ni2P-Ni5P4. As 

for the high-resolution XPS spectra of P (Figure 6.8c), in addition to the huge 

oxidation peak for P-O at 134.5 eV, two peaks for P 2p at 128.6 and 129.5 eV, which 

are assigned to P 2p3/2 and P 2p1/2 (either Ni2P or Fe2P), respectively, can be found.179 

The intensity of the P 2p peaks in the Ni2P-Fe2P spectrum is relatively higher than that 

for Ni2P-Ni5P4, suggesting the enhanced combination of P with both Ni and Fe, which 

leads to improved conductivity in this bimetallic phosphide composition.36, 45, 180 The 

XPS spectrum of Fe 2p in Ni2P-Fe2P is displayed in Figure 6.8d. The peaks of Fe 

2p3/2 and Fe 2p1/2 located at 711.3 and 724.2 eV, respectively, are assigned to Fe2+.43, 

181 The higher binding energy peaks located at around 714.8 and 725 eV, 

corresponding to the Fe oxide species (Fe3+), result from the surface oxidation of 

Fe2P.182 Additionally, a peak at 707.1 eV, which is assigned to the Fe in Fe2P, can be 

detected. 
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Figure 6.8. (a) Overall XPS spectra of Ni2P-Ni5P4 and Ni2P-Fe2P. High-resolution 
XPS spectra of (b) Ni and (c) P in Ni2P-Ni5P4 and Ni2P-Fe2P and of (d) Fe 
in Ni2P-Fe2P. 

6.3.2 Catalytic Performance of Synthesized Catalysts 

6.3.2.1 Catalytic Performance in Alkaline Freshwater 

The catalytic performance of these as-prepared samples was evaluated using a 

three-electrode configuration with a scan rate of 2 mV s−1. For comparison, IrO2 and 

Pt/C catalysts loaded on NF were also examined as OER and HER references, 

respectively. To avoid the oxidation-peak effect and determine the overpotential of the 

Ni2P-Fe2P/NF catalyst at a small current density, CV curves were obtained using the 

same scan rate (Figure 6.9a). For OER activity in 1 M KOH electrolyte, the optimized 

Ni2P-Fe2P/NF sample, which was undergoing ion exchange in 0.1 M iron nitrate 

solution, needs an overpotential of only 218 mV to attain a current density of 10 mA 

cm−2 (Figure 6.9b-c). The relevant linear sweep voltammetry (LSV) curves in Figure 

6.10a reveal that the Ni2P-Fe2P/NF catalyst exhibits superior catalytic activity 
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compared to the others. It requires overpotentials of 261 and 337 mV to drive current 

densities of 100 and 1,000 mA cm−2, respectively, which are smaller than the 

respective values for IrO2 (341 and 438 mV), Ni2P-Ni5P4/NF (315 and 492 mV), and 

Ni(OH)2/NF (405 mV at 100 mA cm−2), indicating a remarkable enhancement in OER 

activity by synthesizing this heterogeneous bimetallic phosphide. The overpotential 

(218 mV) of Ni2P-Fe2P/NF required to achieve current density of 10 mA cm−2 is 

superior to many other self-supported phosphide-based and even LDH-based catalysts 

reported recently, including (Co0.52Fe0.48)2P ribbon (270 mV),183 NiCoP/NF (280 

mV),47 NiCoP/Cu wire (220 mV),48 Ni-Fe-P/NF (229 mV),184 N-NiCoP/Ni-Co foam 

(225 mV),185 FeP2/NF (240 mV),182 NiFeRu LDH/NF (225 mV),52 and NiFe 

LDH@NiCoP/NF (220 mV)89. To further assess the intrinsic catalytic activity of these 

catalysts, their OER catalytic kinetics were studied using the corresponding Tafel plots 

calculated from Figure 6.10a. As shown in Figure 6.10b, the Tafel slope value of 

Ni2P-Fe2P/NF is as low as 58 mV dec−1, which is much lower than that of Ni2P-

Ni5P4/NF (83 mV dec−1), showing that the introduction of Fe results in a higher 

transfer coefficient and enhanced catalytic kinetics. Supported by conductive Ni foam, 

all of these catalysts exhibit a low charge-transfer resistance (Rct) as revealed by the 

electrochemical impedance spectroscopy (EIS) analysis in Figure 6.10c. The Rct of 

Ni2P-Fe2P/NF (~2.1 Ω) is much smaller than that of Ni2P-Ni5P4/NF (~7.4 Ω), 

confirming that the bimetallic phosphide Ni2P-Fe2P/NF has enhanced conductivity.36, 

180 Moreover, the OER turnover frequency (TOF) for Ni2P-Fe2P/NF at the 

overpotential of 300 mV is found to be 0.925 s−1 (Figure 6.11a), and this magnitude is 

approximately three times as high as that of Ni2P-Ni5P4/NF (0.307 s−1). Notably, the 
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EIS and TOF analyses all agree well with the superior OER activity of Ni2P-Fe2P 

shown by the LSV curves in Figure 6.10a. To test the durability of the Ni2P-Fe2P/NF 

catalyst in 1 M KOH electrolyte, OER LSV curves were recorded before and after 

3,000 CV scans (Figure 6.10d), showing negligible difference, confirming good CV 

cycling stability. The durability of the Ni2P-Fe2P/NF catalyst was also determined by a 

two-step chronopotentiometric measurement performed sequentially at current 

densities of 100 and 500 mA cm−2 (Figure 6.10e). Only negligible voltage elevation 

can be observed even at current density of 500 mA cm−2 for 24 h continuous testing, 

showing the excellent durability of Ni2P-Fe2P/NF under a large current density. 

 

Figure 6.9. (a) OER CV and (d-e) HER LSV curves of these catalysts in 1 M KOH. (b) 
LSV curves collected from high to low potentials from (a). Comparison of 
the overpotentials of these catalysts for (c) OER and (f) HER. 
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Figure 6.10. (a) OER LSV curves, (b) Tafel plots, and (c) Nyquist plots of these 
catalysts in 1 M KOH. (d) OER LSV curves of Ni2P-Fe2P/NF before and 
after CV cycles. (e) Stability performance of Ni2P-Fe2P/NF for OER. 

 

Figure 6.11. TOF curves of the corresponding of Ni2P-Fe2P and Ni2P-Ni5P4 electrodes 
for (a) OER and (b) HER. Unit cells of (c) Ni2P, (d) Ni5P4, and (e) Fe2P. 
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The HER activity of the Ni(OH)2/NF, Ni2P-Ni5P4/NF, and Ni2P-Fe2P/NF samples 

was compared to that of Pt/C in 1 M KOH electrolyte, and the Pt/C catalyst was found 

to require the lowest overpotentials to drive current densities lower than 520 mA cm−2, 

as shown by the HER LSV curves displayed in Figure 6.12a. Specifically, to drive 

current densities of 10 and 100 mA cm−2, the Pt/C catalyst requires overpotentials of 

41 and 107 mV, respectively, smaller than the respective values for Ni2P-Fe2P/NF 

(128 and 225 mA mV). Nevertheless, the in situ grown Ni2P-Fe2P/NF catalyst shows 

dramatically enhanced HER performance at high current density, requiring 

overpotentials of only 298 and 333 mV to drive current densities of 500 and 1,000 mA 

cm−2, respectively. Additionally, among the four Ni2P-Fe2P/NF samples synthesized 

using solutions with different iron nitrate concentrations, the HER activity of the 0.1-

M-concentration sample is the best (Figure 6.9d-f). The corresponding Tafel slope (86 

mV dec-1, Figure 6.12b) and Rct (~0.98 Ω, Figure 6.12c) of Ni2P-Fe2P/NF are both 

smaller than those of Ni(OH)2/NF (115 mV dec-1 and ~7.8 Ω) and Ni2P-Ni5P4/NF (125 

mV dec-1 and ~4.6 Ω), indicating its higher transfer coefficient and electronic 

conductivity. The corresponding HER TOF for Ni2P-Fe2P/NF at the overpotential of 

250 mV is 0.949 s−1 (Figure 6.11b), much higher than that of Ni2P-Ni5P4/NF (0.248 

s−1). In addition, the superior stability of the Ni2P-Fe2P/NF catalyst for HER was 

confirmed by the nearly completely overlapping LSV curves before and after 3,000 

CV scans (Figure 6.12d) and the stable long-term chronopotentiometric measurement 

(Figure 6.12e). 
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Figure 6.12. (a) HER LSV curves, (b) Tafel plots, and (c) Nyquist plots of these 
catalysts in 1 M KOH. (d) HER LSV curves of Ni2P-Fe2P/NF before and 
after CV cycles. (e) Stability performance of Ni2P-Fe2P/NF for OER. 

6.3.2.2 Catalytic Performance in Alkaline Seawater 

Many experimental studies and theoretical analyses have indicated that the main 

challenges for alkaline seawater splitting are the formation of hypochlorite on the 

anode side, which will compete with OER, and the problem of electrode corrosion.16-18, 

20, 23, 186 Considering the excellent OER activity of Ni2P-Fe2P/NF, which requires an 

overpotential of only 337 mV to drive a current density of 1,000 mA cm−2 in 1 M 

KOH electrolyte, well below the maximum theoretical value of ~480 mV for avoiding 

the formation of hypochlorite, it has a high probability of being a suitable catalyst for 

seawater splitting. We measured the catalytic activity of all of the as-prepared samples 

in alkaline seawater (1 M KOH seawater) electrolyte. As shown in Figure 6.13a-b, 

Ni2P-Fe2P/NF in 1 M KOH seawater exhibits worse performance for both OER and 

HER, respectively, than in 1 M KOH (Figure 6.10a and Figure 6.12a, respectively). 

The poorer catalytic activity of catalysts in seawater is mainly due to obstruction of 
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active sites and surface poisoning by ions or particles in the seawater.18, 20, 23 

Specifically, Ni2P-Fe2P/NF needs overpotentials of 305 (252) and 431 (389) mV to 

drive current densities of 100 and 1,000 mA cm−2, respectively, as an OER (HER) 

catalyst in 1 M KOH seawater electrolyte. The overpotentials needed for Ni2P-

Fe2P/NF to drive current densities of 10, 100, 500, and 1,000 mA cm−2 in 1 M KOH 

and 1 M KOH seawater electrolytes as an OER and a HER catalyst are summarized in 

Figure 6.13c. To verify the stability of this Ni2P-Fe2P/NF catalyst in seawater, we 

conducted both OER and HER stability tests in 1 M KOH seawater electrolyte 

(without any purification). As shown in Figure 6.13d-e, this self-supported Ni2P-

Fe2P/NF catalyst could work continuously for 36 h at a current density of 100 mA 

cm−2 and for more than 23 h at a current density of 500 mA cm−2, exhibiting good 

stability. 

 

Figure 6.13. (a) OER and (b) HER LSV curves of these catalysts in 1 M KOH 
seawater. (c) Overpotentials required for the Ni2P-Fe2P/NF for OER and 
HER. Stability performance of Ni2P-Fe2P/NF for (d) OER and (e) HER. 

SEM, EDS, and XPS were used to study the electrodes after OER/HER stability 

testing (each tested at a current density of 100 mA cm−2 for 36 h) in 1 M KOH 
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seawater. As shown in Figure 6.14a-b and 6.14c-d, the microsheet structure of Ni2P-

Fe2P/NF was well maintained after either OER or HER stability testing, respectively, 

showing the electrode’s excellent corrosion resistance and chemical stability in 

seawater. The corresponding EDS spectrum of the post-OER electrode (Figure 6.14e) 

shows that the peak for elemental P decreased sharply while the peak for elemental O 

became the highest, in comparison with the peaks in the spectrum of the initial Ni2P-

Fe2P/NF electrode (Figure 6.14f), suggesting that the Ni2P-Fe2P surfaces were 

oxidized to oxides and/or hydroxides during the OER stability test.18, 187 For both post-

OER and -HER (Figure 6.14g) electrodes, signals for the metals in the natural 

seawater (such as Ca and Mg) can be clearly detected. The valence states of elemental 

Ni, Fe, and P for all of these three electrodes were detected by XPS. There is no 

obvious change in the valence state of any of these three elements between the post-

HER electrode and the initial electrode (blue and red curves, respectively, in Figure 

6.14h-j). As for the post-OER electrode, both the Ni and Fe were oxidized to a higher 

oxidation state with a larger satellite peak as evidenced by the slight shifts in brown 

curves in Figure 6.14h-i, respectively, suggesting that they were oxidized to Ni-/Fe-

oxides and/or -hydroxides. This can be further proved by the observations of the 

enhancement in P-O bonding and the decrease of P2p for elemental P in the post-OER 

electrode (Figure 6.14j).89, 187 To further explore the catalytic activity of the Ni2P-

Fe2P/NF electrode under real conditions,18, 188-189 the LSV curves for OER and HER in 

the three studied electrolytes without iR compensation were also obtained (Figures 

6.15b and 6.15d, respectively). 
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Figure 6.14. SEM images of Ni2P-Fe2P electrodes after 36 h continuous testing for (a-
b) OER and (c-d) HER catalysis. EDS spectra of (e) post-OER, (f) original, 
and (g) post-HER Ni2P-Fe2P. XPS spectra of (h) Ni, (i) Fe, and (j) P. 

 

Figure 6.15. OER CV curves of Ni2P-Fe2P/NF in different electrolytes (a) with and (b) 
without iR compensation. HER LSV curves of the Ni2P-Fe2P/NF sample in 
different electrolytes (c) with and (d) without iR compensation. 
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The overall water/seawater electrolysis performance of the Ni2P-Fe2P/NF catalyst 

was investigated using a homemade two-electrode configuration in which it worked as 

both the anode and cathode electrodes. To drive a current density of 10 mA cm−2 in 1 

M KOH electrolyte (Figure 6.16a), Ni2P-Fe2P/NF requires voltage of 1.561 V, which 

is higher than that for the IrO2||Pt/C pair (1.531V). However, this in situ grown Ni2P-

Fe2P microsheet shows better catalytic performance at higher current densities, 

requiring voltages of 1.682 and 1.865 V to drive current densities of 100 and 500 mA 

cm−2, respectively. These values are not only smaller than those for the IrO2||Pt/C pair 

(1.695 and 1.954 V, respectively), but are also superior to those of many other self-

supported bifunctional catalysts displayed in Figure 6.16b, showing the higher energy 

conversion efficiency of Ni2P-Fe2P/NF at larger current densities. For overall seawater 

splitting, Ni2P-Fe2P/NF requires voltages of 1.811 and 2.004 V to drive current 

densities of 100 and 500 mA cm−2, respectively, in 1 M KOH seawater electrolyte. 

Additionally, the gap between the overall water and seawater splitting performance of 

the Ni2P-Fe2P/NF catalyst (red solid and dashed curves, respectively) is much 

narrower than that of the IrO2||Pt/C pair (blue solid and dashed curves, respectively), 

confirming that its catalytic activity is well maintained even in real seawater 

conditions. This result matches well with the OER and HER LSV curves displayed in 

Figure 6.13a-b, respectively, which show that the performance of the respective 

noble-metal-based catalysts IrO2 and Pt/C declines heavily in 1 M KOH seawater 

electrolyte in comparison with the results for 1 M KOH electrolyte shown in Figure 

6.10a and Figure 6.12a, respectively. TMPs have also been reported to possess good 

corrosion resistance generated by alloying metallic cations with P,16, 18, 36, 190 which 
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can address the critical electrode corrosion problem in seawater electrolysis. This 

viewpoint can be confirmed by durability testing of Ni2P-Fe2P/NF for overall 

water/seawater electrolysis. As shown in Figure 6.16c and 6.16d, the voltage needed 

by the Ni2P-Fe2P/NF catalyst can be well maintained with only a slight increase over 

48 h of continuous operation at a current density of 100 mA cm−2 in both alkaline 

water and alkaline seawater, respectively, showing excellent stability toward overall 

water/seawater electrolysis. Benefiting from its hydrophilic surface feature and 

superior corrosion resistance, this catalyst was also found to work well for more than 

38 h even at a large current density of 500 mA cm−2 in alkaline seawater despite some 

fluctuation. The long-term stability of the Ni2P-Fe2P/NF catalyst under large current 

densities demonstrates its promise for producing hydrogen fuels from real seawater. 

 

Figure 6.16. (a) Overall water/seawater electrolysis of Ni2P-Fe2P/NF and Pt/C||IrO2 
pairs. (b) Comparison of the catalytic performance. Stability performance 
of Ni2P-Fe2P/NF pair in (c) 1 M KOH and (d) 1 M KOH seawater. 

A gas chromatography (GC) test was performed to measure the faradaic efficiency 

of Ni2P-Fe2P/NF in overall seawater electrolysis. As shown in Figure 6.17a, only the 

signals for H2 and O2 gas can be found in the resulting GC curves, indicating there is 
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no Cl2 gas produced during the chronopotentiometry test. Meanwhile, the amount of 

measured H2 and O2 gases matches well with the theoretical gas amount, showing a 

nearly 100% faradaic efficiency (Figure 6.17b).  

 

Figure 6.17. (a) GC signals of H2 and O2 gas during 90 min GC testing. (b) Measured 
(dots) and theoretical (solid line) gaseous products by the two-electrode 
electrolyzer at a current of 100 mA in 1 M KOH seawater. 

The electrolyzer design and the pretreatment of seawater electrolytes play important 

roles in water electrolysis performance. Besides the homemade two-electrode 

configuration in Figure 6.18a, we also conducted all of the overall water/seawater 

electrolysis tests using an H-type electrolyzer with an anion-exchange membrane 

(Fumasep, FAA-3-PK-130) as the separator (Figure 6.18b) to avoid O2/H2 crossover, 

and the corresponding results are shown in Figure 6.18c-d. The difference in the 

catalytic activity of Ni2P-Fe2P/NF tested in the different electrolyzers is less than 10 

mV under the current density of 500 mA cm−2. Additionally, the overall seawater 

electrolysis performance of the Ni2P-Fe2P catalyst tested in the different electrolyzers 

with and without iR compensation is shown in Figure 6.19a-b. The huge difference in 

the performance curves for the two types of electrolyzers without iR compensation 

should result from the large resistance of the membrane. Overall seawater electrolysis 

stability test performed in the homemade two-electrode cell without iR compensation 
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is listed in Figure 6.19c. The seawater electrolyte was subsequently examined using 

N,N-diethyl-p-phenylenediamine (DPD) reagent to determine whether any 

hypochlorite was formed. As shown in Figure 6.19d, there is no color change in the 

reagent, indicating that no hypochlorite was formed during overall seawater 

electrolysis. This Ni2P-Fe2P pair can work at 500 mA cm−2 continuously for 18 h in 

alkaline seawater without producing any hypochlorite. 

 

Figure 6.18. (a-b) Photographs of different electrolyzers. (c) Overall water/seawater 
electrolysis performance and (d) comparison of the overpotentials of Ni2P-
Fe2P using the electrolyzers in (a) and (b), respectively. 
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Figure 6.19. (a) Overall seawater electrolysis and (b) Voltages of Ni2P-Fe2P using 
different electrolyzers with and without iR compensation. (c) Stability 
testing of Ni2P-Fe2P and (d) corresponding ClO- formation testing result. 

6.3.3 Discussion 

Based on the above characterizations and experimental results, the impressive 

bifunctional catalytic activity of self-supported Ni2P-Fe2P/NF can be attributed to the 

following factors. First, the in situ growth of ultrathin Ni2P-Fe2P microsheets (~7.4 nm 

in thickness and > 5 μm in size) on conductive Ni foam not only stabilizes the 

structure, but also provides a large surface area to rivet and disperse the active sites, 

leading to high active material loading mass and superb catalytic performance.59 

Second, the microscale Ni2P-Fe2P sheets with a hydrophilic surface feature ensure 

intimate contact between the active sites and the electrolyte media, guarantee that the 

active sites can always take part in the water electrolysis by providing adequate space 

for the diffusion of the electrolyte, and accelerate the release of vigorous bubbles at 

large current density. These two points could be the key factors in the large 
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enhancement of the catalytic performance of the Ni2P-Fe2P/NF catalyst at high current 

density. Third, the active species of this bimetallic phosphide Ni2P-Fe2P should be P 

atoms for HER and Ni-/Fe-oxides and/or -hydroxides for OER based on the post-

seawater electrolysis analysis above. This heterogeneous bimetallic phosphide has a 

high transfer coefficient, good catalytic kinetics, and abundant catalytic active sites 

resulting from the introduction of Fe.50, 182 Especially for OER, the gradually formed 

Ni-/Fe- oxide/hydroxide phases on the surface, which have the optimized 

adsorption/desorption ability of intermediates (O*, OH*, and OOH*), and the inner 

Ni2P-Fe2P core, which has better conductivity and a high transfer coefficient, could 

produce synergistic effects in improving the catalytic performance.18 Finally, the 

enhanced stability and corrosion resistance, generated by alloying Ni and Fe with P 

atoms, helps the catalyst work well in seawater conditions. 

Although our Ni2P-Fe2P catalyst exhibits HER activity that is inferior to some 

other reported bimetallic phosphide catalysts in base, including NiCo2Px (η10 = 58 mV 

and η100 = 127 mV, where η10 and η100 are the overpotentials required to achieve 

current densities of 10 and 100 mA cm−2, respectively),41 CoP/Ni5P4/CoP (η10 = 71 

mV and η100 = 140 mV),42 and Ni2P-Cu3P (η10 = 78 mV and η100 = 190 mV),45 its OER 

and bifunctional catalytic activity in both alkaline water and seawater is very 

compelling. The reported preparation routines for bimetallic phosphide catalysts 

always require a hydrothermal reaction, electrochemical deposition, or other complex 

process to first obtain the precursor, and are not suitable for scaling up.177 Here, our in 

situ growth-ion exchange approach, in which commercial Ni foam is directly used as 

both the conductive bones and the Ni source, while the Fe cations are introduced and 
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tuned by ion exchange with solutions of different iron nitrate concentrations at room 

temperature, is more facile and economic. Both the hydrochloric acid and iron nitrate 

solution can be recycled and used for at least one additional synthesis since the 

samples obtained are very similar to the original ones. In addition, some other Ni-

based bimetallic phosphide Ni-M-P (M = metal) catalysts can be synthesized using the 

same routine except for changing the immersion solution containing M cations in the 

second step. 

6.4 Conclusion 

We have introduced a novel and economic strategy to synthesize self-supported 

Ni2P-Fe2P as an efficient bifunctional catalyst for overall water/seawater electrolysis. 

Its heterogeneous bimetallic phosphide microsheet structure, along with its 

hydrophilic feature, help it exhibit high electronic kinetics, enhanced conductivity, 

abundant active sites, and accelerated bubble-release ability, producing favorable 

synergistic effects for water electrolysis. Additionally, its enhanced stability and 

corrosion resistance resulting from the self-support effect and from alloying Ni and Fe 

with P atoms make it work well in seawater conditions. With an optimized Fe ratio 

(3.2% at), Ni2P-Fe2P/NF requires voltages of 1.682 and 1.811 V in 1 M KOH and 1 M 

KOH seawater to attain a current density of 100 mA cm−2 for overall water/seawater 

splitting, respectively, which are superior to those for the IrO2||Pt/C pair as well as 

many of the recently reported bifunctional catalysts. We believe our study opens a 

new avenue for the economic synthesis of bifunctional bimetallic phosphide catalysts 

for highly efficient and stable hydrogen production via water/seawater electrolysis. 
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CHAPTER 7 Summary and Perspective 

Efficient non-noble-metal based catalysts are in demand to promote the sluggish 

kinetics of water and seawater electrolysis. Designing innovative catalysts with high 

catalytic activity and long-term durability remains a challenge. Self-supported 

catalysts with the merits of abundant active sites and accessible synthesis process have 

emerged as promising OER or HER catalysts. Here we design and investigate different 

LDH-, TMP-, and TMN-based catalysts for water and seawater electrolysis. High 

catalytic activity, long-term durability, and enhanced chemical/structural stability 

derived from the rational design enable these catalysts to work efficiently in both 

alkaline freshwater and natural seawater electrolytes. Despite the progress made thus 

far, more research effort might can be devoted to the following to design catalysts for 

practical water and seawater electrolysis. 

(1) Developing novel synthesis methods and finding new substrates are reasonable 

ways to synthesize efficient catalysts. Different fabrication techniques result in diverse 

morphology and structures. Novel synthesis methods should be taken into 

consideration to fabricate new types of catalysts with controllable structures while 

retaining their chemical merits. Currently, the conductive substrates employed in lab 

settings are mainly nickel foam, copper foam, and carbon cloth, which are easy to use 

in growing specific nanostructures, while stainless steel or iron form might be more 

favorable in industrial applications due to their low cost and outstanding stability. It 

would be more reasonable to find new substrates to meet commercial needs rather than 

continue employing the current lab substrates for experimental studies. 
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(2) The weak understanding of the water and seawater electrolysis process has 

become an obstacle that hinders the design of catalysts. It is essential to understand the 

catalytic mechanisms of catalyst at the atomic level through the combination of 

practical experiments and theoretical analysis. For instance, operando characterization 

technologies such as in situ X-ray absorption spectroscopy (XAS), in situ Raman 

spectroscopy, and even in situ TEM would help to detect catalytic intermediates under 

real working conditions and lead to further insights into what is actually happening 

throughout the entire electrolysis process. In addition to understanding the catalytic 

performance of the remaining catalysts, it would be much more helpful if DFT 

calculation or other theoretical methods could predict potentially outstanding catalysts 

for experimentalists to synthesize, which could reduce much of the effort currently 

needed for trial and error. 

(3) The practical industrial application of self-supported catalyst in water and 

seawater electrolysis remains a challenging task. Although the catalytic activity of 

self-supported catalysts has been dramatically enhanced via various kinds of 

techniques, the catalytic performance, either catalytic activity or long-term durability, 

at large current density remains far too low for practical application. Catalysts in the 

lab setting are mainly fabricated on the micro or nano scale. Economic expense and 

mechanical stability must be taken into consideration when scaling up these self-

supported catalysts for industrial production. Each element used in the catalysts must 

be earth abundant so that the price will not be too high when large quantities are going 

to be used. 
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