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Abstract
Designing highly active, durable, and nonprecious electrodes for overall water splitting is
of urgent scientific importance to realize sustainable hydrogen production. Accordingly, the need
to search efficient energy production systems is of crucial necessity. In this thesis, two various
systems for sustainable hydrogen production have been reported using electrochemical and
photoelectrochemical pathways. In the first part of the thesis, electrochemical water splitting
involving both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) has been
established. To this end, an innovative approach is demonstrated to synthesize flower-like 3D
homogenous trimetallic Mn, Ni, Co phosphide catalysts directly on nickel foam via
electrodeposition followed by plasma phosphidation. Moreover, the electrochemical activity of the
catalysts with varying Mn: Ni: Co ratios is assessed to identify the optimal composition. The
results showed that the incorporation of phosphides into the deposited components further
enhanced the kinetics of both half-reactions by impeding their corrosion resistance and augmenting
their long-term stability. Meanwhile, the assembled MNC-P/NF||MNC-P/NF full water
electrolyzer system attains an extremely low cell voltage of 1.48 V at 10 mA/cm2. Significantly,
the robust stability of the overall system results in remarkable current retention of ~96% after a
continuous 50 h. While as the second part of the thesis involved designing, for the first time, two
typically Nb-Zr mixed oxynitride and reduced black oxide nanotubes photoelectrodes for
generating hydrogen photoelectrochemically. Ammonolysis of the nanotubes resulted in
narrowing the bandgap energy from 3.23 eV to ~2.67 eV. The Nb-Zr oxynitride nanotube arrays
showed approximately an enhancement of about 1900% over that reported for thin-film electrodes
made of niobium oxynitride and 3700% greater than that recorded for nitrogen-doped mesoporous
Nb2O5. Finally, the H2-treated nanotubes showed extraordinary stability and photoactivity upon
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their use for solar water splitting. This was accompanied by a noticeable reduction in the bandgap
energy from 3.23 eV to 2.5 eV, which is mainly correlated with the introduced oxygen vacancies
within the lattice with a remarkable conductivity. This thesis, therefore, provides a facile design
and a scalable construction of superb catalysts for efficient hydrogen production systems.
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1. Chapter 1: Introduction
1.1

The Energy Challenge

Severe energy crisis and increased ecological concerns constitute two major global issues
that have caused aggressive fossil fuel consumption and massive greenhouse gas emissions.
Throughout the past two centuries, human civilization was mainly dependent on wood and coal as
primary energy sources, which was entirely reshaped by the emergence of the industrial evolution
in the mid of 19th century. In addition, the proliferation of modern technologies in the 20th and 21st
centuries have sped up the transition from solid cool to the petroleum fuel that revolutionized
mankind's lifestyle.1 However, the industrial revolution and the ever-growing population have
resulted in an abrupt increase in the global energy consumption from approximately 21 x 103 TWh/
year today to 27 x 103 TWh/ year by 2050, which is expected to rebound every year with a 4 %
growth to reach 43 x 103 TWh/ year by 2100.2 As our reliance on fossil fuel suppliers grows
(contribute to 85% of the total worldwide energy consumption), the world is currently facing
dramatic energy challenge and associated environmental risks associated with the diminution of
fossil fuels. As of today, one can do realistic predictions to estimate the remaining reservoirs of
petroleum, coal, and natural gas through the coming decades. As predicted, we still have enough
supply of petroleum for approximately (60-160 years), coal for (150-400 years), and natural gas for
(40-80 years).3 As announced by Association for the study of Peak Oil & Gas (ASPO), our current
non-renewable reserves will run out within the coming hundred years. However, considering the
increased population parallel with the high energy demands and increasing ecological difficulties,
the total available energy stocks will soon be exhausted in less than 80 years if our consumption is
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maintained at the same rate. In terms of the cost, the energy input for extracting new oil barrels has
exceeded the energy output from the inherent fuel itself. Therefore, the current societies will
inevitably face collapse unless other alternatives are established.1

In fact, the by-products originating from burning and non-stop consumption of fossil fuels
are associated with several invisible particulates and hazard pollutants, particularly the carbon
dioxide emissions that account for approximately 80% of the global greenhouse gas effect. 4 The
atmospheric CO2 levels are highly correlated with average temperature swings, with a rapid
increase in the earth’s temperature by a periodic increase in the CO2 concentration (the annual
increase in the atmospheric CO2 rates by 2.5%), causing the heat to be trapped as shown in Figure
1-1. At that point, this is predicted to increase the planet's temperature by about 4.3% by the year
2100. As a result, the rise of sea level, land degradation, and equatorial desert expansion are
expected. As a matter of fact, over 43,000 Egyptians died from pollution-related diseases every
year, according to the World’s Health Organization (WHO).5 By 2030, it is projected that roughly
1.1 million Egyptian might be in peril of Nile flooding, on account of climate change, as reported
by the WHO.5
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Figure 1-1 Comparison of natural vs. human-induced greenhouse effects.6



The Terawatt Challenge
According to the above-mentioned consequences, researchers exert much effort to find

suitable substitutes that can replace non-renewable finite energy sources and somehow sequester
carbon dioxide emissions. The global energy outlook predicted that the total energy consumption
will increase to approximately reach 28 TW in 2050 compared to our consumed energy in 2003
(15 TW/year) to fulfill the energy demands, as shown in Figure 1-2.7 This energy crisis was first
addressed as “the terawatt challenge” in 1996 by Professor Rick Smalley, Nobel Prize laureate in
Chemistry. His study encouraged more researchers to divert away from traditional energy
approaches to more illimitable, inexhaustible, and uncontaminated alternatives. The only possible
approach to adapt our energy situation is to shift from non-renewable dwindling resources to more
sustainable ones as indicated in Figure 1-3, following Smalley’s approach.8
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Figure 1-2 Comparison of the current energy supplied vs. the energy needed from different
sources by 2050.7

Figure 1-3 The Terawatt energy challenge; switching of energy resources from the left panel
where fossil fuels are the major energy sources to the right panel where solar, wind, and
geothermal are the dominators.8
25
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Based on the recent reports by the economic affairs and energy sector, a global transition to
renewable energies has been increasing recently and is considered a breakthrough record. In 2019,
the power capacity has significantly increased to exceed 200 gigawatts compared to previous
years. However, researchers are seeking to plunge the high cost of renewable technologies by
designing new storage and production systems, thus making the transition mainly based on
renewable energy. Figure 1-4 displays the statistical analysis of the renewable energies share by
different technologies from 2013 to 2019. It could be observed that photovoltaics technology
reports the highest share amongst the renewable energy sources, thus achieving the sustainability
goals.

Figure 1-4 Statistical analysis of renewable power capacity provided from different
technologies.
Retrieved from: https://www.evwind.es/2020/08/09/renewable-energy-is-now-the-least-cost-option-inthe-power-sector/76372
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Alternative Hydrogen Fuel
As industry mainly depends on fossil fuel resources (Figure 1-5), efficient, inexhaustible,

and affordable fuels are required to satisfy the current energy demands. As an ultimate green
energy carrier, hydrogen fuel with efficient, renewable, everlasting, and totally recyclable features
has been recommended. The abundance of hydrogen gas, its light weight, excellent chemical and
physical properties, and the ability to produce triple amounts of energy compared to crude oil and
natural gas make it a possible fuel alternate.9

Figure 1-5 Global CO2 emissions from industry.9

In addition, an interesting feature of hydrogen fuel is its highest gravimetric energy value/
unit mass (LHV ~ 120 KJ/g) compared to all other known fuels, as shown in Table 1-1.

27
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Table 1-1 Comparison of selected hydrogen gas properties to other known fuels.9
Fuel

Density

HHV

LHV

ED

(Kg/m3)

(KJ/g)

(KJ/g)

(MJ/m3)

Hydrogen

0.0838

141.6

119.5

10.8

Methanol

799

20.0

18.1

14,500

Methane

0.71

55.5

50.5

32.6

Gasoline

702

47.5

44.5

31,240

Diesel

855

44.8

22.5

36,340

Importantly, one of the distinguishing virtues of hydrogen fuel is its eco-friendly nature, as
the main combustion products when ignited in the air are composed totally of water. Considering
the promising hydrogen market, it could be functionalized as a feasible substitute for fossil fuels
and serve as a carbon-free energy carrier. On one hand, hydrogen can be operated directly in the
fuel cells and react with oxygen to produce electricity with no CO2 emissions. Furthermore,
hydrogen can contribute to many other applications such as ammonia production, oil refining,
pharmaceutical, and aerospace applications, as can be observed in Figure 1-6.10
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Figure 1-6 Diverse applications of hydrogen fuel.10

Nowadays, hydrogen production can be achieved via diverse pathways as summarized in Figure
1-6. Yet, most of these routes are not effective and restricted with serious limitations, thus
hindering their applicability. As displayed in Figure 1-7, almost the whole amount of the primary
energy used for hydrogen production (~96%) comes from non-renewable fossil fuel resources,
while only 3.9 % of the hydrogen produced can be achieved via water electrolysis.2 Therefore, this
raises our concern to develop economic and sustainable technologies to produce clean hydrogen.

29
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Figure 1-7 Various hydrogen production routes with a present distribution of each one.2
Given that water is abundant and covers most of the earth’s surface, thus harvesting and
producing green energy by water splitting systems has been an ultimate goal for researchers
nowadays. As such, the water electrolysis process is widely recognized as a prosperous, most
convenient, and effective technology for industrialized H2 fuel production.11 The overall reaction
is shown in Reaction 1-1:

30
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1

H2 O + Electrical Energy → H2 (g) + 2 O2 (g)

(RXN 1-1)

However, providing the appropriate conditions for water electrolysis in terms of efficiency
and stability is a great challenge, as will be discussed further in Chapter 2. Thus, water electrolysis
is not the only attractive way by which water splitting could be performed. Since the sun is the
largest source of renewable energy on earth (~ 1.2 x 1014 KJ/ sec), therefore considerable attention
has been devoted to coupling the electrochemical water electrolysis with solar irradiation. This
huge energy induces the spectral distribution of the emitted solar irradiance. Accordingly, the use
of solar energy for generating energetic and fully- transferable hydrogen fuel emerges as an
important step towards achieving global sustainable development.11

1.3

Electrochemical Water Splitting
As concluded from the preceding sections, electrocatalysis is considered one of the

efficient pathways to generate green renewable fuels. Based on statistics, it has been announced
that approximately 44.5 million tons of hydrogen gas could be produced annually with almost 90%
of the generated hydrogen being obtained via natural gas reforming including steam methane
reforming and water gas shift. Therefore, water electrolysis, involving both hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), could be a particularly promising pathway
to produce pure H2 fuel with high efficiency, specifically when the electricity could be supplied
from renewable energy sources to be stored as chemical fuels.12 That could overcome the
intermittency and spatial distribution limitations of renewable energy sources. A graphical
representation of the electrochemical water splitting cell is shown in Figure 1-8.12 Albeit the
advantages, various associated thermodynamic and kinetic hindrances of inherent upfill HER and
OER reactions are the bottlenecks in water electrolysis technology, hence higher electrode
31

Chapter 1: Introduction

32 | P a g e

overpotential is indispensable to drive the reaction. Hence, designing highly active electrocatalysts
is a mandatory prerequisite for extensively expediting the sluggish kinetics of both half-reactions
and thus accelerating the electrocatalytic reaction rates.13 In Chapter 2, fundamentals of both halfreactions with an overview on the electrocatalysts’ development will be discussed.

Figure 1-8 Schematic representation of the water electrolysis system with HER and OER
mechanisms.12

1.4

Photoelectrochemical (Solar) Water Splitting
As stated before, taking the advantage of coupling both the water electrolyzer system with

the unlimited solar energy could be an optimized approach to enhance the overall water splitting
efficiency. Thus, solar hydrogen production systems via photoelectrochemical (PEC) water
splitting could be the most logical solution to face the terawatt challenge by providing a renewable
energy carrier. Hence, there is a growing interest to establish efficient- energy-generating systems.
Inspired by plants that could utilize solar energy to make their one food via natural photosynthesis
process, a biomimetic photo-assisted electrochemical system (artificial photosynthesis) shown in
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Figure 1-9 was introduced; a cell composed of photoactive semiconductor electrodes immersed
in a suitable electrolyte is used to split water into H2 (photocathode) and O2 (photoanode).14 Back
to 1972, Honda and Fujishima presented the earliest demonstration of the photoelectrochemical
water splitting concept (PEC) using TiO2 photoanode and Pt counter electrode, as schematically
visualized in Figure 1-10.15 By irradiating the device with photons with λ > 400 nm, e-/h+ pairs
were generated to concurrently produce H2 at the cathode and O2 at the anode, accomplishing the
water decomposition process.16
Despite the low efficiency of their constructed PEC setup (~ 0.1 %), their successful solar
water splitting system is considered a ground-breaking record that opened a new avenue for
developing more efficient systems. Therefore, the current endeavors have been directed towards
the design and fabrication of robust, earth-abundant, and highly-performing nanostructured
electrodes with high photoelectrochemical activity and excellent stability for hydrogen
generation.1 The great interest in designing nanostructured electrodes could be ascribed to their
unique chemical, physical, and optical properties in parallel with their high surface area which
enables efficient light absorption compared to bulk structures.1
To conclude, constructing metal oxide photoanodes with well-ordered and interconnected
nanostructures is of great significance which facilitates the electron percolation pathways, thus
imparting excellent catalytic efficiency.
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Figure 1-9 Schematic representation of natural vs. artificial photosynthesis.14

Figure 1-10 Honda & Fujishima setup for PEC using TiO2 photoanode.15

1.5

Thesis Scope &Organization
The aim of this research work is to achieve decent water splitting performance by

developing effective electrocatalysts and fabricating light-harvesting semiconductor materials for
PEC water splitting. This thesis demonstrates the ability to achieve such goals by rational design
34
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and novel synthesis of nonprecious, durable, and active nanostructure electrodes for sustainable
hydrogen fuel production using cost-effective routes. The thesis is structured into two main parts:
electrochemical and photoelectrochemical water splitting. As will be thoroughly detailed in
Chapter 2, two main strategies could be introduced to guarantee high electrocatalytic water
splitting performance of the TM-based phosphides including:
(1) The synergetic modulation and the proper correlation of the metallic components that could
induce more active sites.
(2) Utilizing well-conductive substrates with a high surface area such as carbon paper and
nickel foam (NF) supporters.
On the other hand, to enhance the photoelectrochemical characteristics of the investigated
semiconductor photoanodes, (i) maximizing the light absorption and (ii) maintaining fast charge
transport features are very crucial to ensure better photocatalytic activity.
This thesis includes seven chapters arranged as the following:
Chapter 1. Introduces the energy crisis and water splitting pathways.
Chapter 2. Provides insights into the fundamental principles, main challenges, and the aspects of
the electrochemical and photoelectrochemical water splitting, besides basic science of the main
characterization techniques operated throughout this thesis. In addition, some terminologies used
in photoelectrolysis were covered.
Chapter 3. Covers the relevant literature reported on the recent achievements in transition metalbased- phosphides electrocatalysts. On the other hand, this chapter highlights the recent advances
in niobium-based- photoanodes and various strategies to tailor their PEC performance.
Chapter 4. Details the experimental procedures as well as the various characterization tools
utilized throughout the thesis.
35
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Chapter 5 &6. Present the results and discussion of the investigated work. In Chapter 5, ternary
Mn-Ni-Co- based- P nanoflowers-like electrocatalysts immobilized on NF were reported as a
bifunctional electrocatalyst for complementary water electrolysis. While Chapter 6 presents the
possible strategies for optimizing the catalytic performance of the mixed Nb-Zr oxides via: (1)
fabricating well-ordered and short NTs with proper wall thickness, (2) forming mixed niobiumzirconium oxynitrides with optimized optical features, and (3) increasing the donor states and
introducing active oxygen vacancy (OV) sites via hydrogen treatment.
Chapter 7. Summarizes overall conclusions for the presented work and suggests some ideas for
future work.
Appendix A. Provides some key parameters for evaluating overall electrocatalytic activity for
both HER and OER processes.
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2. Chapter 2: Scientific Background
In this chapter, some concepts and a brief theoretical background necessary to analyze the
work are highlighted. Chapter 2 gives an overview of the water splitting reaction, the mechanistic
study of the HER and OER processes, electrocatalysts development, as well as the main parameters
used for assessing the electrocatalytic performance. Meanwhile, fundamental background about
solar irradiation, metal oxides semiconductors, as well as PEC water splitting reaction is reviewed.
Finally, an interpretation of Mott Schottky analysis and electrochemical impedance is illustrated.

2.1

Fundamentals of Water Splitting
As discussed before in Chapter 1, the water-splitting process is an inherent uphill reaction

that needs a minimum Gibbs free energy (ΔG°H2O) equals to 237.14 KJ/mol at standard T and P.
In fact, the overall water splitting reaction is a standard process that depends on various physical
and chemical parameters, specifically the electrolyte pH. Under typical alkaline operation
conditions, both half-reactions can occur as the following (Reaction 2-1).1
Alkaline Solution:


4 H2O + 4 e- → 2 H2 + 4 OH-

E0c = - 0.828V vs. NHE

(RXN 2-1)



4 OH- + 4 h+ → 2 H2O + O2

E0a = - 0.401V vs. NHE

(RXN 2-2)

As for the acidic solution counterpart, the reaction is totally different (Reactions 2-3 & 2-4).1
Acidic Solution:


4 H+ + 4 e- → 2 H2

E0c = + 0.000V vs. NHE

(RXN 2-3)
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2 H2O + 4 h+→ 4 H++ O2
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E0a = -1.229V vs. NHE

(RXN 2-4)

In theory, the overall water decomposition process can be expressed in the following reaction
(Reaction 2-5), using this Equation (2.1):1
𝚫𝐆 = 𝐧𝐅𝑬𝟎

(2.1)

Where E0 represents the thermodynamic voltage under equilibrium conditions.
Overall Reaction:
2 H2O → 2 H2 + O2

∆E = 1.23 V vs. RHE

(RXN 2-5)

Practically, this reaction couldn’t be derived beyond the thermodynamic limit, thus external
energy (greater than 1.23 V) must be applied to exceed the kinetics barriers and overcome complex
ion transfer processes at both electrodes, as depicted in Figure 2-1. Considering the PEC water
splitting system, an energetic photon, lies in the visible spectrum, with an energy ~ 2 eV is needed
to drive the water decomposition reaction.1 Practically, the voltage required to drive the watersplitting is estimated according to the following Equation (2.2):

𝐄𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐝𝐞 =

𝐄 𝒐 (𝟏.𝟐𝟑) + 𝐢𝐑 + ∑

(2.2)

Figure 2-1 Schematic representation of required potentials of water splitting process at standard
conditions.1
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Accordingly, the energy conversion efficiency of the overall water splitting reaction could
be enhanced by developing appropriate catalysts and improving the system design, with the aim
being minimizing the additional voltage supplied, as will be discussed in the following sections.

2.2

Basic Principles of EC Water Splitting
The general electrolysis process involves applying a direct current between both the anode

and the cathode electrodes, physically separated by a membrane to allow the transport of ions as
well as separate the gaseous products, as shown in Figure 2-2. Both electrodes are immersed in
water-containing electrolytes to enhance ionic conductivity. Oxygen evolution occurs at the anode,
leaving electrons that flow to the cathodic part through the external circuit to polarize the electrode
and produce hydrogen gas (HER) at the cathode.2
Based on the electrolyte pH, electrochemical water splitting could be categorized into two
main classes: alkaline and proton exchange membrane (PEM) water splitting. Although PEM is a
well-established hydrogen generation technology in the industry with fast kinetics and high
efficiency (>80%), only costly noble metals with adequate stability could catalyze the reaction.
On the contrary, alkaline water splitting systems allow utilizing alternative and inexpensive
electrocatalysts with good stability rather than noble metals counterpart.3 However, tackling the
sluggish reaction kinetics is still a challenge that needs improving.2,3
In the following sections, reaction mechanisms of both HER and OER in the alkaline
medium as well as electrocatalysts development are presented.

40

Chapter 2: Scientific Background

41 | P a g e

Figure 2-2 Schematic demonstration of the general water decomposition process.2

2.2.1 Mechanistic Insights into Hydrogen Evolution Reaction (HER)
HER is the key cathodic part of the water-splitting reaction which involves a 2- electron
transfer step. The reaction mechanism is highly influenced by the electrolyte pH. For the acidic
medium, the reduction of protons occurs (2H++ 2e-→ H2), while the dissociation of water
molecules can proceed in neutral and alkaline solutions (2H2O + 2e-→ 2OH¯ + H2). However, three
main steps are included in both acidic and alkaline pH: (Volmer, Heyrovsky, and Tafel). For
instance, the mechanism of HER in the acidic environments can follow three main pathways: it
might first involve the formation of an adsorbed hydrogen intermediate (MHads) via proton
discharging on the catalyst surface, known as the Volmer reaction (2-6).

The other two

probabilities include the electrodic desorption of hydrogen into the solution by combining one
adsorbed MHads intermediate with one reduced H+, named Heyrovsky reaction (2-7). Alternatively,
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chemical desorption by the direct coupling of the two adsorbed MHads intermediates can occur to
produce H2, known as Tafel reaction (2-8). The reaction steps are listed in the following equations:4
H+ + M + e− → MHads

(RXN 2-5)

H+ + MHads + e− → H2 + M

(RXN 2-6)

2MHads → H2 + 2M

(RXN 2-7)

Where M is the surface-active center. Conversely, the HER process can follow a different pathway
in alkaline environments due to lower hydronium ion concentration. Due to the lack of protons in
the basic medium, water molecules can participate in the reaction instead of protons being the only
source of the hydrogen atoms. Clearly, the cleavage of the strong covalent bond of the water
molecules (H-OH) could yield excess energy of approximately 498.7 kJ/mol, thus making it a
more sluggish reaction.5 Although the HER activity under the alkaline conditions is lowered by 2
or 3 orders of magnitude compared to the acidic counterpart, alkaline electrolysis is favorable in
some reactions and could yield a high performance. Even though, the nature of the alkaline HER
process is still unclear and caused many arguments amongst researchers. Therefore, developing
alkali HER systems is of great necessity to thoroughly understand the sluggish reaction kinetics.2,5
Generally, the reaction mechanism could be experimentally determined using Tafel slope as will
be discussed later.
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Assessment of Electrocatalytic HER Process

Note that the Nernstian HER potential under equilibrium conditions can change with pH
variations by a value of 59 mV when measured against NHE, causing significant issues when
comparing HER activity in various pH. To facilitate comparing both HER and OER processes, the
potential is normalized to RHE where the E value equals zero regardless of the pH, using this formula
ERHE = ENHE + 0.059 × pH. Practically, the HER process is hardly initiated at 0 V vs. RHE,
alternatively, a negative potential is needed to start the reaction, normally defined as Overpotential
(η).6
Based on elementary HER steps, the strength of the hydrogen adsorption (M-H) bond is
very crucial for guaranteeing subsequent hydrogen gas formation and measuring the effectiveness
of the HER electrocatalysts. As revealed by the “Sabatier principle”, higher reaction rates could be
attained by optimizing the intermediate chemisorption on the catalytic active sites. This trend was
further developed in 1970 by Trasatti who developed the volcano plot shown in Figure 2-3.7 He
pointed out that the exchange current density is correlated to M-H bond strength. Any further
decrease in the current density beyond the optimum M-H bond strength could be expressed as
absorbed intermediate overstabilization, thus a balance between the absorption and desorption
process is recommended. Moreover, later in 2005, Hinnermann et al. used a similar volcano plot
over various HER electrocatalysts and reported that the maximum current density could be achieved
when ∆G is close to 0.8
Thus, the energy of adsorbed hydrogen atoms (∆GH+) could be an essential descriptor of
the HER process.8
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Figure 2-3 HER volcano plots: scheming the exchange current density on the y-axis vs (a) the
intermediate M-H bond strength. (b) Free hydrogen adsorption energy.4

2.2.1.2

Platinum vs. Economic Electrocatalysts
It is widely known that heterogeneous electrocatalysts for the HER process are mainly

based on the benchmark Pt as the most active electrocatalyst with ideal M-H strength and optimum
hydrogen adsorption energy, as revealed by the volcano plot in Figure 2-3.4 Yet, the scarcity and
its high cost hinder its applicability in extensive applications. To handle such limitations, reducing
Pt loading or searching for alternative catalysts could be a more reasonable solution. For instance,
some researchers reported the possibility of decreasing the Pt amount by preparing monolayer Pt
on the tungsten carbide substrate (WC), which exhibited almost a comparable activity to the bulk
Pt foil.4 Alternatively, to further enhance the Pt efficiency, some techniques such as atomic layer
deposition could be effective for preparing single Pt atoms with high specific activity and longterm stability. Despite the above modifications, the cost is still a bottleneck for large-scale
commercialization, thus developing non-noble HER electrocatalysts is still urgent.4 Apart from the
benchmark Pt, transition metal-based materials have been recently well-adapted as effective and
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stable HER electrocatalysts that can achieve a high catalytic activity in alkaline water electrolyzers
comparable to Pt, as will be detailed in Chapter 3.4,8

2.2.2 Mechanistic Insights into Oxygen Evolution Reaction (OER)
It is widely accepted that oxygen generation isn’t always attractive as hydrogen
production however, the main role of the OER half-reaction (4OH¯→2H2+ 2H2O + 4e-) is mandatory
as it completes the water splitting system. Due to the slow kinetics of the OER process, it is
considered a bottleneck in the water-splitting system which requires a higher overpotential to
proceed the reaction compared to the HER counterpart.8 That could further hamper its widespread
utilization in many devices such as water electrolysis, rechargeable batteries, and solar fuels.
Therefore, a better and unified understanding of the OER mechanism is still a critical challenge. 8
The widely recognized OER involves four complex electron transfer steps with multiple reaction
intermediates (HO*, O*, and HOO*) that are used as descriptors to evaluate the OER activity.
Comparable with the catalytic HER process, a volcano plot can relate the catalytic activity with the
intermediate descriptor to reveal the rate-determining step. Those elementary steps are stated in the
reactions below (2-8 to 2-12) that are highly influenced by the reaction conditions. Therefore, the
overall reaction is most probably linked to the kinetic constraints of every single step. 8,9 The
following is the alkaline OER mechanism.
* + OH¯→*OH + e-

(RXN 2-8)

*OH + OH¯→*O + H2O + e-

(RXN 2-9)

*O + OH¯→*OOH + e-

(RXN 2-10)

*OOH + OH¯→* + O2+ H2O + e-

(RXN 2-11)

Instead, two *O species can form O2 gas molecule, as follows:
45

Chapter 2: Scientific Background
2*O →2* + O2

46 | P a g e
(RXN 2-12)

By the fact that the OER process is very sensitive to any pH variations, many studies
have proposed its mechanism in both acidic and alkaline environments, as shown in Figure 2-4. As
schematically shown in Figure 2-4, the reaction mechanism in the acidic medium is presented by
the blue line, while the red line demonstrates the alkaline reaction pathway. Both alkaline and acidic
paths have the same (M-OH/ M-O) intermediates with the four-electron transfer process.9 However,
different scenarios could be present by variations in the number of protons and electrons transferred
to form O2 molecules. Either, the MOOH intermediate can decompose to O2 molecules and free
active centers, or, two M-O intermediate species can combine directly to release O2 gas and an active
site (M).9

Figure 2-4 Schematic representation of the OER half-reaction in both acidic (blue) and alkaline
(red) mediums. The formation of (M-OOH) and (M-O) intermediates are represented by black and
green colors, respectively.9
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Evaluation of Electrocatalytic OER Process
As compared to HER half-reaction, OER is a more complex process that suffers from

major overpotential losses, thus limiting the overall water splitting efficiency. The overall reaction
mechanism is found to be linked to the main kinetics limitations of every single step.9 Therefore,
more attention is required to interpret the OER mechanism. As such, Butler Volmer equation could
be validated to analyze the mechanism and extract the kinetics parameter of the OER process. 9
Considering the anodic dominated OER half-reaction, the Butler Volmer equation could be
simplified to the following Equation (2.3) that could be reshaped into another form to introduce
Tafel slope (Equation 2.4) and determine the transfer coefficient value 𝛼𝑎 (Equation 2.5)10
𝜶𝒂 𝒏𝑭ῃ
𝑹𝑻

𝒋 = 𝒋𝟎 𝒆
𝒃=
𝜶𝒂 =

𝟐.𝟑 𝑹𝑻
𝜶𝒂 𝑭
𝒏𝒃
𝝂

+ 𝒏𝒓 𝜷

(2.3)

(2.4)

(2.5)

Where 𝑛𝑏 is the number of electrons transferred before the rate-determining step, 𝜈 is the ratedetermining steps, 𝑛𝑟 represents the electrons involved during the RDS, and 𝛽 is a factor of
symmetry.
Further insights into the rate-determining step of the OER process, Tafel slope could
provide a reasonable overview on the possible OER mechanism. Generally speaking, when the
first step of the OER process is the rate-determining step, the transfer coefficient and the
corresponding Tafel are 0.5 and 120 mV/dec, respectively. However, if the rate-limiting step is the
second complicated chemical step (M–OH M–O- + H+), then the transfer coefficient and Tafel
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slope are 1.0 and 60 mV/dec, respectively.10 This scenario becomes more complicated if the ratedetermining step is the electron-proton- reaction (M–OH M–O- + H+ +e-), thus yielding a Tafel
slope of 40 mV/dec. It was proposed that once the rate-determining step of the OER process is
close to the final elementary steps, smaller Tafel slopes could be obtained which is desirable for
catalytic OER.10
After several investigations on the multiple OER steps, a linear relationship between the
chemisorption and the binding energies of the proposed intermediated was found. For instance,
the binding energies of the HO*, O*, and HOO* intermediates and their relative Gibbs free
energies can be correlated to only one intermediate species such as O*. Figure 2-5 demonstrates
the theoretical OER activity of the four elementary steps plotted against the adsorption energy of
O*. Based on the theoretical investigations, the scaling for the OER intermediates could be only
realistic when the overpotential is greater than 0.37 V.9

Figure 2-5 Theoretical OER activity as a function of oxygen binding energy.11
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Noble Metals vs. Economic OER Electrocatalysts

As demonstrated in the OER volcano plot, RuO2 and IrO2 catalysts are thought to be the
benchmark OER electrodes with high performance in both acidic and alkaline environments. Even
though, their scarcity, high cost, and limited stability could hinder their industrial scale-up
applications.9 For instance, RuO2 was believed to deteriorate under anodic conditions due to the
possibility of (Ru4+) O2 deprotonation into (Ru8+) O4 under high anodic potential. Similarly, IrO2 was
reported to be a little bit worse than the RuO2 counterpart, with the probability of (Ir6+) O3 formation
that highly dissolve in the electrolyte solution. To overcome such issues, constructing a core-shell
(IrO2/RuO2) structure could be one of the effective approaches to overcome RuO2 dissolution. On
the other hand, fabricating single atomic ruthenium on conductive substrates could enhance its
stability and improve the efficiency towards the OER.12 However, their widespread utilization in
electrochemical water electrolyzers is still a great challenge. To tackle such challenges, many efforts
have been directed towards developing optimal OER catalysts with high catalytic performance.
Thus, the electrochemical behavior of most transition metal-based catalysts has been recently
investigated, thanks to their rich redox properties and decent activity for the OER process. Till now,
Ni and Co-based electrodes are explored as effective and stable OER electrocatalysts, as will be
discussed in Chapter 3.9,12

2.3

Critical Assessments of the Electrocatalytic Activity Parameters
From further insights into the origin of electrocatalytic HER and OER performance, the

optimum factors for a higher catalytic activity were thoroughly deciphered, which is of crucial
importance. In this perspective, some basic parameters including the overpotential @certain
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current density, the exchange current density, ECSA, Mass activity, TOF, stability, and activity
protocols were covered. 9,13

A. Overpotential & Onset potential
Overpotential is considered the most significant activity parameter that can de be defined
as the excess potential required to sustainably conduct the electrochemical reaction. Due to several
thermodynamic and kinetic barriers, driving certain reactions usually requires operational potential
beyond the theoretical reversible HER and OER values, which are 0 and 1.23 V vs. RHE,
respectively. To date, the current density of 10 mA/cm2 has been frequently reported as the
benchmark value to analyze the activity of most HER and OER catalysts. This current density
corresponds to a 12.3% solar-to-hydrogen efficiency. That’s why most reported electrocatalysts in
the literature report their catalytic activity at 10 mA/cm2. It is worth noting that stating the exact
overpotential @certain current density using IR compensation method is mandatory and more
meaningful in evaluating the overall activity of the real water electrolysis.13 On the other hand,
onset potential could be defined as the lowest and highest potential for OER and HER halfreactions, respectively, at which the reaction activity starts to be established under certain
conditions for a given electrode. The tangent method shown in Figure 2-6 is considered one of the
common methods to evaluate the onset potential. Despite the importance of this parameter in
assessing the catalytic activity, a clear consensus about what is meant by the exact onset is still
ambiguous, making it a very arbitrary parameter. Thus, the overpotential is chosen as the most
reliable parameter.14
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Figure 2-6 Onset potential determination using the Tangent method.14

B. Tafel Analysis &Exchange Current Density
To further provide profound investigations on the fundamental HER and OER kinetics,
Tafel slope is considered a fundamental parameter to assess the inherent catalytic properties of the
investigated electrocatalysts, which is derived from the following Equation (2.6).13

 = 𝐚 + 𝐛 𝐥𝐨𝐠 (𝐣)

(2.6)

Likewise, the exchange current density which is evaluated by extrapolating of linear Tafel with
the corresponding logarithmic current could elucidate the kinetics behaviors of both half-reactions.
Figure 2-7 shows the relationship between the two important Tafel and Exchange current density
parameters. Notably, Tafel analysis could usually give clear insights on the reaction rate of the
electrochemical process, thus predicting how fast the reaction happens on the electrocatalytic
interface and assessing the intrinsic catalytic performance as well.13 For instance, lower Tafel
slopes indicate efficient charge transfer across the interface, thus revealing excess accessibility of
active sites. Generally, Tafel slope ad exchange current density could be extracted using some
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available approaches; either iR-compensated LSV at a very low scan rate or by applying
galvanostatic and potentiostatic measurements. Conventionally, the Tafel slope and exchange
current density are two crucial parameters to reveal the intrinsic catalytic activity of the proposed
catalysts.13

Figure 2-7 Extraction of Tafel slope and exchange current density for an anodic process.15

C. Mass Activity (MA), Specific activity &Electrochemical Surface Area
MA represented in A/g, which is generally defined as the current normalized by the exact
mass loading of the catalyst, is considered a critical parameter for evaluating the intrinsic activity
of various nanostructured electrocatalysts that mainly have various morphology and topology.13
On one hand, the normalized current density (mA/cm2) for smooth and planar surfaces could
meaningfully reveal the true electrode area, while the use of geometric area normalized activity
for roughened electrodes is considered an unusual operation despite being adopted by many
researchers. Therefore, recent studies have suggested using mass normalized activity as the most
suitable and reliable method to give insights into the intrinsic activity of both planar and rough
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surfaces. On the other hand, for comparing the catalytic performance of several catalysts with
various surface areas and same mass loadings, recent studies have reported using BET analysis or
electrochemically surface area to normalize the activity.16
Further insights, electrochemical studies have stated that the BET surface area is usually
associated with some drawbacks which lead to inaccurate measurement. That could be linked to
the fact that all active sites where N2 molecules are usually adsorbed/desorped could not be
electrochemically active, thus making it a non-advisable method for assessing the activity.
Conversely, ECSA normalized activity (jECSA) is believed to provide a reliable measure of the
electrocatalytic surface area with meaningful predictions about the inherent electrocatalyst
performance.13,16
To estimate the ECSA, several pathways are available, however, the double-layer
capacitance (Cdl) in the non-faradic region is significantly used as the most reliable approach,
especially for catalysts with similar chemical properties. It is worth mentioning that ECSA could
not be regarded as an essential activity parameter and there are many debates about its validity for
electrocatalytic water splitting. Instead, it could be applied to compare the activity trend of a set of
various electrocatalysts.16 Reviewing the advantages and drawbacks of each of these normalization
approaches has been summarized in Table 2-1. Depending on the catalyst’s nature, one can thus
determine which method would be reliable to reflect the catalytic activity and to normalize the
current.16
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Table 2-1 Main merits and drawbacks of the different current normalization approaches reported
so far in the literature.16
Normalization Method
Geometric surface area

Advantages

Drawbacks




Widely used method



Good comparison with

activity


current literature


Good for planer electrodes

Does not reflect the intrinsic catalytic

May change depending on catalyst
loading



such as foils and thin films

Geometric area of the substrate is not
equal to the actual surface area of the
catalyst

BET surface area





Ease of determination



Most suitable for porous

Comparison with existing literature
would be tedious



electrodes

Does not reflect the intrinsic catalytic
performance



Lage inaccuracies in measurement as all
gas adsorbed sites are nor
electrochemically active

ECSA



Can reflect the intrinsic



Difficulties in determining ECSA



Inaccuracy in its measurement from one

catalytic activity

Mass of loaded catalyst



Loading sensitive



Loading sensitive



Suitable when same

methods to another


Not suitable for planar and thin films



Comparison with catalysts with different
morphologies, size, and topography is

material is used with
different loading

not feasible


Comparison with existing literature is
not fair
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D. Turnover Frequency (TOF)
TOF is considered one of the significant parameters in water electrolysis field that could
indicate how fast the catalyst can catalyze both HER and OER half-reactions by evaluating its
intrinsic activity at a defined overpotential. According to the following Equation (2.7), TOF could
be determined;16

𝑻𝑶𝑭 =

𝒋𝑵𝑨
𝒏𝑭Г

(2.7)

Where Г is the total active sites concentration, NA is Avogadro’s number, F is the Faraday constant,
and j represents the exchange current density. Despite the importance of TOF in evaluating the
electrocatalytic activity, major difficulties regarding estimating the precise number of active sites
could hinder its applicability.16 Several methods for determining total surface concentration are
available, such as using the average particle diameter of the investigated electrocatalyst, applying
the monolayer assumptions, or using the redox peaks in the running CV. However, each method
is associated with certain drawbacks and might provide flawed results, thus the TOF value could
extensively vary. For instance, using CV scans for determining the total active sites concentration
could lead to potential errors, especially when the catalyst is composed of more than one
component or if it is not completely activated. Consequently, TOF is an ineffectual parameter in
reflecting the catalytic activity of the catalysts for water electrolysis applications. Hence, adopting
other suitable methods could be of great importance.16

E. The Stability: Best Practices
Recently, many studies have triggered their efforts to explore best practices when conducting
stability measurements, as one of the important tests in electrocatalytic water splitting.
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Importantly, the stability of the catalyst not only depends on the durability of your electrodes, but
also depends on other factors such as catalyst ink preparation as well as the binder’s type to ensure
good corrosion resistance.16 Generally, screening the electrode stability is commonly achieved by
running rapid CVs at higher scan rates, designated as “accelerated degradation” analysis or by
testing your electrode using either prolonged potentiostatic or galvanostatic modes. It is widely
common that HER electrocatalysts can show extreme stability and withstand several successive
voltammetry scans up to several thousand cycles, as its polarization starts at 0 V vs. RHE.16
However, in the case of OER, it is very rare to find a suitable catalyst with such stability. On
practicing the electrodes’ durability, it is important to make sure that the geometric area of the
investigated catalyst is precisely 1 cm2, otherwise, the stability test is meaningless and
unacceptable. That’s because electrocatalysts with a lower surface area < 1 cm2 could experience
less harmful overpotentials compared to catalysts with exactly 1 cm2, making the comparison
unfair. Based on the literature, any catalyst that could deliver constant current by
chronoamperometry (e.g., 10 mA/cm2) or fixed potential by chronopotentiometry for more than
10 continuous hours could be accepted as an efficient and stable electrocatalyst.16

2.4

Possible Unknown Errors in Electrochemical Water Splitting
Further details on the accuracy and precision in water electrolysis practical measurements,

some recent studies have made significant efforts to avoid the unknowing errors during evaluating
HER and OER catalysis.16 The most-reported errors are summarized below:


Evaluating the overpotential without referring to the iR-compensation with carelessness in
using the compensated iR- LSV potential-current profiles.
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Unconsciousness of the appropriate methods of Tafel slope and Exchange current density
extractions.



Underestimating the mass and the specific activity of the investigated electrocatalysts.



Ignoring the substrate effect, especially when the catalyst is anchored on synergetic
supporting materials.



Using electrodes with an area less than 1 cm2 to assess the stability, thus making it an
unprecise measurement.



Ignoring the faradic efficiency protocols for testing the selectivity and assessing the activity
of your catalyst.
In this regard, certain activity parameters such as those previously mentioned in Section

2.2 could be a key guide to give further insights into the perception of the measurement and avoid
the misconceiving errors that might happen during the experiments.

2.5

Basic Principles of Photoelectrochemical Water Splitting (PEC)
Fundamentals of the PEC process with a brief overview of the system’s requirements and

modifications are introduced.

2.5.1 The Solar Spectrum
The sun is the principal light and heat supplier on earth. It releases a wide spectrum of
energy that is ascribed to the nuclear fusion of huge amounts of Helium and Hydrogen. Solar
irradiance is explained as the emitted electromagnetic wave from the sun over a specific unit area,
calculated in kW/m2 which is estimated to be 1.3361 kW/m2. The solar radiation intensity is highly
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influenced by the graphical nature that varies according to the place of measurement, sun positions
(vary according to the measurement time throughout the day), as well as the air mass of the medium
through which the electromagnetic waves travel. It has been found that the power density could be
influenced by the existence of vapors, particles, gases, and dust, within the atmosphere as they
interact through scattering and absorption with the electromagnetic waves. Hence, an index is
proposed to include this power drop and get more insights into solar irradiance.17 This term is the
Air Mass number (AM) as illustrated in Equation 2.8

𝐀𝐌 = 𝟏/𝐜𝐨𝐬𝛉

(2.8)

where 𝜃 is described as the angle between the modified line at nonnormal conditions and the
vertical line at normal incidence. Generally, there are 3 defined standards namely, AM 0, AM 1,
and AM 1.5 utilized for lab experiments as illustrated in Figure 2-8a. To elucidate, AM 0 could
signify the sun spectrum at normal incidence above the atmosphere, while AM 1 is calculated at
sea level at the same irradiance, and AM 1.5 indicates the average irradiance in all USA per year,
where 𝜃 equals to 48.2o. The normalized power density that corresponds to the AM 1.5 equals 1
kW/m2. Note that a Xenon lamp is utilized experimentally using AM 1.5 filter to practically
prevent the discrepancies.18
As demonstrated in Figure 2-8b, the electromagnetic spectrum is divided into three
sections, the Infrared part that is about 52% of the sunlight with wavelength > 700 nm, the Visible
part which is about 45% of the sunlight has a wavelength between 400 to 700 nm, and the
ultraviolet part that is only 3% of the whole sunlight spectrum with a wavelength < 400 nm. It is
accordingly desirable to design photoelectrode materials of narrow bandgap energy so that they
can absorb more visible solar radiation. That’s because wide-bandgap photoelectrodes could show
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certain drawbacks regarding the absorption of only 3-4% of the whole solar spectrum.18 There are
other factors to select the suitable semiconductor material for PEC water splitting that will be
discussed later.

Figure 2-8 Demonstration of (a) Various standards of solar radiation. (b) AM 1.5 solar
irradiance.18

2.5.2 Photoelectrochemical Water Splitting System
PEC process is a non-spontaneous endothermic process that consumes energy. At standard
pressure and temperature (1 atm & 298.15 K), the associated Gibbs free energy (∆𝐺°) of water
photoelectrochemical splitting is 237.14 kJ/mol of reactants. In order to initiate the transfer of
the two electrons (n =2), a standard potential (E°) of 1.23 V is required according to the previously
stated equation (2.1).19 Nevertheless, experimentally wise, a higher bias value of approximately
1.6 V is utilized, to recompense the losses that might occur due to the electrolyte’s resistance,
charge carriers’ recombination, ohmic losses, along with other potential losses.19 For an ideal PEC
water splitting system, the investigated semiconductor material has to provide this quantity of
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voltage upon light absorption and keep the extra bias minimalized, or even yet with no additional
bias.19
To gain more insights into the overall PEC system, Figure 2-9 shows the commonly used
quartz PEC setup mainly containing three electrodes: the reference electrode, the photoanode
(working electrode), and the counter electrode. Note that the electrolyte used in this setup is usually
an aqueous electrolyte containing salts instead of directly employing pure water as it is a poor
conductor, so it has a high resistance besides its low absorption coefficient. Commonly, in some
cases electrolyte refreshment is required, thus, a circulation system is used.18

Figure 2-9 PEC cell setup with a circulation system in a single compartment.18

60

Chapter 2: Scientific Background

61 | P a g e

Upon illumination, water splitting reaction could take place via the subsequent steps:18
1-

Photons with energy equal to or greater than the semiconductor bandgap are absorbed,
causing excitation of the photogenerated electrons to the CB, leaving unnaturalized holes in
the VB that could freely move to the semiconductor’s surface as illustrated in Figure 2-9.
2hѴ → 2𝑒 − +

2ℎ+

(RXN 2-13)

2- The free holes reach the electrode/electrolyte interface, and spontaneously oxidize the
water molecule, thus generating oxygen gas and protons as illustrated in the following
reaction:
2h+ + H2O Liquid → 2H+ + ½ O2 gas

(RXN 2-14)

3- H+ ions could migrate through the electrolyte to reach the counter electrode; where they
could be reduced by the excited electrons traveled through the wire as expressed in the
reaction below 2-15
2H+ + 2e- → H2 gas

(RXN 2-15)

4- The overall reaction is illustrated in 2-16
2hѴ + H2O Liquid → ½ O2 gas + H2 gas

(RXN 2-16)

To further elucidate the PEC mechanism of the metal oxide photoanodes and explain the
phenomena of band bending, the energy band diagram of the water spitting process for n-type
semiconductors is illustrated in Figure 2-10.19 Before any contact, the Fermi level of the
photoanode is close to the CB as a result of the high probability of finding the electrons in the CB.
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On the other hand, the electrolyte’s Fermi level is between the water redox potentials (H+/H2 &
O2/H2O), as shown in Figure 2-10a.19
Upon metal/semiconductor contact, given that the fermi level of the photoanode is more
cathodic compared with the electrolyte, electrons migrate from the CB to the electrolyte creating
a region at the interface, which is depleted of electrons, known as the “depletion region”. In
parallel, migration of CB electrons to the electrolyte could significantly establish the CBM with a
more anodic potential, thus the electric field accumulates and causes a consequential voltage drop.
This is called band bending, where negative ions in the electrolyte could attract the positively
charged regions toward the electrode/electrolyte interface forming what is called the “Helmholtz
layer” (Figure 2-10b). Accordingly, the depletion region width WSC could be represented in
Equation 2.9.19
2εεₒ

𝑊𝑆𝐶 = √
√𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑉𝐹𝐵
𝑒𝑁

(2.9)

𝐷

Where 𝑒 is the electron charge, 𝑁𝐷 is the concentration of donor states, 𝜀 and 𝜀0 are the material
and free space permittivity, respectively, 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is the applied bias, 𝑉𝐹𝐵 is the flat band potential.
Upon illumination, more chare carries are generated that are separated by the accumulated
electric field in the depletion region, causing band bending minimization. Since the electrons are
moved toward the bulk and the holes are swept toward the electrolyte, the probability of their
recombination will be less (Figure 2-10c).19 Nevertheless, the water splitting reaction will not
occur, as the electrons have lesser potential compared to the H+/H2 reaction potential, hence, an
overpotential is essential to drive the whole water splitting reaction. This applied external bias
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could shift the Fermi level of the metal to be above the H+/H2 potential, thus H2 gas could be
effectively produced. (Figure 2-10d).19

Figure 2-10 PEC process at the electrode/electrolyte interface using n-type semiconductor
photoanode and metal electrode as the cathode: (a) Initial step before any contact. (b) At
equilibrium under dark conditions, (c) upon reaction illumination. (d) With illumination and
external bias.19
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2.5.3 Martials Consideration
As discussed above, the PEC water splitting process involves several chemical and physical
concepts, therefore selecting the appropriate photoanode material and tunning its properties
depend on certain criteria that are summarized in the following sections:

i.

Appropriate Bandgap
As the solar spectrum is mainly composed of visible light (60%), thus it is necessary to
search for semiconductor materials with suitable bandgaps in the range of 1.9- 3.2 eV to allow
visible light absorption.20 In fact, most of the investigated metal oxide photoanodes have wide
bang gap energy that significantly limits their optical activity to the ultraviolet spectrum, which
represents only a small fraction (5%) of the overall available solar energy radiation. Contrary,
semiconductors with narrow bandgaps show an enhanced visible light absorption, however,
they suffer from stability issues hindering their applicability, as will be explained later.
Accordingly, optimizing the bang gap is if of crucial significance for PEC hydrogen
production.20

ii.

Band Edge Positions
Based on the bandgap criteria, semiconductor electrodes such as Fe2O3, CdS, WO3, and

GaP show an optimal visible light utilization, however, in practice, another criterion makes them
inapplicable to proceed the water splitting reaction.20 Basically, for guaranteeing a favorable PEC
process, VBM and CBM must straddle the water redox potentials. In detail, the VBM must be
more anodic than the O2/H2O potential, while the CBM must be more cathodic than the water
reduction potential H+/H2, thus avoiding the need for external bias to initiate the reaction.21 Figure
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2-11 represents the bandgap and the band alignment of various semiconductor materials at pH= 0
vs. NHE. Apparently, most narrow bandgap electrodes couldn’t straddle the water redox potential,
thus confirming that band edge positions along with the appropriate bandgap are very essential
requirements for the PEC process.21 It is worth noting that band positions are highly reliant on the
electrolyte pH, as some semiconductors could straddle the redox potential of water well at certain
pH; whereas they could show different behaviors upon changing the electrolyte pH, as confirmed
by TiO2 photoanode shown in Figure 2-12.21

Figure 2-11 Band alignment representation of various semiconductors vs. NHE at pH= 0 with
respect to water redox potentials.20
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Figure 2-12 Band edge potions of TiO2 photoanode at different pH with respect to both vacuum
and NHE levels.21

iii. Semiconductor Corrosion Resistance
As demonstrated in Figure 2-11, CdS has an optimum bandgap that allows efficient visible
light absorption. However, CdS was reported to be highly unstable in aqueous electrolytes.20 In
fact, the stability of semiconductors is an important parameter for efficient water splitting, so
exploring electrodes that demonstrate photo-corrosion resistance is highly important. To achieve
that, holes must prefer water oxidation while electrons must prefer hydrogen reduction, instead of
reducing or oxidizing the semiconductor itself. In this regard, the investigated semiconductor
photoelectrodes must fulfil the criteria in Equations 2.10 & 2.11.22 Where the water oxidation
potential must be more anodic than the free enthalpy of oxidation 𝐸𝑝,d and the hydrogen evolution
potential must be less than the free enthalpy of reduction 𝐸n,d.

𝐄(𝐎𝟐 /𝐇𝟐 𝐎) < 𝑬𝒑,𝒅

(2.10)

𝐄(𝑯+ /𝐇𝟐 ) > 𝐄𝐧,𝐝

(2.11)
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Based on the above discussion, it seems that wide bandgap modifications could be a great solution
to achieve remarkable PEC efficiency.22

iv. Structural Consideration
As elucidated, bandgap energy along with appropriate band edge positions are vital
parameters for ensuring efficient charge carriers’ generation. Conversely, all electrons present in
the CB are in a meta-stable state and at the end, they are stabilized to lower the VB positions.22
Therefore, the photogenerated electrons react with the holes in a process known as the
“recombination process”. Thus, fast separation of the photogenerated charge carriers is necessary
to reduce their recombination. Hence, bulk and surface characteristics have to be controlled to
endorse the chemical reactions, as indicated in Figure 2-13.22 That could be achieved by
controlling the fabrication techniques; as bulk and surface features are strongly influenced by the
preparation methods that highly affect the morphology, the structure of the fabricated
photoelectrodes, as well as the overall performance.22

Figure 2-13 Representation of the required criteria for minimizing charge carriers’ recombination
and providing excess active sites for an efficient PEC system.22
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For assuring an efficient PEC process, the structure of the selected photoelectrode has to
be modified to minimize the recombination rate and reduce the formation of defect states.
Moreover, the probability of charge carriers’ recombination could be reduced by controlling the
crystallinity of investigated electrode. During the PEC process, possible bulk defects including
vacancies, grain boundaries, dislocations, and other impurities might arise, thus forming trap states
and hindering the photocurrent (Figure 2-14).22 On the other hand, the crystal structure of the
material is highly disturbed by the emergence of surface trap states that could act as high
recombination centers due to the unfilled dangling bonds which contribute to the recombination
process. Further details, those trap states could prevent charge carriers’ diffusion by causing what
is called “Fermi level pinning” which highly increase charge carriers’ recombination and
definitely minimize the overall PEC efficiency as well. Accordingly, optimizing the fabrication
process could considerably minimize the probability of trap states’ formation.22

Figure 2-14 The proposed mechanisms for charge carriers’ generation and the possibility of
forming recombination centers.22
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Regarding the morphology, both nano- and micro-sized catalysts have received more
attention due to their high surface area that could offer excess active sites which is preferable for
the PEC system.23 Nonetheless, a trade-off emerges regarding the high surface area; as it could
increase the recombination rate and lead to Fermi level pinning. Generally, 1D micro-and nanosized photocatalysts could show high performance over the planar photoelectrodes counterpart.
That could depend on the light absorption’s directions as well as the charge carriers’ collection.
Obviously, in planar photoelectrodes, directions of both absorbed light and the collected charge
carriers are consistent, as represented in Figure 2-15A.23 Based on the fact that the
photoelectrode’s thickness is a very important parameter for minimizing the recombination,
therefore it is necessary to be high in planar structures to guarantee efficient light absorption.
However, that will add additional distance for the minority carriers (hole in n-type semiconductors)
to reach the surface during the reaction. To this end, in planner structures, thick photoelectrodes
could enhance the light absorption yet, the recombination of the photogenerated charge carriers
could increase, particularly if excess defect states are present. Contrarily, in 1D- materials
(nanotubes, nanowires, nanorods), holes can move horizontally whilst the electrons can travel
vertically to reach the bottom of the one-dimensional structure, as shown in Figure 2-15B.23 Based
on the discussion above, it could be observed that making thin planar structures could decrease the
light absorption and certainly affect the charge collecting step.
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Figure 2-15 Charge carriers’ pathway in both; (A) Planar structures. (B) 1-D structures, where
solid and hollow circles represent electrons and holes, respectively. α is the absorption coefficient
of the semiconductor material and LD represents its diffusion length.23

On the other hand, fabricating thin-walled 1-D nanotubes with a wall thickness equal to or
less than hole diffusion length could trap the incident light until being completely absorbed
(Equation 2.12). In this regard, thin-walled 1-D nanotubes could allow for efficient charge
carriers’ dynamics and could overcome the problems of charge carriers’ recombination.23

𝑳𝑫 = √𝑫ῐ

(2.12)

Where LD is the diffusion length, defined as the maximum distance that minority carriers
could travel before recombination.
It could be concluded that wide bandgap photoelectrodes possess good stability and corrosion
resistance, however, they need some modification in terms of light absorption via tuning the
bandgap.23 Based on the aforementioned discussions, it seems very promising to use thin-walled
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1-D Niobium Zirconium mixed oxide NTs if the bandgap is optimized by either doping or
introducing defects, thus achieving the scope of the thesis.

2.6

Electrochemical Techniques

2.6.1 Electrochemical Impedance Spectroscopy (EIS)
EIS is an attractive electrochemical technique that uses a purely electronic model, mainly
operated for studying the interfacial electrode behavior in the electrochemical cell by giving
insights into the kinetics of the electrode’s interface. The electrochemical impedance is usually
operated at various frequency ranges (0.001 Hz – 105 Hz) and measured with respect to the
alternating current (AC). The impedance could be simply defined as a frequency dependant
resistance that impedes the current flow, as expressed in the following Equation (2.13)24

𝐙𝛚 =

𝐄𝛚 (𝒕)
𝐈𝛚 (𝒕)

=

𝐄𝟎 𝐬𝐢𝐧(𝛚𝒕)
𝐈𝟎 𝐬𝐢𝐧(𝛚𝒕+𝛟)

(2.13)

Where ω is the frequency and ϕ is the phase shift. As a complex function, the impedance which is
composed of real and imaginary parts could be written as (Equation 2.14):

𝐙𝛚 = 𝐙𝟎 (𝐜𝐨𝐬 𝛟 + 𝐣 𝐬𝐢𝐧 𝛟)

(2.14)

Where ϕ and j refer to real and imaginary numbers, respectively. Basically, a sinusoidal potential
is applied to the working electrode with an amplitude of about 5 or 10 mV (max), hence the current
response is detected. By plotting the real and imaginary parts of the impedance on x and y-axes,
respectively, Nyquist plot of the presented data could be obtained, as shown in Figure 2-16a.24
Figure 2-16b depicts the simplified equivalent circuit corresponding to the Nyquist plot. By using
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the equivalent Randle’s circuit shown in Figure 2-16b, some electrochemical parameters including
the electrolyte resistance (Rs), charge transfer resistance (RCT), and the double-layer capacitance
(Cdl) could be precisely determined to analyze the electrochemical system.24 Generally, the
compensated electrolyte resistance could be estimated by taking the intercept value of the real axis
at high frequency, while the charge transfer resistance could be determined by knowing the
semicircle diameter. A smaller semicircle reveals a lower charge transfer resistance at the
electrode/electrolyte boundary and an effective electron transfer process.24

Figure 2-16 Schematic representation of (a) Nyquist plot. (b) The equivalent Randles circuit.25
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2.6.2 Flat Band Potential Determination (VFB)
To gain more through about the fundamental properties of the semiconductor/ electrolyte
interface, determining flat band potential is of primary importance to assess the photoelectrode
performance. It could be stated as the applied external bias required to minimize the band bending
to approximately 0.26 Furthermore, the value of the flat band potential could be utilized to identify
the valence and conduction band edges of the semiconductor electrode with respect to the redoxactive species present in the electrolyte. Based on the literature, several pathways for determining
the flat band potential value have been proposed with wide dispersion in its value for a given
material. For instance, open circuit potential (OCP) under high irradiance could be one of the
techniques used for estimating the flat band potential via applying an external bias that enables
efficient charge carrier separation, and thus a depletion region could be formed.26 Due to the
possibility of charge carriers’ recombination in the space charge region as well as the poor surface
kinetics, this method is considered a non-precise process, especially when defects are present.26
To the best of our knowledge, Mott-Schottky analysis is one of the most reliable and laborious
methods for ensuring precise determination of the definitive flat band potential for most metal
oxide semiconductors. According to the Mott-Schottky equation expressed below (Equation
2.15), the VFB value could be computed.26
𝟏
𝒄𝟐

=

𝟐
𝐍𝐃 𝛆𝛆ₒ

[(𝑽 − 𝐕𝐅𝐁 ) −

𝑲𝑻
𝒆

]

(2.15)

Where c represents the interfacial capacitance, ND is the donor density, V is the externally applied
bias, and ε is the dielectric constant of the semiconductor material. In practice, by plotting

1
𝑐2

vs.

V, the fitted linear part of the graph with the x-intercept could be used to estimate the value of the
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VFB. Importantly, as shown in Figure 2-17, Mott-Schottky analysis might involve a significant
contribution from the Helmholtz layer capacitance.27 Therefore, for ensuring accurate MottSchottky plots, the experimentally estimated capacitance should be modified by the Helmholtz
capacitance. Collectively, Mott-Schottky analysis is thought to be the most accurate way for
estimating the flat band potential.26,27

Figure 2-17 Mott-Schottky plot of ZnO photoanode for accurate VFB determination.27
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3. Chapter 3: Catalyst Development in Water Splitting
3.1 Transition Metals- Based Electrocatalysts: General Overview
As stated before, water electrolysis, involving both hydrogen evolution reaction (OER) and
oxygen evolution reaction (HER), is widely recognized as a prosperous, most convenient, and
effective technology for industrialized H2 fuel production, specifically when the electricity could
be supplied from renewable energy sources to be stored as chemical fuels. Based on the discussion
in Chapter 2, efficient nanostructured electrocatalysts are very crucial to minimize the various
associated thermodynamic and static kinetic hindrances of inherent upfill HER and OER reactions,
which are the bottlenecks in water electrolysis technology. That is really important to improve
green energy pathways for replacing fossil fuel technologies. Although Pt and RuO2/ IrO2
electrocatalysts outlast the highest performance and display preeminent catalytic performance for
both HER and OER processes, their intense scarcity and high cost restrict their wider spread
adoption. Therefore, a great opportunity would be developing durable metal-free catalysts to set
up sustainable fuel production. Due to the sluggish kinetics of water electrolysis systems,
improving effective electrocatalysts is of significant importance to boost the reaction rates and
enhance the catalytic activity.1,2 In this regard, transition metal-based electrocatalysts have been
recently proposed as active and cost-effective bifunctional electrodes for overall water electrolysis
associated with their abundancy, outstanding characteristics, and most importantly their freepollution features. To date, recent reports have identified an excellent catalytic performance
derived by the majority of the first row- transition metals (Mn, Ni, Co, Cu, and Fe-type) due to
their higher electronic conductivity, extensive stability in various conditions, and enhanced
intrinsic activity. Moreover, what makes those electrocatalysts exceptionally attractive is their fast
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charge transfer features and enhanced reaction kinetics.3 Currently, the HER/OER activity of
newly emerging first row-transition metals has exceeded the catalytic performance of the
benchmark Ru, Ir, and Pt-based catalysts. Despite the majority of the studied bifunctional catalysts
being transition metal-based phosphides, yet other TMs-based oxides, carbides, sulfides, and
nitrides have received extensive attention as promising alternatives to the precious electrocatalysts.
Apart from perovskite-type or spinel-type-based oxides, amorphous oxides and hydroxides have
reported higher catalytic activity for water electrolysis.3 Generally, those catalysts could be
classified according to their metal compositions including; Co-based, Ni-based, and Mn-based
catalysts as heterogeneous bifunctional catalysts and synthesized using various approaches like
CVD, electrodeposition, and reactive sputtering. It is worth mentioning that most TM oxides show
excellent stability under harsh alkaline or acidic environments compared to Noble metals
counterparts. Due to the various oxidation states of those oxide electrocatalysts, they have been an
area of great importance. To date, Co and Ni have emerged as the most investigated TMs owing
to their high activity and durability with a variety of fabrication approaches to increase their surface
area and improve their catalytic properties. For instance, various fabricated Ni-hybrid C
composites showed remarkable HER performance under alkaline environments with good
conductivity and outstanding stability. Specifically, Ni reduced GO electrode/NF fabricated by
Wang et al. yielded a very low overpotential of 36 mV with fast charge transfer kinetics, associated
with the synergistic modulation between Ni atom and Graphene oxide.3 On the other hand, thanks
to various oxidation states of Co2+/

3+/ 4+

, the ligand-assisted reduction pathway was used to

synthesize cobalt oxide with controlled oxygen vacancies, thus excess active sites were created
that boosted the OER activity and minimized the external overpotential.4 Despite the great
challenges and the remarkable activity of most TM oxides, particularly for the OER process, Most
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of them still show low efficacy for the HER half-reaction with some stability issues and lower
conductivity features. Therefore, extensive efforts have been directed to modify the inherent
characteristics of TMs-based catalysts via two main strategies either active sites engineering or
electronic modification. On the one hand, active sites engineering could be achieved by designing
morphologically controlled catalysts and adopting the metallic alloying strategy to benefit from
the synergistic modulation of the atoms together. Contrarily, electronic engineering could improve
the overall catalytic performance via TMs doping with different heteroatoms such as S, N, and P
that could largely tailor the local charge distribution of the present metals.5,6
A brief summary of the effect of phosphorus incorporation within metal lattice as well as
the morphological optimizing strategies will be highlighted as follows.

3.2 Transition Metal Phosphides: Role of P Ions
During the past few decades, attention has immediately focused on developing TMPs
catalysts that manifest impressive catalytic performance as bifunctional water-splitting catalysts
in both harsh acidic and basic environments.5,7 Figure 3-1 cites the number of studied TMPs
electrocatalysts published in recent years. Transition metal-containing phosphides have been
recently explored as effective and stable bifunctional electrocatalysts that can solve the complexity
of achieving high catalytic activity by metal oxides in water electrolyzers. It has been reported that
the unique electronic features of the Phosphorous atom have significantly contributed to increasing
the electronic conductivity of TMs electrocatalysts and enhanced its overall performance. In fact,
the P atom and metallic sites in TM-Phosphides could act as proton and hybrid acceptor sites,
respectively, to form what is called the “ensemble effect”. The multielectron orbitals of the P atom
besides its ensemble effect where it might bond strongly with the hydrogen atom in various media
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(M-H) mainly contribute to weakening the connection between the transition metal and the
corresponding H atom (M-H), thus greatly stimulating the desorption rate of the H2 molecules and
boost the HER rate.7 Furthermore, it is well-recognized that proton acceptor phosphorouscontaining electrocatalysts have the beneficial effect of increasing the electronic conductivity of
various transition metal-based catalysts for both HER and OER half-reactions and could highly
impede their corrosion behavior to further augment their long-term stability for better performing
water electrolyzers. Meanwhile, it is worth mentioning that TMPs have a significant role in the
hydrodesulfurization (HDS) process.7 Regarding the HER catalysts, TMPs have more isotropic
structures with unsaturated surface atoms and newly emerging active sites, so exhibiting higher
catalytic activity. Further insights, the best practical HER catalyst was proposed back in 2005 upon
the discovery of Ni2P by Liu and Rodriguez.8 It has been reported that the presence of the
phosphorous atom in the Ni2P lattice structure has resulted in the formation of intermediate Ni-P
bonds which favor the desorption of H2 molecules in comparison to the bare metallic Ni with strong
bonding. This strong bonding could largely increase the amount of hydrogen desorbed on the metal
surface, while the ensemble effect of the P atom could optimize the density of Ni active sites by
facilitating proton discharge, thus leading to higher HER rates. As a case in point, it has been
reported that tuning the Phosphorous/ Metal stoichiometric ratio plays a pivotal role in the overall
catalytic behavior by affecting the electronic structure of the proposed catalysts. By a way of
illustration, Dismukus group synthesized Ni2P and Ni5P4 electrocatalysts with various
stoichiometric ratios and reported that electrocatalysts with higher P content could show
significant electrocatalytic activity compared to catalysts with a lower P/M ratio. That could be
ascribed to the longer Ni-P bond length as well as the abundant electron localization on the P atom
in Ni5P4, so lead to higher activity and enhanced corrosion resistance.9 However, this was
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completely contradicted by other studies in the literature which proved that Ni 3P showed a much
better activity over the Ni5P4 counterpart. This remarkable activity might be linked to the
nonporous Ni3P structure and the presence of the Ni-Ni bridge that led to the formation of more
active sites for the HER process.10 Accordingly, that could reflect that the compositional diversity
of the investigated electrocatalysts might explain their exotic electrochemical activity for overall
water splitting, as will be discussed below.

Figure 3-1

Annual number of published articles on TMPs electrocatalysts for water splitting.11

Based on the above discussion, the majority of the investigated TMPs electrocatalysts that
showed excellent performance for both HER and OER half-reactions are mainly focused on first
row TMs, as shown in Figure 3-2. This will be discussed in detail in the following sections.
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Figure 3-2 Most investigated TMPs electrocatalysts reported in the literature with a summary of
their synthetic strategies.12

3.2.1 First Row-TMPs HER Electrocatalysts
Due to the lack abundance of Platinum, several research groups have focused their efforts
on investigating TMPs electrocatalysts for the HER process to replace the benchmark Pt,
specifically Mn-Ni-Co- based TMPs.1,13 In this regard, Popczun et al. were the first ones in the
literature who reported the utilization of Ni2P/Ti nanoparticles with (001) facets in acidic
environments showing decent performance and low overpotential of approximately 130 mV @ 20 mA/cm2. On the other hand, Co-based phosphides are widely known to have superb
electrocatalytic performance towards the hydrogen evolution reaction.1 Recently, Jiang et al.
reported the preparation of Co-P electrocatalyst in the alkaline KOH using the electrodeposition
pathway which demonstrated remarkable electrochemical activity with η10 = -94 mV vs. RHE and
an ultralow Tafel slope of 42 mV/dec. Importantly, post HER measurements revealed the presence
of cobalt phosphide without significant variations in the catalyst composition, thus confirming the
robust stability of the investigated catalyst for the HER half-reaction.1 Interestingly, full single
water alkaline-electrolyzer system was constructed using bifunctional Co-P electrodes as both the

82

Chapter 3: Catalyst Development in Water Splitting

83 | P a g e

anode and the cathode exhibited superb performance, outperforming the assembled Pt||IrO2
electrocatalysts.13 Benefiting from the high surface area and the efficient mass transport features
of cobalt phosphide electrocatalysts, Tour et al. prepared a hybrid porous Co-P/Phosphate
nanostructure which demonstrated superior HER activity with an extremely low onset potential of
~ 35mV and Tafel slope of 53 mV/dec. To further optimize the conductivity of Co-P
electrocatalysts, Zhu et al. synthesized flexible mesoporous CoP nanorods anchored on Ni foam
substrate, thus resulting in enhanced electric interconnection associated with the formation of
nanorods structure. Apart from monometallic phosphides, it has been suggested that alloying of
various TM components could be an effective and novel pathway to boost the catalytic behavior
of the monometallic phosphides. Thus, binary metallic NiCo or FeCo phosphides-based
compounds were known to offer ameliorative characteristics concerning their high conductivity,
enhanced structural and chemical stability, as well as good electrochemical performance compared
to single metal electrodes.13 In this context, Jaramillo group investigated a series of NiFe-P
electrocatalysts with different metallic ratios and reported an outstanding performance of the
binary metallic NiFe-P systems compared to bare Co-P or Fe-P counterparts, as shown in Figure
3-3a.14

Later, Tan et al. studied the direct effect of varying the Co/Fe ratios on the catalytic

capability of the HER half-reaction, reporting (Co0.5 Fe0.5)2P as the best electrode (Figure 3-3a).
Figure 3-3b shows that the investigated (Co0.5 Fe0.5)2P catalyst is located at the top of the plot, in
agreement with its optimal catalytic activity reported in Figure 3-3a. That was further confirmed
by DFT calculations which correlated the performance of the hybrid electrocatalyst with the
synergistic effect of its metallic components (Figure 3-3c). It is worth mentioning that the
enhanced performance of (Co0.5 Fe0.5)2P electrocatalyst could be linked to the synergetic coupling
of Fe/Co components that induced the charge redistribution within the P atom, thus consequently
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minimizing the hydrogen adsorption energy (ΔGH*) to approximately zero at lowest hydrogen
coverage, as illustrated in Figure 3-3d.14
Based on the above consideration, coupling more than one component to construct various
heterostructures is regarded as one of the optimum strategies for modulating the catalytic HER
activity.

Figure 3-3 Demonstration of (a) Normalized LSV/ECSA. (b) Volcano plot for activity
determination. (c) Display of unit cells for various studied TMPs. (d) The correlation between the
adsorption energy and the H coverage.14
Generally, heterostructure electrodes with multicomponent are connected by well-defined
interfaces, thus inducing more electron redistribution and leading to new interfacial stresses. This
type of modification could in turn optimize the mass transfer properties and enhance the charge
transfer features. Structure-wise, heterostructure materials with nanopores and hollow structures
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have widely shown interesting electrocatalytic activity when directly supported on conductive
substrates. That mainly could be ascribed to the abundant active sites, favorable conductivity, as
well as enhanced charge transfer features at the heterointerface interface. In addition, the
adsorption capability of HER intermediates could be largely improved due to the synergistic
modulation of the heterostructure components, so enabling excellent HER activity. In this regard,
Jin et al. fabricated a hybrid Mo-NiPx/NiSy heterostructure that endowed an outstanding HER
behavior close to the benchmark Pt/C, with ultralow overpotential and Tafel slope of 85 mV& 73
mV/dec, respectively. Note that the incorporation of Mo could significantly enhance their
synergism and accelerate the electron transport features, thus improving the reaction kinetics.14
Those findings have inspired more researchers to utilize the synergism between more
components for tuning the catalytic activity. The proper correlation between the multi-metallic
components is of primordial importance to realize high catalytic activity for the HER process.
Even though, little work has been so far conducted to explore the overall electrochemical
performance of quaternary phosphides. In attempting to explore the effect of multi-metals alloying,
Wen et al. have recently reported the effect of O2- incorporation into the ternary phosphide
NiCoP/Ni2P/ NF catalyst. They reported outstanding durability and ultralow overpotentials in both
the alkaline and acidic environments of approximately 44 and 53 mV @10 mA/cm2, respectively,
outperforming most state-of-art- electrocatalysts. That was further assisted by DFT calculations
that unraveled the role of O2- incorporation on enhancing the hydrogen adsorption energy and
optimizing its kinetics.14 Moreover, the HER activity of the electrodeposited 2D FexNiCoP
nanoplates with various Fe ratios was investigated by Guo et al. Interestingly, the FeNiCoP/CC
with an optimal iron content achieved an extremely low overpotential of 60 mV to deliver 10
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mA/cm2 and Tafel slope of ~ 51.1 mV/dec, surpassing most reported non-noble metal electrodes
(Figure 3-4a,b).15 Figure 3-4d, e reveals lower charge transfer resistance and enhanced durability
of the Fe1-NiCoP/CC electrocatalyst upon appropriate Fe incorporation. Accordingly, an optimal
Fe ratio could play a significant role in exposing more active sites and accelerating the reaction
kinetics by inducing surface planar defects.15 In addition, Zhang et al. designed a series of
FexCoyNizP electrodes for the HER process under alkaline conditions, using a facile
electrodeposition pathway. Considering Fe10Co10Ni40-P as an example, it yielded low onset
overpotential and much smaller Tafel of about 68 mV and 53 mV/dec, respectively, thus displaying
freestanding activity for catalyzing the HER half-reaction. This outstanding performance has been
attributed to the three-dimensional open space structure that facilitated the electrolyte diffusion as
well as the Ni foam substrate which allowed fast charge transfer at the electrode/electrolyte
interface. The synergistic modulation of the three metallic Fe, Co, Ni components has largely
boosted the HER catalytic activity.15
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Figure 3-4 Catalytic activity comparison of the Fex-NiCoP/CC catalysts with various Fe doping
ratios; (a) LSV plots. (b) Tafel slopes. (c) Nyquist plots at -80 mV. (d) Chronoamperometric
stability test @-10 mA/cm2.15
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Table 3-1 Comparison of the electrochemical activity of various high-performance HER
transition metal-based electrocatalysts in 1 M KOH solutions. All values are reported vs. RHE.
Overpotential
(mV)
@10 mA/cm2

Tafel slope
(mV/dec)

Supporter

Reference

Co-Mo

75

142

Ti

J. Mater. Chem. A 2016, 4, 3077

Ni2P/Ni

150

93

NF

ACS Catal. 2016, 6, 714

MnCoP

63

114

NF

Colloids Surf. 2021, 625, 126265

Ni2P

98

72

NF

ACS Catal. 2016, 6, 714

Ni-P

117

85.4

CP

Adv. Funct. Mater. 2016, 26, 4067

Co-P

230

164

NF

ACS Sustainable Chem. Eng. 2019, 2, 2360–2369

Co-P

209

129

CC

JACS 2014, 136, 7587

Co2P

150

//

Ti foil

Nano Energy 2014, 9, 373

NiFe LDH/ NF

210

//

NF

Science, 2014, 345, 1593

CoNiP

13

65

GC

Nanoscale. 2019, 11, 21259

Fe-Ni3S2

142

95

NF

Appl. Catal. B: Environmental, 2020, 263, 118338

Ni-Se

58.5

83.4

NF

Appl. Surf. Sci. 2020, 514, 1459445

MoOx/Ni3S2

106

90

NF

Mater. 2016, 26, 4839-4847

V-doped Ni3S2

68

112

NF

ACS. Appl. Mater. Interfaces. 2017, 9, 5959-5967

Mo-doped Ni3S2

--

72.9

NF

J. Mater. Chem. A 2017, 5, 1595-1602

CoSe2

270

85

CC

Adv. Mater. 2016, 28, 7527

NiFeOx @NiCu

66

67.8

NF

Adv. Mater. 2019, 31, 1806769

Ni-Fe-P nanosheets

64.6

89

NF

Electrochimica Acta. 2017, 258, 423-432

Fe10Co40Ni40P

53

68

NC/ Ni3Mo3N

44.6

41.5

NF

Appl. Catal. B: Environmental, 2020, 272, 118956

MnNiCo-P

14

52

NF

This Work

Electrocatalyst

RSC Adv., 2016, 6, 9647–9655

3.2.2 First Row-TMPs OER Electrocatalysts
A couple of years ago, more attention has been devoted to promoting the electrocatalytic
OER performance on the surface of cobalt pnictides owing to their long-term durability in harsh
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environments and the enhanced electroconductivity.2,16,17 At present, extensive studies have been
conducted to develop various TMPs as promising candidates due to their environmental
friendlessness, abundance, and improved stability. That further motivated researchers to propose
first row-TMPs with exceptional electrocatalytic performances under OER conditions in
comparison to the hydroxide/oxyhydroxide TMs-based electrodes, accredited to the excess active
sites exposed during the electrochemical OER measurements as well as their tailorable electronic
features. Back in 1989, Kupka and Budniok reported the first TMP electrocatalyst on the surface
of the amorphous Ni-Co-P electrode to catalyze the OER process under an alkaline environment.
They stated that both amorphous and crystalline phases showed similar behaviors and their
activities were attributed to the corresponding oxyhydroxide forms that resulted during the OER
reaction.16 Many years later, inspired by the previous pioneering work of Kupka and Budniok,
extensive studies focused their efforts on exploring Co-based phosphides as promising OER
electrodes. For instance, in 2015, You et al. deeply studied the OER electrocatalytic activity using
highly porous Co-P/NC nanopolyhedron synthesized from MOF derivatives, which exhibited an
outstanding performance of 319 mV and steady remarkable stability. This high activity could be
significantly related to the nanopolyhedron structure that was mainly comprised of CoP and Co2P
NPs encapsulated into nitrogen doped C matrices (Figure 3-5). Moreover, Liu et al. fabricated
CoP hollow-polyhedron with optimized intrinsic activity and high surface area, thus showing an
optimum overpotential of 300 mV @10 mA/cm2. That was even superior to the CoP nanoparticles
counterpart.17 Such studies aimed to achieve higher catalytic activity by designing various CoPs
with specific morphologies and more modified synthetic methods. From this perspective, Co-P
nanoparticles and nanorods have reported enhanced catalytic performance in terms of the enhanced
cyclic stability and the very low overpotentials of 340 and 320 mV, respectively, closer to the
89
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benchmark IrO2 catalyst. It is worth mentioning that the post-analysis of the previously mentioned
CoPs-electrocatalysts revealed an obvious transformation from the phosphidized form to its
corresponding oxy/hydroxy form, asserting that the true catalytic activity of those catalysts could
be related to their oxidized products. Afterward, intensified efforts were focused to explore the
electrochemical activity of other phosphide systems such as Ni2P, FeP, Co2P, Mn2P, Ni5P4, etc. To
date, since 2015 till now, several strategies have been introduced to optimize the intrinsic activity
of most TMPs electrocatalysts by either using additives, controlling the morphology, tailoring the
catalyst composition, or by various surface modifications. In this context, Ying et al. managed to
design hierarchically CuP-CuO self-supported nanoflowers/CF as a highly active OER
electrocatalyst with very low overpotential and Tafel of 230 mV and 58.2 mV/dec @50 mA/cm2
compared to bare CuO counterpart, as shown in Figure 3-6. This enhanced performance could be
owing to rich active sites, higher surface area, as well as the nanoflowers' open channels of the
hybrid catalyst that allowed more electrolyte diffusion, thus leading to an enhanced OER activity
(Figure 3-6).2

Figure 3-5 Stepwise fabrication of Co-P/NC nano-polyhedrons electrocatalyst for the OER halfreaction.2
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Figure 3-6 Contrasting the electrocatalytic activity of the hybrid CuO-CoP nanoflowers/CF with
bare CuO and CoP counterparts; (a) LSV graphs. (b) Overpotential comparison. (c) Tafel plots.
(d) Cdl for ECSA determination.18
As Ni-P catalysts usually show promising performances for hydrogen generation, they also
received great attention to catalyze the oxygen evolution reaction. For example, Hu’s group
attributed the high activity of the Ni2P nanoparticles (η10 = 290 mV) and their exceptional
durability to the hybrid Ni2P/NiOx shell structure that was in-situ formed during the OER process.
Importantly, the formation of Ni5P4/NiOOH heterostructure has largely contributed to enhancing
the electronic conductivity and lowering the overpotential, achieving an efficient water-splitting
process.2 Parallel to this line, ternary and quaternary phosphide systems were reported to be good
alternative strategies for boosting overall electrochemical performance. For instance, the multishell mixed Mn-Co-oxyphosphide demonstrated an enhanced performance with a lower
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overpotential of 370 mV relative to the Mn-Co- oxide counterpart. Beyond the 8 h
chronoamperometric stability test, there were no significant changes in the OER performance, thus
confirming the robustness of the multi-shell catalyst.19 Furthermore, Zhang et al. demonstrated an
outstanding performance of the Fe-Co-P/NF electrocatalyst at very high current densities of 500
and 1000 mA/cm2 under alkaline solution. It is worth mentioning that the OER electrochemical
activity was related to the final metal phosphide that was covered by the oxide layer upon the OER
process. To elaborate more on the electrochemical OER performance of the hybrid multicomponent electrodes, Pan et al. reported superior activity of the hybrid 3D- Fe2O3@Ni2P/Ni
(PO3)2/NF at ultrahigh current densities of 1000 mA/cm2, corresponding to a very low
overpotential of 370 mV. Particularly, the intrinsic activity was ascribed to the active Fe-and Nibased- oxyhydroxides, as revealed by in situ Operando Raman analysis (Figure 3-7a). Moreover,
taking the advantage of the decreased energy barrier by the Cobalt- and Oxygen- sites,
Co3O4/Fe0.33Co0.66P/NF electrocatalyst was reported for its superior performance that
demonstrated merely overpotential of 291 mV at a high current density of approximately 800
mA/cm2. On the other hand, apart from the Lab-scale, robust and ultra-stable- Fe (PO3)2/Ni2P
electrocatalyst supported on NF yielded extremely high current densities of approximately 500
and 1700 mA/cm2 at ultralow overpotentials of 256 and 300 mV, respectively. Importantly, this
outstanding performance was mainly ascribed to the transformation of Ni-Fe- based phosphide to
oxide/oxyhydroxide layer on the catalyst's surface, as revealed by the in situ XPS analysis shown
in Figure 3-7b.20
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Figure 3-7 Comparison of the OER activity of; (a) Fe2O3@Ni2P/Ni (PO3)2/NF electrocatalyst
with more insights into its Operando Raman spectroscopy. (b) Fe (PO3)2 electrocatalyst with an
overview of the XPS spectra before and after the OER process.20
Based on the aforementioned discussion, it could be confirmed that well-designed
nanostructures, as well as metallic synergistic effects, could significantly accelerate the OER
process and enhance its kinetics, which could satisfy the commercial criteria of the overall water
electrolyzer. Table 3-2 summarizes the performance of the most recent active OER
electrocatalysts tested under alkaline 1 M KOH conditions.
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Table 3-2 Summary of the electrochemical activity of recently reported OER high-performance
transition metal-based electrocatalysts under the same KOH alkaline conditions. All values are
reported vs. RHE.
Electrocatalyst

Overpotential (mV)
@10 mA/cm2

Tafel Slope
(mV/dec)

Supporter

References

Co3O4 /NiCo2O4

340

88

NF

Nano-Micro Lett. 2019, 11, 28

Co0.85Se

324

85

CC

Adv. Mater. 2015, 28, 77

NiCo- LDH

367

40

CP

Nano Lett. 2015, 15, 142

CoSe2

320

44

CP

J. Am. Chem. Soc. 2014, 136, 15670

α- Co (OH)2

380

67

GC

Dalt. Trans. 2017, 46, 10545

NiSe

390

225.6

CC

Nano-Micro Lett. 2019, 11, 28

CoP

354

59.3

CC

ACS Catal. 2020, 10, 412

Co-NC @Mo2C

347

27

----

Nano Energy. 2019, 57, 746

Ni /Mo2C- NCNFs

288

78.4

GF

Ni5P4

470

40

-----

S | NiNx

280

45

Cu Foil

Adv. Energy Mater. 2019, 9,
1803185
Angew. Chem. Int. Ed. 2015, 54,
12361
Nat. Commun. 2019, 10, 1–9

NiCo2O4

377

91

GC

Green Chem. 2017, 19, 3023

CoP

340

66

rGO

Chem. Sci. 2016, 7, 1690.

FeP

350

63.5

---

Chem. Commun. 2016, 52, 8711.

NiCoP- NWs

370

54

NF

J. Mater. Chem. A. 2017,5, 14828

Fex-NiCoP

293

37.8

CC

Ni0.2 Co0.8 P

230

44

---

ACS Sustain. Chem. Eng. 2020, 8,
7436
Mater. Res. Bull. 2021, 140, 111312

MnNiCo-P

287

85

NF

This Work

Despite the massive attention devoted to investigating diverse TMPs, quaternary MnNiCoP
nanoflowers-like electrocatalysts immobilized on NF have not been investigated yet. Herein, a
series of MnNiCo-P with various relative ratios of the trimetallic components were studied to
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optimize the kinetics of both HER and OER half-reaction. More details will be discussed in the
results and discussion chapter (Chapter 5).

3.3

Photoelectrode Nanostructured Materials
Recent advances in nanotechnology have contributed largely to developing efficient and

innovative approaches for the synthesis of well-organized nanostructured materials that can be
readily available for various applications. That includes the synthesis of nanotubes, nanowires,
nanoparticles, and other nanocomposites, which have been fabricated on large scale to address the
current needs of industrial applications. Nanomaterials are used in many applications as a result of
their desired characteristics that highly depend on their quantization and size.21,22 For instance,
they are unique structures owing to their high surface area, good mechanical characteristics along
with its controlled charge transfer pathways. Of those materials, photocatalytically active metal
oxide semiconductors are highly desirable with increasing capacity for sustainable hydrogen
generation via PEC-driven water splitting systems However, the optimum nanofabrication of such
photocatalysts is still a challenge, even with the continuous advancement and familiarity of several
fabrication tools. Therefore, many efforts have been devoted over the past couple of decades
towards the design and fabrication of robust, earth-abundant, and highly performing
nanostructured photoanodes with high photoelectrochemical activity and excellent stability for
hydrogen generation. A lot of research has been conducted to investigate the efficacy of the metal
oxide photoanodes in various applications such as catalysis, biomedical, dye degradation, and
electronic applications thanks to their abundance, stability, and low cost. To date, TiO2 is
considered a promising semiconductor photoelectrode that could be utilized in various
applications. Fujishima and Honda’s firstly reported the efficient PEC hydrogen production over
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the surface of TiO2 photoanode as one of the most remarkable candidates for energy harvesting
systems. However, its wide bandgap energy limits its optical activity to the ultraviolet spectrum,
which represents only a small fraction (5%) of the overall available solar energy radiation. This
can be understood based on the fact that the valence band of TiO2 metal oxide is basically formed
by the O 2p orbitals that are located at a positive position of about 3.0 eV versus the NHE.23,24 On
the other hand, metal oxides with suitable bandgap such as Fe2O3 suffers from stability issues and
unsuitable band structure, which make them unfavorable for water splitting.20 Since then, immense
attempts have been dedicated to exploring other metal oxide semiconductors and enhancing their
photoelectrochemical characteristics. Later on, that opened new avenues for numerous extensive
research based on other oxides. Figure 3-8 reports the number of recent studies investigated during
the last 10 years on the surface of various metal oxides for solar water splitting.

Figure 3-8 Statistics about the number of recent publications reported for PEC over the surface
of metal oxide photoelectrodes.26
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Despite these great achievements, metal oxide photoanodes still exhibit unsatisfactory
limitations, which sturdily affect their photoelectrochemical performances and reliability, resulting
in poor PEC efficiency. Those limitations include their wide bandgap energy that allows them to
capture only a small portion of the overall solar light, unsuitable band alignment with the redox
potentials of water, charge carriers’ recombination, and photocorrosion issues.22,23,25
Consequently, immense attempts have been dedicated to enhancing the photoelectrochemical
characteristics of the fabricated metal oxide photoanodes, as will be highlighted in the following
sections.

3.4

Band Structure Engineering
Finding suitable semiconductor electrodes that could fulfill the criteria for an efficient PEC

process is still a grand challenge. Therefore, satisfying the material requirements has been a crucial
necessity that could be achieved using mainly two regimes either by cost-effective doping schemes
or self-doping induced via oxygen defect states through annealing process in different
atmospheres.27,28 Details about each strategy are stated below.

3.4.1 Doping Schemes
Doping metal oxides with the appropriate dopants is demonstrated to be one of the most
promising approaches to extend their absorption into the visible spectrum. It has been stated in the
literature that doping was shown to be a potential strategy to stabilize specific phases of materials
and tailor its electronic and surface chemistry features.25,29 So far, there are enough studies in the
literature that significantly encourage implementing impurity dopants into the lattice structure to
tailor the bang gap and improve the overall PEC efficiency. As discussed in Chapter 2, achieving
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higher PEC efficiency requires bandgap narrowing, conduction band minimum (CBM) must have
more negative potential to drive the hydrogen reduction, and good charge carriers’ mobility should
be maintained. That could be obtained either by alloying usage, ion implementation and puttering,
or other clean-room instruments. More insights into the bandgap minimization, it is believed that
incorporating cations with higher 4d or 5d orbital energies compared to that of Ti4+ could ensure
high electron mobility and a more negative CBM level (Figure 3- 9a). On the other hand, as shown
in Figure 3-9b, implementing anions with higher 2P or 3P orbitals than that of O-2 could
significantly lower the bandgap by upshifting the valence band maximum level VBM.
Furthermore, increasing the dopant concentration could play a significant role in spontaneously
enhancing visible light absorption and optimizing the overall efficiency. By applying sophisticated
DFT calculations, it has been observed that Nb, Mo, Ta, and W are believed to be excellent donors,
while as C, and N are predicted to be the most suitable acceptors. Therefore, bandgap engineering
via donor-acceptor interaction such as (Ta, N) (Nb, N), (W, N) can greatly enhance their solubility
limit, optimize carrier concentration, engineer band edge offsets, and definitely minimize the
optical bandgap.27

Figure 3-9 Representation of the energy levels of different atomic orbitals: (a) Cationic d-orbitals.
(b) Anionic p-orbitals.27
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To this end, the use of an alloy of the metal of interest and the dopant has been investigated
as a possible solution to enhance the PEC process.30,31 In such strategy, the alloy of interest is being
used as a substrate for the fabrication of suitable nanostructure, where the desired element (dopant)
will be naturally distributed into the lattice of the metal oxide. For instance, Allam et al. showed
higher photocatalytic efficiency of mixed Ti-Nb-Zr-O NT array films compared to the pure TiO2
NTs counterpart.32 They pointed out that adding Nb and Zr, which they are insulating oxides, to
Ti helped in slowing down the charge recombination by rendering the back-electron injection
process. Moreover, Yang et al. investigated the effect of adding Nb to TiO2 NTs and concluded
that Nb increased the electron mobility in the mixed Ti-Nb oxide.33 Merenda et al. studied the
effect of incorporating tantalum (Ta), as a transition metal, on the stability and catalytic
performance of titanium dioxide. They concluded that Ta content has a valuable role in
overcoming the titanium dioxide corrosion problems and largely contributed to narrowing its
bandgap energy. Moreover, they reported superior catalytic properties in the visible spectrum.34
Based on the above discussion, employing binary Nb-based alloys could be a very effective
strategy to guarantee efficient charge generation/ separation by introducing donor or acceptor
defects into the Nb lattice structure. Accordingly, implementing Zirconium (Zr), as a donor
impurity, to the Nb lattice is anticipated to downshift the CBM of the pure Nb towards vacuum
level and improve carrier mobility. This is expected to stabilize the orthorhombic phase of Nb2O5,
exhibiting superior superconducting properties, high corrosion resistance, mechanical properties,
and thermodynamically self-consistency.35,36
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3.4.2 Induced-Defects by Thermal Annealing
As mentioned before in Chapter 2, annealing under various atmospheres at specific
conditions could be an optimal strategy to improve the material’s crystallinity and overcome fast
charge carriers’ recombination. That in turn could significantly enhance the photoelectrochemical,
mechanical, and optoelectronics characteristics of the investigated electrodes. A closer
investigation, annealing temperature, and time are recognized as critical steps that could principally
influence the material’s photoactivity, structural properties, and degree of crystallinity. Particularly,
controlling annealing time and the temperature has proven to have positive impacts on improving
the photoelectrodes' conductivity and optimizing their visible light activity. As shown in Figure 310, treating TiO2 NTs under optimized temperatures and times revealed enhanced crystallinity and
confirmed the possibility of phase transformations. Obviously, a correlation between the
temperature change and the resistivity of the prepared TiO2 photoelectrodes with different annealing
times could be observed (Figure 3-10a).37 Firstly, upon increasing the treatment temperature, the
electrode’s resistance automatically increases owing to the loss of certain electrolyte species,
specifically H2O and ammonium fluoride components. Then, by increasing the annealing
temperature up to 250 °C, a sudden drop in resistivity occurs due to the emergence of a crystalline
anatase structure. Further increase in the temperature beyond 350 °C, an amorphous structure with
higher resistivity could be observed. On the other hand, as demonstrated in Figure 3-10b, changing
the annealing time has a direct effect on the conductivity of the prepared NTs (treated at various T).
By annealing at prolonged durations, the crystallinity of the material has significantly improved,
except for treated electrodes at higher temperatures (550 °C), due to the emergence of a new rutile
phase.37

100

Chapter 3: Catalyst Development in Water Splitting

101 | P a g e

Moreover, it has been well-established in the literature that annealing under various
environments could be one of the most effective approaches to achieve higher PEC efficiency via
inducing more electronic states and boosting the donor density concentration, thus tuning the light
absorption.27,38 From one hand, annealing in ammonia and reduced hydrogen atmospheres could
prompt remarkable optical and photoelectrochemical enhancements via creating favorable defects
within the lattice structure. Details about the influence of each environment on the PEC
performance of the investigated photoanodes are listed below in Sections 3.4.2 & 3.4.3.

Figure 3-10 Highlighting the effect of various annealing parameters on the conductivity of the
synthesized TiO2 NTs: (a) Various annealing T. (b) Different annealing times.37

3.5 Niobium Pentaoxide Photoanodes (Nb2O5)
Among the several oxide materials, niobium oxides constitute one class of the most stable
semiconductor photocatalysts that have recently received considerable attention due to their
fabrication feasibility, favorable band structure, and various polymorphs, rendering them useful in
a plethora of applications, such as gas sensing, biomedical, electronics, and photocatalysis.39 For
instance, Niobium- oxygen systems are very complicated owing to their several Stoichiometries
(NbO, Nb2O, NbO2, Nb2O5, etc) with various structures and different mechanical, magnetic, and
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catalytic properties. Figure 3-11 depicts the phase diagram of the Nb-O system. To date, niobium
pentaoxide (Nb2O5) is an n-type semiconductor material that possesses a wide bandgap ranging
from 3.2 to 3.9 eV which could increase by decreasing the size of the Nb 2O5 nanoparticles (3.44.2 eV) or by the formation of passive films (5.2 eV). It is important to mention that Nb2O5 shows
wide variations in its polymorphic forms with at least 15 polymorphs as reported in the literature.39
Table 3-3 and Figure 3-12 summarize the crystal structure and structural stages of various Nb2O5
polymorphs that mainly depend on the fabrication pathway and the annealing treatment. Despite
the widespread of niobium pentaoxide polymorphs, some of them suffer from stability issues that
alter their crystal chemistry and hamper their photocatalytic performance, indicating the potential
influence of the polymorph stability on the functionality of the material.40–42. For example, the
Monoclinic niobium pentaoxide (H-Nb2O5) is reported as the most stable thermodynamic phase
which is usually formed upon high-temperature exposure (> 1000 °C), however, it showed
insulating properties. On the other hand, Pseudohexagonal (TT-Nb2O5) and Tetragonal (MNb2O5) polymorphs are metastable disordered structures that are not fully understood.39
Amongst the available polymorphs, the orthorhombic niobium pentoxide (T-Nb2O5) is a
perfect dielectric material with higher permittivity and robust chemical stability that showed
promising photocatalytic characteristics.39,44 However, it is challenging to fabricate pure T-Nb2O5
without any contribution from suboxides. Besides, bulk Nb2O5 suffer from low surface area and
higher charge carriers’ recombination, thus limiting their utilization for PEC applications. One of
the efficient approaches to overcome the photoactivity limitations is controlling the T-Nb2O5
morphology. That could be achieved via an electrochemical anodization process that showed
attracting interest during the past few decades.
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Figure 3-11 Phase diagram of Nb-O system.43
Table 3-3 Summary of the crystal properties of various Nb2O5 forms. 39

Figure 3-12 Crystal phase stages of Nb2O5 polymorphs upon temperature variation.39
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3.5.1 Synthesis of Niobium Oxide Photoanodes via anodization
Unlike most fabrication techniques, anodization is considered an efficient and novel
fabrication method that is usually utilized to synthesize highly ordered one-dimensional
nanostructures via a simple but optimized pathway. Those well-defined architectures with tunable
wall thickness and enhanced porosity could significantly contribute to improving the
photocatalytic properties upon their utilization as photoanodes for water splitting. Anodization was
firstly reported on the Al surface to mainly produce two oxides depending on the anodization
conditions (Figure 3-13).45 Commonly, anodic oxidation of valve metals such as Hafnium (HF),
Tantalum (Ta), Niobium (Nb), Zirconium (Zr), and Titanium (Ti) was achieved by anodization in
various electrolytes to produce efficient nanoporous materials. From this perspective, Niobium, as
a valve metal, has been utilized as a metal precursor to yield uniform and highly ordered
nanostructures with controllable size and optimized morphology. Wei et al. elucidated that the
ability of the substrate foil to produce ordered morphologies vary from one metal to another
depending on the affinity of those metals to the electrolyte solution as well as the anodization
parameters.45 Therefore, optimizing the anodization parameters could yield well-defined structures
including nanowires, nanorods, and nanotubes with remarkable PEC features.
Herein, some reports on the preparation and the optimization of various Nb oxides by
anodization are reviewed. On the one hand, thin-film Nb2O5 photoelectrodes were successfully
fabricated via anodic electrochemical oxidation of the Nb foil. It has been reported by Ono et al.
that the thickness, morphology, surface quality, dielectric and optical properties of the synthesized
film could significantly vary by changing the electrolyte pH and temperature.46
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Note that controlling anodization parameters such as anodization voltage, water content,
electrolyte pH and temperature, as well as anodization time could have profound influences on the
oxide layer structure. More specifically, it has been well-established in the literature that varying
the anodization voltage, temperature, and changing the electrolyte concentration (H3PO4-HF) of
the anodized nanoporous Nb2O5 structures contribute to producing a uniform and longer nanopores
beneficial for various applications.45

Figure 3-13 Illustration of the electrochemical anodic oxidation process.45
On the other hand, as discussed before in Chapter 2, fabricating 1D nanostructures are
very desirable for solar energy applications owing to their quantization effects. In particular,
nanotubes (NTs) with shorter paths could be optimum structures that could overcome charge
carriers’ recombination (e-/h+) and offer decreased wall thickness, thus enhancing the PEC
performance. From this perspective, Schmuki’s group pioneered the fabrication of the wellordered and uniform Nb2O5 NTs in mixed H2SO4/HF-based electrolytes. They reported the ability
to obtain thin-walled- nanotubes by adding enough amount of Phosphoric acid, thus retarding the
electrochemical dissolution of the fabricated oxide layer (Figure 3-14a,b).47 Further insights,
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Kim’s group confirmed the formation of regular nanoporous Nb2O5 with double layers structure
anodized in phosphoric acid-containing electrolyte followed by annealing and second anodization
step. As demonstrated in Figure 3-14c,d, nanoporous structures with a thickness of 500 nm were
achieved.47

Figure 3-14 FESEM images of (a) Nb2O5 NTs anodized in mixed H2SO4/HF-based electrolyte.
(b) Nb2O5 NTs anodized in H3PO4/HF- based electrolyte. (c-d) Top-and cross-sectional SEM
images of nanoporous Nb2O5 double-layer structure formed by anodization then annealing.47

Based on the above discussion, a promising anodization pathway could open new avenues
for fabricating various niobium oxide nanostructures with enhanced properties for efficient PEC
water splitting.
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3.5.2 Niobium Oxynitride Based-Photoanodes
As discussed above in Section 3.3.2, annealing under different environments at various
temperatures is considered one of the effective strategies for enhancing the electrode's crystallinity
and minimizing its charge carriers’ recombination, thus enhancing the visible light absorption. As
highlighted in Chapter 2, the majority of metal oxides possess a wide-bandgap which restricts the
optimal sunlight utilization and lead to lower STH efficiency. That could be ascribed to the lower
orbital energy of O that makes metal oxides enjoy higher bandgaps. To this end, the use of metal
oxynitrides has been investigated as a possible solution. To date, oxynitrides and nitrides represent
another category of efficient photocatalysts for water splitting, owing to their significant response
to the visible spectrum.48 That could be related to the higher 2P orbital energy of N atom compared
to that of O counterpart. However, the photocatalytic activity of the nitrides is very limited due to
their low stability in aqueous electrolytes. Therefore, oxynitrides have been reported as promising
alternatives that could effectively overcome the stability issues of nitrides and optimize the wide
bandgap. This is not surprising, as the bandgap narrowing is thought to be linked to the
hybridization of 2P orbitals of the Oxygen and Nitrogen atoms which raise the valence band
positions of the oxynitrides photoelectrodes. Figure 3-15 shows the bandgap difference between
the oxides and oxynitrides electrodes.48
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Figure 3-15 Bandgap comparison of both metal oxides and oxynitrides photoanodes.48

Based on many studies in the literature, meaningful progress has been made to investigate
more metal oxynitride photocatalysts for overall water splitting such as titanium, tantalum, and
niobium-based oxynitrides with remarkable photoactivities. Moreover, oxynitrides showed good
corrosion resistance in alkaline medium, confirming their potential use as ideal candidates for
photoelectrochemical water splitting.49,50 Consequently, experimental studies along with
theoretical predictions have been proposed to guarantee the proper understanding of the
oxynitrides features. One of the possible pathways and facile methods for fabricating metal
oxynitrides electrodes is through thermal ammonolysis, where the metal oxide could directly react
with ambient ammonia under optimal nitridation conditions.49 In this process, ammonia is
decomposed under high T conditions, thus yielding active nitriding species within the lattice
structure (N, NH, NH2). For instance, TaON was the first reported oxynitride photoanode
synthesized by Brauer via the ammonolysis pathway, whereas the NbON could not be accessible
through the ammonolysis method.49 Moreover, Merenda et al. concluded that N-doped TiO2
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enhanced the catalytic activity towards degradation of methylene blue (MB).51 Despite the
promising findings of the metal oxynitrides in various applications, there is very limited literature
about the photoactivity and applicability of various metal oxynitrides in PEC water splitting.
Schwartz et al. reported the successful fabrication of niobium oxynitride photoanode via the
thermal treatment of Nb2O5 powder under 20% NH3/He atmosphere at high temperatures (~ 700900 0C) and higher flow rates (1000 cm3/min). Recently, more efforts have been devoted to
fabricating Nb oxynitride films via annealing in ammonia atmosphere under optimized annealing
conditions. For instance, Shaheen et al. fabricated niobium oxynitride nanorod array films as ideal,
stable, and efficient photoelectrodes for solar energy applications.50 Figure 3-16 depicts the
morphology of the fabricated microcones that were attained after ammonia treatment for various
time intervals. In addition, Figure 3-17 compares the photoactivity of the fabricated Nb oxide and
oxynitride microcones arrays. As revealed, the oxynitride photoelectrode reported an outstanding
photocurrent performance of approximately 1000% compared to the oxide counterpart,
accompanied by enhanced visible light absorption and remarkable stability. Furthermore, Kanda
et al. reported the fabrication of Nb2Zr6O17 powder followed by thermal ammonolysis, resulting
in the formation of Nb-Zr oxynitride with a suitable bandgap (2.14 eV) as a promising
photocatalyst for water splitting.52
According to the aforementioned discussion, it could be revealed that subsequent thermal
nitridation of the metal oxides to their corresponding oxynitrides depends on several factors that
could guarantee the success of the overall process and produce pure oxynitrides. That could include
the appropriate ammonolysis temperature, time, as well as flow rate. In addition, the controlled
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flow of the ammonia gas is very crucial for ensuring uniform nitridation with better structural
homogeneity.49–51

Figure 3-16 SEM images of the fabricated Nb oxide microncones: (a) Upon anodization. (b)
After ammonia treatment.50

Figure 3-17 Niobium oxynitride microcones characterized by: (a-b) UV-VIS absorption and
corresponding Tauc plot. (c) UPS spectrum. (d) XPS valence band. (e) Photocurrent response. (f)
i-t stability test.50
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3.5.3 Defect Induced Nb2O5- Based photoanodes via Hydrogen Annealing
Annealing under hydrogen reducing atmospheres has been proven as a very interesting
strategy for bandgap tunning which can considerably introduce favorable oxygen defects with low
formation energy, thus enhancing the electronic properties as well as the charge mobilities of the
semiconductor electrodes.25,53 As predicted by DFT calculations, hydrogen annealing could lead
to the formation of newly trap states (oxygen vacancies) within the bandgap levels that could be
linked to the discorded structures formed during the hydrogenation process. For instance, black
titania was treated effectively under hydrogen reducing atmosphere at various temperatures (200550 °C) to enhance the charge separation and the electronic conductivity. Accordingly, enhanced
visible light absorption and higher PEC performance could be attained, as shown in Figure 3-18a.
Further details, the dominant trap states produced upon hydrogen annealing could be ascribed to
strong VB and CB tail states which provide trap sites for generated carriers and minimize the
recombination rate (Figure 3-18b).53

Figure 3-18 (a) Visible light activation by mid-gap states formed upon H2 annealing. (b)
Schematic representation of DOS of black-treated TiO2 nanocrystals compared to the untreated
one.53
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Pointedly, annealing TiO2 photoelectrode under hydrogen environment has led to
energetically formation of defective (oxygen vacancies) anatase structure (TiO2-x) or interstitial Ti
(Ti1+x O2 ) assigned to Ti3+.53
Apart from titanium dioxide, the concept of oxide reduction in Niobium-based oxides has
been extensively studied. For instance, Cui et al. were the first to report the successful fabrication
of black Nb2O5 nanochannels with enhanced visible light absorption of ~ 75.5% and relatively an
improved photocurrent density, more efficient than that of pristine Nb2O5 counterpart. That could
be related to the introduction of excess oxygen vacancies (Nb4+ sites) which improved charge
separation and transfer. Moreover, remarkable PEC water splitting was achieved upon fabricating
reduced Nb2O5 nanorods with excess oxygen defect states within the lattice structure, in agreement
with Nb4+ XPS signals (Figure 3-19a). Notably, the formed Nb4+ species could mainly result in
bandgap narrowing as depicted in Figure 3-19b. Accordingly, higher structural openness could be
achieved which led to better photocatalytic activity.44

Figure 3-19 Comparison of the H2- treated Nb2O5 and the untreated counterpart: (a) XPS VB (b)
UV-Vis absorption.44
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Nonetheless, strategies for improving niobium-based photoanodes characteristics are still
deficient, and various improvements to further optimize the photoelectrochemical characteristics
have yet to be established.
As stated in the literature, oxynitrides and black reduced oxides could be promising
photocatalysts that have received considerable attention recently, but still need more
modifications. To the best of our knowledge, there are no reports focused on investigating Nb-Zr
mixed oxynitride/oxygen deficient- Nb-Zr oxide systems for PEC water splitting. Details about
the fabrication method and the photoactivity of the fabricated electrodes will be discussed in
Chapters 4 & 6.
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4. Chapter 4: Materials & Procedures
4.1

Chemicals and Supplies

4.1.1 MnNiCo-P/NF Porous Nanosheets
Flexible and high purity nickel foam with a thickness of 0.25 mm was obtained from Alfa
Aesar. Deposition targets of transition metals (Mn, Ni, Co) hydroxides based- electrodes were
successfully achieved in the aqueous electrodeposition bath of manganese (II) chloride
tetrahydrate, nickel nitrate hexahydrate, and cobalt nitrate hexahydrate that were bought from Ltd
with a purity of 99.9%. Acetone, ethanol, and DI water cleaning and chemical reagents were
purchased from Sigma Aldrich.

4.1.2 Nb-Zr/O Nanotube Arrays
Pure niobium-zirconium foil (Nb-6Zr) with a purity of 99.8% purchased from Firmetal Co.,
Ltd. Rough and fine SiC papers of 600, 800,1000, and 1200 grits were purchased from Norton
company. Ethylene glycol was bought from Sigma-Aldrich, while ammonium fluoride with a
purity of 99% was purchased from Chem-Lab. Air and Hydrogen gas cylinders were purchased
from the Air-gas company and equipped with the Thermo scientific tube furnace. The ammonia
annealing process was conducted in collaboration with Georgia instate of technology.

4.2 Preparation of Electrodes
4.2.1 Preparation of 3D- Mn-Ni-Co Ternary Phosphides
The electrodeposition of MnNiCo hydroxide (MNC-OH) nanosheets was achieved on
flexible nickel foam by means of BioLogic SP-300 potentiostat/galvanostat, as similarly described
118

Chapter 4: Materials & Procedures

119 | P a g e

in a previous study.1 Briefly, the electrodeposition solution was formed by mixing and sonicating
the following ingredients: 15 mM of MnCl2.4H2O, 15 mM of Ni(NO3)2·6H2O, 15 mM of
Co(NO3)2.6H2O, and 45 mM of CH4N2O in 30 mL DI water to acquire a clear pinkish solution.
To study how the variation of manganese content relative to that of nickel and cobalt affect the
HER and OER catalysis, the electrodeposition precursor solution was prepared with different
concentrations of manganese precursor compared to those of nickel and cobalt, while fixing the
ratio between the latter metals to 1:1, and while fixing the concentration of the total metals to 45
mM. Three different ratios of Mn:Ni:Co: Co were used: 5:2:2; 3:3:3; 1:4:4. The electrodeposition
was carried out, in a three-electrode cell, by cyclic voltammetry at a sweeping rate of 5 mV/s, for
5 cycles within the potential range of 0.2 to -1.2 V vs. SCE (preceded by IR correction). In this
configuration, the working electrode is the Ni-foam, the counter-electrode is a platinum sheet, and
the reference electrode is a saturated calomel electrode (SCE). All formed electrodes were then
washed with distilled water and dried at 60°C for 12 hours. Once dried, the hydroxide
nanostructures electrodeposited on Ni foam were placed in the process chamber of a plasmaenhanced chemical vapor deposition (PECVD) system (Plasmalab System 100, Oxford
Instruments), to undergo phosphidation on each side at 250°C for 3 hours under the following
plasma conditions: PH3/Ar (1:99) flux of 10 sccm, 980 mTorr, and a radio-frequency power of 100
W, 2 as demonstrated in Figure 4-1.
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Figure 4-1 Stepwise synthesis of Plasma modulated nanoflowers-like Mn-Ni-Co-P/ NF.

4.2.2 Synthesis of Nb-Zr mixed oxide/oxynitride composite photoelectrodes
The Niobium-Zirconium foil (Nb-6Zr) was mechanically grinded with rough and fine SiC
papers. Then, the foils were polished with an alumina-wetted cloth to remove any residuals
resulted from the grinding step. After that, the foils were cleaned by ultrasonication, at ~ 20%
maximum amplitude, in acetone, ethanol, and deionized water for about 10 min, respectively.
Anodization was done in a two-electrode system connected to DC Agilent (E3612A) power supply
using the niobium-zirconium foil as the positive electrode (working electrode) and graphite rod as
the negative electrode (counter electrode). The samples were anodized in ethylene glycol-based
electrolyte containing fixed amounts of distilled water (6 vol%) and 0.74 M ammonium fluoride
for 30 min at 50 V, with 0.1 V/s ramp. The anodized area was fixed at 10×10 mm and the distance
between the two electrodes was fixed at 30 mm. The anodization was performed in an ice bath and
the resulting samples were rinsed in distilled water for about 2 min after their anodization, followed
by air drying. After anodization, the resulting structures were transferred to a quartz tube inside
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the tube furnace (Thermo scientific), then annealed in air at different temperatures (400 oC, 500
o

C, and 600 oC) for 40 mins. On the other hand, the as-anodized nanotube samples were tested in

an ammonia atmosphere under the same conditions (400 oC, 500 oC, and 600 oC) for comparison.
Contrarily, the synthesized Nb-Zr mixed oxide NTs were treated in a quartz tube furnace under a
reducing atmosphere containing ultra-high purity hydrogen gas at different temperatures, in a
range of (200-600 °C). All synthesized samples were subjected to thermal gas annealing under
constant 100 SCCM flow rate for various time intervals, with heating and cooling rates of 1 oC/min
to preserve the morphology of the nanotubes and prevent their deterioration. All previous steps are
shown in Figure 4-2.

Figure 4-2 Schematic of the synthesis of Nb-Zr/O NTs for PEC Hydrogen production.
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4.3 Materials Characterization


The surface morphologies (shape and particle size) of all synthesized electrodes were
explored using Field Emission Scanning Electron Microscopy (Zeiss SEM Ultra 60 FESEM
machine), with a working distance of about 3.5mm and an accelerating voltage of 5 KV for
ensuring better 3D- imaging.



Energy Dispersive X-ray (EDX; Oxford ISIS 310, England) spectroscopy attached to the
FESEM microscope was used for the elemental analysis and mapping of the fabricated
electrodes.



A high-resolution transmission electron microscope (HR-TEM, JOEL JEM-2100),
working under an accelerating voltage of 200 kV, was utilized for producing images with
high resolution as 0.5 Å, that were necessary for the characterization of the inner structure.
While the selection area electron diffraction (SAED) patterns could be revealed using
Crystallographic Toolbox (CrysTBox) software for the analysis of the crystal structure.
The lattice planes could be visualized with the d-spacing provided.



The crystal structure of the fabricated electrodes was investigated using X-ray diffraction
(XRD)/ (model 3600), PANalytical X′pert Pro PW3040 MPD X-ray diffractometer, with
monochromatic radiation (Cu-Kα, λ = 0.15406 nm, 50 mA, 40 KV) in the range of 5–80 o
with a glancing angle of 0.5o and a step size of ~ 0.01o. The crystal structure of the acquired
data was also accomplished by XRD. PANalytical X’Pert HighScore software to further
match the resulting peaks to the available database of the known standard records, to
confirm TEM findings.



Raman spectroscopy (Pro Raman L Analyzer) was utilized to characterize the vibrational
modes as well as the phase compositions of the annealed Nb-Zr oxides and oxynitride
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nanotube arrays using an excitation laser beam of a wavelength of 532 nm and 1 mW laser
power. In addition, it was essential for estimating the presence of excess oxygen vacancies
for the hydrogen-treated electrodes.


X-ray photoelectron spectroscopy (XPS, ThermoScientific) measurements were conducted
in UHV chamber equipped with hemispherical energy analyzer (SPHERA U7) with Al Kα
monochromator X-ray source (1486.6 eV), operated at Constant Analyzer Energy (CAE
50) mode. The C1s binding energy (284.4 eV) of adventitious carbon was taken as the
reference. CasaXPS software was essential for the peaks deconvolution and fitting the
obtained data. Moreover, the valence band maximum edge was determined using core XPS
measurements by analyzing the spectrum at the lowest binding energy.



Fourier transform infrared spectroscopy (FTIR, Perkin Elmer spectrometer using KBr
pellets) measurements were conducted to differentiate the surface functional groups of the
as-deposited MNC-OH/NF electrode and the PH3-plasma treated-electrocatalyst supported
on nickel foam.



The optical response of the variously treated photoelectrodes was recorded in the
wavelength range of 200-800 nm using a Shimadzu UV-Vis diffuse reflectance
spectrometer equipped with a solid sample holder and an integrating sphere for measuring
the reflectance. The diffuse reflectance spectra were then mathematically remodeled using
Kubelka-Munk function. The optical bandgap energy of the treated electrodes was obtained
using Tauc plot.



The photoluminescence measurements (PL) were conducted using RF-5301 spectroscopy
with (ℷ= 350 nm) as an excitation wavelength in the range of 310–500 nm.
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Electron spin resonance (ESR) measurements were recorded at room temperature using
Klystron-X-band frequencies (9.5 GHz) as an electromagnetic radiation source.

4.4 Electrochemical Characterization (Mn-Ni-Co- Based Electrocatalysts)
All studies electrocatalysts were electrochemically investigated as regard to three-electrode
(half-cell) and two-electrode (full-cell) systems, using Biologic SP-300 workstation. All tests were
run in 1 M KOH electrolyte at room temperature. The electrolyte was continuously purged with
N2 for an hour before the measurement to remove any dissolved O2.

4.4.1 Three-Electrode Measurements
Three-electrode custom-made Teflon cell was used; where the chemically synthesized
MnNiCo-P supported on nickel foam (MNC-P/NF) electrode and its relative catalysts were
directly employed as the working electrode, a platinum sheet was the counter electrode, and silver
chloride (Ag/AgCl) was served as the reference electrode, as shown in Figure 4-3. The reference
electrode was kept close to the working electrode to minimize the potential drop that might occur
by the solution resistance. Prior to the electrochemical tests, the synthesized working electrodes
were activated by cyclic voltammetry scans (CV) up to 200 cycles at a scan rate of 100 mV/s to
stabilize the electrocatalyst performance. Some electrochemical specifications were included as
the following:
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Figure 4-3 Three-electrode custom-made Teflon setup for the electrochemical measurements.



Stability& Activity Protocols
A protocol to evaluate the electrochemical activity and stability of the synthesized

electrocatalysts was established. First, the open-circuit voltage (OCV) was maintained for
approximately 30 mins to allow for catalysts stabilization in the electrolyte. Electrochemical
impedance measurement (EIS) was conducted to evaluate the solution resistance. The resistance
of the solution was measured by electrochemical impedance spectroscopy (EIS) measured in 1.0
M KOH at fixed potentials of – 200 mV vs. RHE and 1.53 V vs. RHE for the HER and the OER,
respectively, with an amplitude of 10 mV and the frequency range of 100 kHz to 0.01 Hz. A
simplified Randle’s equivalent circuit was used for fitting the EIS spectrum.
After measuring the impedance via EIS, cyclic voltammetry (CV) measurement was a very
important step to clean and activate the surface. Each CV scan was repeated up to 200 times at a
scan rate of 100 mV/s in the range of 0 to 1.6 V vs RHE. Following that, electrochemical surface
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area (ECSA) was evaluated in a non-Faradaic region via different successive scans (5 to 100 mV),
then corresponding TOF and MA were calculated. Again, CV measurement was performed for
additional 4 cycles for cleaning the surface.



Linear Sweep Voltammetry
Polarization curves were necessary to estimate the current density and the overpotential

values, to further demonstrate the catalytic behavior of the electrocatalysts. That was assessed via
a Linear Sweep Voltammetry (LSV) for both HER and OER with a scan rate of 5 mV/s to allow
the surface to further stabilize, thus revealing the intrinsic reaction mechanism.



Tafel Analysis
Tafel slopes were extracted from the corresponding LSV plots from their low polarization

area (100-200 mV) to understand the reaction mechanism and evaluate the catalytic kinetics of the
reported electrocatalysts for both HER and OER. Smaller Tafel slope is commonly a good
indication of the enhanced catalytic performance. Details of extraction and calculations were
previously discussed in Chapter 2.



Stability Tests
Longstanding stability was monitored using two different pathways: either the

chronoamperometry at a fixed potential of 0.01 V and 0.28 V vs. RHE for 48h for the HER and
OER, respectively. Moreover, the prolonged cycling stability using LSV scans after 5000
successive CV cycles could be another parameter for evaluating the stability of the fabricated
electrodes for both the HER and OER processes.
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Turnover Frequency Calculations (TOF)
TOF estimation was considered another important kinetic parameter to reveal how rapidly

the deposited- and the plasma-treated- electrocatalysts can catalyze the HER and OER
electrochemical reactions. Based on the pseudo-first-order kinetics of both HER and OER
mechanisms, their corresponding TOFs are given per unit time. The formula and the details of the
calculations are explained in Appendix A. Accordingly, total number of H2 and O2 turnovers/
geometric area were computed from the current density values estimated from the HER/OER-LSV
polarization plots.

 Mass activity Calculations
Mass activity (A/gmetal) was extracted from the current density (mA/cm2) that was normalized by
the mass loading of the electrocatalysts (mg/cm2) at a specific overpotential for the HER and OER
processes. Equation and corresponding calculations are listed in Appendix A.

4.4.2 Two-Electrode Configuration (Overall Device)
As for the overall water splitting device, a two-electrode configuration was investigated in
1.0 M KOH for the best electrode behavior (with the electrodeposition precursor solution entailing
Mn: Ni: Co 1:1:1), where the MnNiCo-P//NF was served as both the anode and the cathode. To
assess the electrochemical performance of the overall system, LSV plots were recorded at a scan
rate of 1 mV/s in a potential window of 1-2 V. The long-term stability of the assembled device
was evaluated via chronoamperometric test for 50 h at 10 mA/cm2, followed by LSV measurement
after 5000 successive CV scans at a scan rate of 100 mV/s.
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Photoelectrochemical Analyses (Nb-Zr- Mixed Oxide NT Arrays)
All investigated photoelectrodes were tested using Biologic SP- 200 scanning potentiostat

equipped with a 150-W xenon lamp (ozone-free) was utilized with an AM 1.5 G filter used to
adjust the light intensity to 1 Sun illumination. All photoelectrochemical tests were performed at
room temperature in a three-electrode electrochemical cell under dark and illumination conditions.
Before measurements, the cell solution was purged with nitrogen to ensure the complete removal
of dissolved O2.
J-V measurements were performed in a three-electrode setup where the platinum foil (1 cm
x 1 cm) was used as the counter electrode, the calomel electrode as the reference electrode, and
the differently-treated samples as the working electrodes. All electrochemical runs were conducted
with a scan rate of 10mV/s and applied voltage sweeps from -1 to 1 V vs. SCE. Different
electrolytes were used during the electrochemical measurements; including 0.1 M Na2SO4 for the
ammonia-treated photoelectrodes, while 1.0 M KOH was utilized as the electrolyte solution for
the hydrogen annealed- samples.



Photostability Measurement
The chronoamperometric tests were measured at 1.0 VSCE under light on/off conditions.

For the ammonia-treated photoelectrode, the stability test was run over a period of 600 s. While
the 400°C hydrogen-treated photoelectrode showed outstanding stability over a period of 48 h.
Typically, the photoelectrodes are considered stable if the photocurrent response remains constant
during the I-t stability test.
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Electrochemical Defect Correlation
Insight into the electrochemical defect correlation caused by either the ammonia or the

hydrogen atmospheres, the Mott-Schottky (MS) measurements in the range of -1.0 to 1.0 VSCE at
1 KHz were recorded and analyzed. In addition, the electrochemical impedance spectroscopy was
measured within a frequency range of ~1-10.000 Hz to evaluate the resistance of the treated
photoelectrodes in the electrolyte solution. The fitted EIS data is more precisely used to distinguish
the electrical properties and the contribution of the investigated electrodes.



Hydrogen Gas Analysis
A hydrogen evolution test was carried out to assess the amount of hydrogen generated at

the cathode to further confirm the photoactivity of the treated-photoanodes in a water splitting
reaction. The measurement was completed in a hydrogen-shaped quartz chamber containing 1 M
KOH as an electrolyte, Pt foil (counter electrode), and SCE (reference one). After that, the reaction
cell was purged with Ar gas for efficiently removing any oxygen or hydrogen gases present. Then
the photoanode sample was irritated with stirring at about 0.3 V. Finally, the gas was collected by
a 1 mL syringe following the water replacement method. The generated amount was analyzed
using a Gas Chromatograph (Agilent, 490 GC) recorded every 1 hour. The Gas Chromatograph
data are shown as a graph of retention time on the x-axis and the detector response displayed on
the y-axis.
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5. Chapter 5: Results and Discussion
Development of Nonprecious Metal-Based Bifunctional Electrocatalysts for
Overall Water Electrolysis
5.
The Optimal Interfacial Synergy of Plasma Modulated Trimetallic MnNi-Co Phosphides: Tailoring Deposition Ratio for Complementary Water
Splitting
As the main objective of water electrolysis systems is to generate pure H 2 and O2 gases
using more simplified designs that could lessen the energy barrier of the overall process and
accelerate the reaction, the development of cost-effective, non-noble, and active electrocatalysts is
a crucial necessity.1–3 Based on the discussion in Chapter 3, transition metal-based- phosphides
could be promising and highly active alternatives to the precious metals electrocatalysts that can
solve the complexity of achieving high catalytic activity in water electrolyzers.3–6 Herein,
Hydrogen evolution reaction (HER) and Oxygen evolution reaction (OER) processes are tackled
using a series of complementary quaternary MnNiCoP nanoflowers-like electrocatalysts
immobilized on NF. Those catalysts were inimitably set out with various ratios, using a facile
electrodeposition pathway followed by PH3 plasma treatment as a bifunctional electrocatalyst for
superior water electrolysis. In this study, I have extensively explored the influence of varying the
mass loading of the trimetallic components along with the direct phosphidation of the hybrid
catalysts on the real catalytic activity and the reaction kinetics for both HER and OER in the
alkaline KOH electrolyte. Achieving the most benefit, I probed the bifunctional activity of the
synthesized prime catalyst in a full water electrolyzer setup in alkaline KOH solution, to unravel
the electrochemical activity of the device and highlight the effective synergetic modulation of the
combined atoms for boosting the overall catalytic behavior. In this chapter, I divided it into five
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main parts. The first section provides an overview about the morphological and material
characterizations of the proposed catalysts. In section two, the electrocatalytic performance was
probed via DFT calculations to unravel how the characteristic phosphorous ions and the electronic
interaction between the metallic constituents influence the catalytic activity of the composite. On
the other hand, the third and fourth parts give deep experimental insights into the fundamental
Hydrogen and Oxygen evolution reactions as well as activity trends on the surface of Mn-Ni-Cobased electrocatalysts to investigate the best electrocatalyst. The final section summarizes
thoroughly the significantly improved water oxidation by assembled nanoflower like- Mn-Ni-Co/P
electrocatalyst with equal deposition ratios for overall water electrolysis.

5.1

Morphological and Structural Analysis
The ternary metallic manganese nickel cobalt phosphide (MNCP) was prepared via a two-

step synthesis approach. First, the precursor metallic hydroxide was electrodeposited on flexible
nickel foam substrate (MNC-OH/NF) using cyclic voltammetry by sweeping in the potential range
of -1.2 V to 0.2 V vs. SCE. The potential of -1.2 V is more negative than the reduction potentials
of Mn (-1.145 V), Co (-0.745 V), and Ni ions (-0.8 V) vs. SCE, which should ensure the deposition
of all three cations on the nickel foam.3 Moreover, the cyclic voltammetry technique has the
advantage of depositing homogenous films with controlled thickness upon varying the number of
sweeping cycles.7 After electrodeposition, the MNC-OH/NF gets phosphatized at a low
temperature of 250 °C via PH3 plasma treatment, without phosphatizing the substrate.8 After the
phosphidation process, the electrode (silver color) converted from greenish-yellow to black,
revealing the synthesis of phosphides, as shown in the experimental chapter in Figure 4-1.
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Figure 5-1a-b shows typical FESEM images of the fabricated catalyst, revealing threedimensional flower-like hierarchy composed of interconnected and highly porous nanosheets.8,9
Most importantly, the three-dimensional microflowers structure was conserved after the plasma
treatment, as shown in Figure 5-1c-d. The single nanosheet thickness varies in the range of 3555nm. Generally, the nanoflowers-like structure is associated with the manganese content that
becomes abundantly distributed on the catalyst surface by increasing the molar deposition ratio of
manganese. Notably, the synergetic effect and the proper correlation of the trimetallic components
contributed to the successful formation of the porous 3D interconnected nanosheets that vanished
in the absence of Ni or Mn and Co. The formed nanoporous structure could ensure better
electrolyte accessibility within the pores, thus providing more accessible active sites for enhanced
electrocatalytic performance.10

(a)

100 µm

(c)

1 µm

(b)

1 µm

(d)

1 µm

Figure 5-1 SEM micrographs of (a, b) Low and high magnification FESEM images of MNCOH/NF upon electrodeposition. (c, d) MNC-OH/NF and MNC-P/NF with microflowers structure
conserved upon plasma treatment.
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The EDX spectrum (Figure 5-2a) confirms the presence of Ni, Co, Mn, P, and O with
uniform distribution as indicated via the EDX elemental mapping (Figure 5-2b). The
interconnected nanosheet structure was also confirmed via TEM imaging (Figure 5-2c).
Moreover, the selected area electron diffraction (SAED) analysis revealed the polycrystalline
nature of the fabricated catalyst (Figure 5-2d). Three different sets of planes can be identified with
lattice spacing of 0.142 nm, 0.178 nm, and 0.204 nm, which can be assigned to the (112), (120),
and (021) planes of the hexagonal NiCoP crystal structure.

(a)

(b)

Mn

10 µm

Co

10 µm

Ni

10 µm

(c)

(d)
021

P

10 µm

120

Figure 5-2 Structural characterization: (a) EDX spectra of the MNC-P/NF. (b) The corresponding
elemental mapping of Mn, Ni, Co, and P, respectively. (c) TEM image. (d) The corresponding
SAED pattern of the synthesized MNC-P/NF electrode.
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For further elucidation of the crystallinity of the catalyst, the XRD spectra of catalyst on
Ni foam were recorded as depicted in Figure 5-3a and compared to MNC-OH and bare Ni foam
bulk samples. Before phosphidation, diffraction peaks can be observed at ~44.5°, 51.9°, and 76°
that can properly be assigned to the Ni foam substrate with the corresponding reflections of (111),
(200), and (220), respectively (ICDD: 04-001-0091). No further peaks were detected, revealing
the amorphousness of the deposited film before plasma treatment. Upon a closer inspection of the
XRD spectra of the plasma-treated electrode, additional diffraction peaks can be distinguished at
~ 43.7°, 44.9°, 51.1°, and 76.7°, in good agreement with the hexagonal NiCoP (ICDD: 04-0010091). These diffraction peaks can be assigned to the crystal phases of (111), (021), (120), and
(122), respectively, in accordance with the TEM findings. Notably, the XRD patterns of the
prepared samples (Figure 3a) showed a gradual shift in the peak positions relative to the standard
reference card, which might be originated from the incorporation of the manganese atoms within
the lattice structure. Consequently, these results strongly confirm intentionally the formation of
hexagonal MNC-P.

(a)

(b)

Figure 5-3 (a) GAXRD patterns of the NF, MNC-OH/NF, and plasma-treated MNC-P 1:1:1. (b)
FTIR spectra of the as-deposited MNC-OH electrode and PH3-plasma treated-electrocatalyst, both
supported on nickel foam.
135

Chapter 5: Results and Discussion

136 | P a g e

To further confirm the successful formation of the MNCP nanoflowers-like films upon
surface plasma treatment, the Fourier transform infrared (FTIR) spectra of the MNC-OH and
MNC-P films on Ni foam were compared as depicted in Figure 5-3b. Apparently, a more intense
broad peak at ~3640 cm-1 was clearly observed, which can be assigned to the hydroxyl group
stretching mode in nickel-containing hydroxyl composites.11 On the other hand, upon
phosphidation, the intensity of the surface-OH peak was greatly minimized, thus affecting the
electrocatalytic properties as will be discussed later. These findings further propose the possibility
of the chemical transformation of the as-deposited MNC-OH films via the incorporation of
phosphide species during the PH3- plasma process.
Regarding the detailed analysis of the surface chemistry of the synthesized MNCP catalyst,
X-ray photoelectron spectroscopy (XPS) measurements were carried out, Figure 5-4. The survey
spectrum (Figure 5-4a) shows the presence of Ni, Co, Mn, P, and O. In the high resolution XPS
spectrum of the Ni 2p (Figure 5-4b), two peaks from (2p3/2) and (2p1/2) appear at 852.4 eV and
869.6 eV, respectively, which are more positively shifted from that of metallic nickel,
corresponding to the partially charged Niγ+ (0 < γ < 2), indicating the formation of nickel phosphide
bond (Ni-P).[25,52] Oxidized nickel phosphate (Ni-POx) also possesses two peaks at 873.6 eV (2p1/2)
and 855.9 eV (2p3/2), which can be ascribed to the superficial oxidation due to air exposure.5,13 The
Co 2p spectrum (Figure 4c) shows two spin-orbit doublets at 795.2 eV (Co 2p3/2) and 779.0 eV
(Co 2p1/2), along with two shake-up satellites at 800.5 and 782.8 eV, ascribable to the cobalt
oxidation state in cobalt phosphide (Co-P), while the peak at 780.2 eV is assignable to oxidized
Co (Co-POx). As for the Mn 2p spectrum (Figure 5-4d), two deconvoluted peaks appear at the
binding energies of 640.9 and 642.7 eV (2p3/2), which can be assigned to Mn2+ and Mn3+ species,
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with a satellite appearing at 646.0 eV characteristic of Mn2+.14,15 Regarding the characteristic P 2p
spectrum shown in Figure 5-4e, the phosphide (P-M) and phosphate (POx) chemical states can be
detected at 134.2 eV and 126.5 eV, respectively. Compared to pure phosphorus, the phosphide
peak is shifted to lower binding energy, indicating electron density transfer from the present metals
to the phosphorus.5,14 This negatively charged phosphorus can thus behave as a base that traps the
protons with positive charges during electrocatalysis. Finally, the O1s spectrum (Figure 4f) can
be fitted into three peaks at 531.8, 532.7 and 533.1 eV, which can be ascribed to metal-oxygen
bond, broadened peak due to P penetration into the lattice, and O-H bond, respectively.14 It can
therefore be further inferred from the XPS data that manganese nickel cobalt phosphide has been
successfully synthesized.
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Figure 5-4 (a) XPS survey scan of the MNC-P/NF heterostructure; deconvolution of highresolution XPS spectra of (b) Ni 2p. (c) Co 2p. (d) Mn 2P. (e) P 2p scan. (f) O 1s of the Mn-NiCo-P/NF.
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Electrocatalytic Hydrogen Evolution Reaction (HER)
The HER activities of ternary metallic MnNiCo-P/NF, MnNiCo-OH/NF, and bare NF

electrodes were effectively evaluated using a standard three-electrode system in 1.0 M KOH
solution and benchmarked against the 20 wt% Pt/C commercial catalyst under the same
experimental conditions. The binder-free nature of the synthesized electrocatalysts should boost
extra active sites, minimize the series resistance, limit proton diffusion, and sturdily improve their
long-term stability.7,17 To further investigate the influence of catalyst composition on the
electrocatalytic behavior and explore the optimal electrocatalyst composition, we not only studied
the influence of plasma treatment on the synergism of MnNiCo precursors, but we also
systemically evaluated the impact of the structural variations and different deposition ratios
(MnNiCo-P/ NF 1:1:1, MnNiCo-P/ NF 5:2:2, and MnNiCo-P/ NF 4:4:1) on the catalytic HER
performance. Prior to the activation step for the HER, scans in a positive potential, from low
potentials to high potentials, were necessary during the recording of the cyclic voltammograms
(CVs) to prevent any possible interferences that may result from the reduction peak of NiOx to Ni
and affect the accurate determination of the overpotential.12,18 Figure 5-5a records the IRcorrected LSV polarization curves of the prepared electrocatalysts at a scan rate of 5mV/s where
their overpotentials at specific current density were compared (10 mA/cm2). Impressively, the
MNC-P/ NF electrode with Mn-Ni-Co deposition ratio of 1:1:1 demonstrated the optimal HER
performance amongst the five investigated catalysts, with a tremendously satisfactory cathodic
geometric current density coupled with an extremely negligible overpotential of 14 mV@-10
mA/cm2, ~ 115 mV@-100 mA/cm2, and ~162 mV@-200 mA/cm2, Figure 5-5a. This remarkable
performance is surprisingly very close to that of the 20 wt% Pt/C commercial benchmark
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(~0 mV@-10 mA) under the same experimental conditions, and overwhelmingly surpassed that of
recently reported HER metallic phosphide catalysts as listed previously in Table 3.1.
The exceptional catalytic performance of the electrocatalyst with the equimolar
composition (MnNiCo-P 1:1:1) can be attributed to the remarkable enhancement in the
electrocatalytic behavior achieved by the formation of newly active species with enhanced
electrocatalytic rates upon the incorporation of phosphorous ions via plasma treatment. Besides,
coupling Mn, Ni, and Co components contributed to improving their synergetic interaction
compared to their existence individually. As such, the excellent performance of the fabricated
MNC-P/NF 1:1:1 heterostructure can be related to the unusual synergism between the incorporated
P ions and the coupled transition metals deposited on highly conducting substrate, thus resulting
in facilitating charge transfer and enhancing the adsorption of intermediates during the
electrochemical reaction.1,16 On one hand, the incorporation of nickel and cobalt should improve
the electrical conductivity and ensure superior redox characteristics of the novel phosphide
heterostructure, achieving an awesome HER performance.19 Furthermore, manganese addition to
Ni and Co could adjust the electronic density of nickel d-orbitals, further upgrading the H2
adsorption-desorption rate and intrinsically improving the electrocatalytic performance for the
HER.6,20,21
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Figure 5-5 HER performance of various MnNiCo based-electrocatalysts supported on nickel
foam investigated in 1 M KOH: (a) Representative LSVs plots for MNC-P with different weight
ratios, MNC-OH, and bare NF samples after IR correction at a scan rate of 5 mV/s. (b)
Corresponding Tafel slopes for the studied electrocatalysts. (c) Comparative kinetic merits
(overpotential + Tafel values) for the prepared electrocatalysts @ -10 mA/cm2. (d) Polarization
curves for the MNC-P/NF 1:1:1 electrode before and after 5000 successive cycles for cycling
stability measurement. The inset in panel (d) represents the chronoamperometry durability test
recorded @ a constant potential of ~ -0.01 V vs. RHE.

Accounting for the electrocatalytic synergism of the synthesized catalysts, the equimolar
metallic interaction has led to a significant improvement in their bond strength, thus boosting the
intermetallic stability of the fabricated electrocatalyst for the HER.22,23 It is important to note that
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the enhanced activity can also be ascribed to the thin nanoflowers- like structure that could provide
excess active sites and good contact with the electrolyte.6,24 Contrarily, overpotentials of 57, 98,
114, and 224 mV are required for the MnNiCo-P/NF 5:2:2, MnNiCo-P/NF 4:4:1, MnNiCo-OH/
NF, and the bare NF to deliver the same current density of -10 mA/cm2, respectively. Notably,
blank NF displayed negligible current density in the range of 0 to -250 mV vs. RHE, demonstrating
that the conductive NF substrate did not show any significant contribution to the catalytic behavior
of the fabricated catalysts associated with the absence of its major electroactive catalytic centers,
thus confirming the superior catalytic performance of the synthesized MnNiCo-P.1,25
It is generally recognized that the HER mechanism in alkaline medium follows three main
processes: the first involves proton discharge at the cathode (Volmer reaction), followed by either
an electron-desorption pathway (Heyrovsky reaction) or Tafel slope that assume the direct
formation of hydrogen molecule from two adsorbed H* species, See Chapter 2 for equations and
calculation methods.1,16 To further provide profound investigations on the fundamental HER
kinetics, Tafel plots of the corresponding polarization curves are considered a valuable key to
assess the inherent catalytic properties of the fabricated electrocatalysts by evaluating the ratedetermining step of the electron-transfer reactions. Figure 5-5b analyzes the Tafel plots of all
investigated catalysts from their small polarization area, further evidencing the high performance
of the plasma-treated electrocatalysts. Note that the equimolar MNC-P/ NF 1:1:1 electrode
demonstrated the smallest Tafel slope of about 58 mV/dec amongst the five investigated
electrocatalysts, which is comparable to that of the 20 wt% Pt/C benchmark and much lower than
that of the MNC-P/NF 5:2:2 (94 mV/dec), MNC-P 1:4:4 (116 mV/dec), MNC-OH (130 mV/dec),
and blank NF (200 mV/dec) counterparts. In accordance with Tafel slopes, such low values of the
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phosphide-containing electrodes suggest the HER pathway is probably proceeded by VolmerHeyrovsky mechanism with the desorption step being the rate-determining step. On the other hand,
the higher Tafel slope of the MNC-hydroxide electrocatalyst and bare Ni-foam counterpart may
indicate a different electrocatalytic process with the Volmer step being the main mechanism
controller, resulting in sluggish kinetics on the electrode surface.16,26 It can reasonably be inferred
that the noticeable variation in the Tafel slope and the HER performance of the phosphide
electrocatalysts fluctuate from increasing the amount of mass loading, with the optimum catalytic
efficiency aroused from equal ratios of Mn:Ni:Co precursors (1:1:1). Further increasing the
deposition ratios, the catalytic synergism of the deposited tri-metallic components becomes
obstructed, resulting in minimizing the charge mobility in Mn5-Ni2-Co2 and Mn4-Ni1-Co1
phosphides and lowering their HER performance. That can be attributed to the possibility of the
agglomeration of some precursors particles within the composite matrix, leading to a catalytic
HER retardation.22 Such mass loading-dependent behavior reveals the vital role of the optimized
Mn-Ni-Co deposition ratios on the electrocatalytic performance. Overall, the values of the
overpotentials and respective Tafel slopes (kinetic metrics) @10 mA/cm2 of the variously
deposited electrocatalysts are comparatively illustrated in Figure 5-5c. Particularly, these findings
highlight the outstanding HER activity of our catalyst in the alkaline media, which is comparable
and even superior to other valuable representative catalysts reported in the literature (Table 3-1).
Stability of the catalyst is another indispensable parameter for assessing the HER catalytic
activity of the valuable electrocatalysts and examining their effectiveness for industrial use. In this
context, accelerated stability test via successive CV sweeps in the potential range of -0.2 to 0.2 V
vs. RHE at 100 mV/s was conducted to elucidate the electrocatalyst durability for the HER. Figure
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5-5d compares the LSV of MNC-P 1:1:1 in 1.0 M KOH before and after 5000 CV cycles. The
polarization curve of the MNC-P 1:1:1 after 5000 cycles almost overlapped with the 1st cycle with
a barely current density variation and a slight attenuation in the overpotential value, revealing
outstanding stability for catalyzing the hydrogen evolution reaction. Further assessing the
electrocatalyst durability, chronoamperometry measurement (i-t) in KOH alkaline solution at ~ 0.01 V vs. RHE was monitored up to a continuous 48 h (see inset in Figure 5-5d). Strikingly, the
electrocatalytic hydrogen evolution activity was sustainable and kept a steady current density,
retaining approximately 92% of the initial current after 48 h, revealing the long-term catalytic
stability of the deposited MnNiCo-P/NF 1:1:1 electrode for the HER. Further insights, the alkaline
HER mechanism on the MnNiCo-P catalyst was schematically investigated as depicted in Figure
5-6.

Figure 5-6 Schematic for Catalytic HER proposed cycle mechanism of the MnNiCo-P/NF
electrode tested in 1.0 M KOH.
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Importantly, post-structural SEM characterization was conducted for the MNC-P/NF 1:1:1
after prolonged HER durability measurement to investigate any possible structural variations
(Figure 5-7). Interestingly, the SEM imaging of the post investigated HER electrocatalyst revealed
that it maintained almost its pristine morphology with no obvious structural deterioration,
revealing structural sturdiness by the intact morphology of the synthesized electrocatalyst during
the HER.
(a)

1 µm

(b)

1 µm

Figure 5-7 SEM images of MNC-P/NF 1:1:1 electrocatalyst after the HER process.



Electrocatalytic intrinsic HER activity
To further explore the origin of the enhanced robustness of the fabricated electrocatalysts

for the HER, the electrochemical active surface area (ESCA)8,16,27 was evaluated to monitor the
double-layer capacitance (Cdl) of the MNC-P/NF, MNC-OH/NF, and bare NF at the solid/liquid
interface. The capacitive current was calculated based on the reported cyclic voltammetry
technique using various CV scans in the absence of the faradic processes.8,16,27 Linear fitting of the
maximum current at various scan rates of 5-100 mV/s was necessary for the accurate determination
of the Cdl (Figure 5-8a). As demonstrated in Figure 5-8b, the MNC-P/NF 1:1:1 electrocatalyst
showed the highest Cdl of ~ 13.341 mF/cm2, which is approximately 7.6 folds higher than that of
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the bare NF (2.08 mF/cm2) and considerably 1.4 times enhanced compared to that of the MNCOH/NF counterpart (9.6 mF/cm2). Accordingly, ECSA was estimated for the fabricated
electrocatalysts as detailed in Appendix A. Clearly, the equimolar MNC-P/NF 1:1:1 electrode
showed the highest electrocatalytic intrinsic activity with high surface roughness, improved
conductivity, and more accessible active sites for the HER, (Table 5-1).
Table 5-1 Estimation of the electrocatalytic active canters for the MNC-P/NF, MNC-OH/NF, and
the blank NF counterpart.
Electrocatalyst

Active sites density (sites/cm2)

MNC-P/NF 1:1:1

1.54 x 1018

MNC-OH/NF

7.1 x 1017

Bare NF

4.85 x 1016

On the other hand, the turnover frequency (TOF) is an important parameter for tracking
any changes in the electrocatalytic activity and to get more insights into the inherent catalytic
properties of the electrocatalysts by assessing the number of H2 evolved/ active site.30–32 The active
sites density was estimated directly from the CV plot at 20 mV/s scan rate, Figure 5-8c. Moreover,
normalizing the current density to the ECSA at a specific onset potential is critical for a better
comparison of the intrinsic electrocatalytic activity.24,28,29 In this context, the normalized current
density of the equimolar plasma-treated electrode was compared to that of the MNC-OH/NF
counterpart as demonstrated in Figure 5-8d, evidencing higher current output originating from the
MNC-P/NF 1:1:1 electrocatalyst.
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(a)

(b)

(c)

(d)

Figure 5-8 (a) CV scans for Cdl at various scan rates (5-100 mV/s) of MNC-P/NF 1:1:1 in 1 M
KOH in the region of 0.20~0.30 V vs. RHE. (b) Current density difference vs. scan rate for double
layer extraction for the determination of ECSA. (c) CV of MNC-P/NF 1:1:1 recorded at 20 mV/s
in 1 M KOH; the area under the oxidation peak acquired for the proper determination of the surface
concentration of active sites in the catalyst material. (d) Normalized current density by ECSA of
MNC-P/NF 1:1:1 and MnNiCo-OH/NF counterpart; recorded in1 M KOH.
As depicted in Figure 5-9a, the TOF values were computed for the MNC-P/NF 1:1:1
electrocatalyst and compared with that of the MNC-OH/NF counterpart at different overpotentials,
supposing that all active centers for the transition metals and phosphorus atoms are included in the
HER process with the corresponding calculation details depicted in the SI. Amazingly, the average
TOF value of the MNC-P/NF was found to be 0.35 s-1 and 0.80 s-1 @ overpotentials of -100 and 150 mV, respectively. This value evidently surpassed that of its hydroxide electrocatalyst
counterpart (0.06 s-1 @ η-100), implying a 3-fold enhancement that might reveal a more active
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interface between the deposited components and the phosphorus atom, thus confirming an excess
number of active sites. Despite the uncertainty of the TOF calculations as it is relatively difficult
to determine the exact number of active centers precisely, it is still an applicable way to correlate
the catalytic activity, particularly when comparing electrocatalysts under the same experimental
conditions.33
(a)

(b)

Figure 5-9 (a) TOF and MA trends over a wide potential range for the MNC-P vs. MNC-OH
hybrid structures. (b) EIS Nyquist plots for the presented MNC-P, MNC-OH, and NF counterpart,
examined at -200 mV vs. RHE. The inset in (b) shows the fitted equivalent circuit.
Meanwhile, the mass activity (MA) is considered a quantitative parameter and a more
reliable criterion for assessing the electrocatalytic performance of electrocatalysts.34,35 The MA
values can be obtained by normalizing the current density of the reported electrocatalysts to the
total mass loading of the synthesized catalyst, the detailed calculations are depicted in the SI.34 As
demonstrated in Figure 5-9a, the MNC-P/NF 1:1:1 electrocatalyst possessed an extremely high
MA up to 136 A/g metal at an overpotential of -100 mV, which is remarkably 5.9 times higher than
that of the MNC-OH/NF (~ 23 A/g metal) counterpart. It is worth mentioning that higher MA can
be accomplished by minimizing the mass loading to further minimize the bulk resistance and allow
for better electrical ionic conduction by the electrolyte ions to the electrocatalyst surface.35,36
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Accordingly, the higher mass activity attained by the MNC-P/NF 1:1:1 catalyst can reveal higher
current output at lower mass loading, thus a higher catalytic activity, see Table 5-2 for comparison.
Generally speaking, the higher catalytic activity in the multicomponent electrocatalysts, in contrast
to single components, can strongly be ascribed to the better interaction at the interface, revealing
the benefit of the interface effects in accessing more active centers of the catalyst.8,37
Table 5-2 Summary of the values of ESCA, TOF, and MA reported for the synthesized
electrocatalysts @ 1cm2 electrode area for comparing their intrinsic electrocatalytic activity
towards HER @ -100 mV.
Electrocatalyst

MNC-P/NF 1:1:1
MNC-OH/NF

ECSA (cm2)

RF

TOF (s-1)

MA (mA/mg)

Mass loading (mg)

335.25

335.25

0.35

136

0.6

240

240

0.06

23

0.5

As the electronic conductivity directly impacts the electrocatalytic HER performance,
electrochemical impedance spectroscopy (EIS) was investigated to effectively determine the
charge transfer resistance (RCT) of the deposited electrocatalysts and ensure full characterization
of the HER process at the electrode/electrolyte interface. Figure 5-9b compares the EIS Nyquist
plot of MnNiCo-P/NF 1:1:1 to those of MNC-OH/NF and blank NF counterparts at a fixed
potential of -200 mV vs. RHE. The semicircles were properly fitted using equivalent Randle’s
circuit (inset Figure 5-9b) to determine RCT of the electrocatalysts. Obviously, the MNC-P/NF
1:1:1 electrocatalyst exhibited the least RCT value (1.59 Ω) with the smallest semicircle diameter
in contrast to the metal hydroxide (5.84 Ω) and blank NF (8.00 Ω) counterparts, in agreement with
the ECSA measurements. On the other hand, the solution resistance (RSOL) was almost kept
unchanged (1.65 Ω) for all studied samples during the HER impedance measurements. It is worth
noting that the lowest RCT reported for the MNC-P/NF electrocatalyst can predominantly be
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ascribed to the phosphidation treatment of the deposited electrocatalyst that improves the
interfacial electrode surface area and boosts the electronic conductivity. Moreover, the enhanced
interfacial contact between the metallic components and NF substrate should highly improve the
electrical conductivity within the nanostructured electrocatalyst, thus leading to lower RCT at the
electrode/electrolyte boundary.38 That could reveal an ultrafast Faradic process and effective
electron transfer process for a better HER kinetics.37

5.3 Electrocatalytic Activity Towards Oxygen Evolution Reaction (OER)
The electrochemical OER activity of the designed electrocatalysts was also investigated using a 3electrode setup in N2 saturated 1.0 M KOH solution. Polarization curves of the MNCphosphide/NF with three different mass loadings were reported and compared to those of MNCOH along with the bare Ni foam counterpart. Prior to electrochemical testing, all working
electrodes underwent repetitive CV scans to achieve a relatively stable state. As displayed in
Figure 5-10a, IR-corrected LSV curves of the MNC-P/NF 1:1:1, MNC-P/ NF 5:2:2, MNC-P/ NF
1:4:4 were compared with those of MNC-OH/ NF and blank NF at a scan rate of 5 mV/s. Note that
MNC-P/NF 1:1:1 exhibits by far the earliest OER onset potential (ῃOER) of about 289 mV to attain
a current density of 10 mA/cm2 along with the considerably improved current density. In contrast,
the untreated MNC-hydroxide electrode supported on NF showed an OER overpotential of
approximately 345 mV to deliver the same current of 10 mA/cm2, much higher than those of the
plasma-treated MNC-P/NF electrodes, indicating that the phosphidation of MNC-OH/NF greatly
enhanced the OER performance. This ῃOER of the MNC-P/NF 1:1:1 is ~2 times less compared to
that of the bare NF counterpart (530 mV). On the other hand, the onset potential of the MNC-P/NF
1:1:1 electrocatalyst (289 mV) @ 10 mA/cm2 is even much lower than those of MNC-P/NF 5:2:2
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and MNC-P/NF 1:4:4 with overpotentials of 346 and 390 mV, respectively, revealing the influence
of varying the relative amounts of the different electrodeposited metal ions on the electrocatalytic
activity towards OER. These values are favorably comparable and outperform some of the recently
reported electrocatalysts as previously summarized in Table 3-2. Importantly, an anodic shoulder
around 1.3 to 1.4 V vs. RHE was noticed for all the deposited catalysts, which can be ascribed to
the presence of Ni and Co ions, consistent with other reported Ni or Co-containing catalysts.8,39
Interestingly, this anodic shoulder is shifted to a lower potential of approximately 1.3 V vs. RHE
for the equimolar MNC-P/NF electrocatalyst, implying a more modified electronic structure for
this optimal metallic ratio in the electrodeposition solution. This, in turn, could contribute to
lowering the thermodynamic barrier for the oxygen evolution process.40 It is worth noting that the
outstanding catalytic activity of the MNC-P/NF 1:1:1 electrode can be ascribed to the superior
synergistic effect among equimolar Mn, Ni, and Co in the phosphide based-trimetallic structure
with adjusted relative amounts, thus greatly tuning the electronic structure of the designed
electrode as well as lowering the required energy barrier for the electrolysis process.16,39
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Figure 5-10 (a) IR- corrected LSV scans of MNC-P with different deposition ratios tested at the
scan rate of 5 mV/s, along with MNC-OH, and bare NF electrodes, synthesized using similar
conditions. (b) LSV- extracted Tafel slopes for the reported electrocatalysts. (c) LSV cycling
stability for the MNC-P/NF 1:1:1 before and after 5000 cycles; the inset in (c) Demonstrates the
long-term i-t stability measurement recorded @ a fixed potential of ~ 0.29 V vs. RHE in 1 M KOH.
(d) Extraction of the double-layer capacitance (Cdl) for the determination of ESCA.
To further appraise the OER kinetics of the deposited electrocatalysts, Tafel analysis was
examined for all reported catalysts and extracted from their corresponding LSV plots, Figure 510b. Tafel slopes of the MNC-P/ NF 1:1:1, MNC-P/ NF 5:2:2, MNC-P/NF 1:4:4, MNC-OH/ NF,
and bare NF were found to be 85, 95,114, 165, and 217 mV/dec, respectively. Among the
previously explored catalysts, the smallest Tafel slope reached minima for the MNC-P/ NF 1:1:1

152

Chapter 5: Results and Discussion

153 | P a g e

electrocatalyst, indicating fast charge transfer for the OER mechanism associated with the uniform
coverage of the deposited precursors with an optimal concentration within the lattice structure, in
line with the lattice modification by the plasma-phosphidation-treatment. The fact that the OER
enhancements of the electrocatalysts follow the same sequence of HER process highlights the
effect of the composition engineering on the electrocatalytic activities.16,41,42 We believe that the
incorporation of high -valence- state manganese with Ni and Co- components could greatly affect
the OER reaction mechanism by promoting the adsorption of such metal cations to the hydroxyl
(OH¯) groups, thus minimizing the overpotential and lowering the Tafel slope for a rapid OER
kinetics. This might be linked to the lower energy barrier needed for the proton-electron transfer
process as well as the ease of O-O bond linking via the optimum synergism of Mn, Ni, and Coactive centers in the presence of phosphide ions.40,42 In turn, this could support the idea that our
hybrid electrocatalyst is one of the most efficient bifunctional electrocatalysts reported so far for
the oxygen evolution process.

We also assessed the long-standing stability as another valuable factor to address the
electrocatalytic applicability of the synthesized electrodes towards OER. The prolonged cycling
stability evidenced by closely overlapped LSV scans after 5000 CV cycles demonstrates that
MNC-P/NF 1:1:1 exhibited outstanding durability for OER, Figure 5-10c. This was reinforced by
the chronoamperometric measurements conducted approximately @0.28 V vs. RHE until 48 h
with a minimum fluctuation in the current density, revealing highly efficient catalytic performance,
see the inset in Figure 5-10c. To elucidate the origin of the intrinsic electrocatalytic activity of the
synthesized electrocatalysts, the Cdl was further estimated at various scan rates of 20-100 mV/s.
As demonstrated in Figure 5-10d, the MNC-P/NF electrode exhibits the highest Cdl of 8.66
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mF/cm2 which is almost 3 times larger than that of the blank NF electrode (3.08 mF/cm2) and even
much improved compared to the MNC-OH/NF counterpart (5.84 mF/cm2). This may reveal a
greater number of preferably active sites for the plasma-treated electrode associated with a higher
ESCA, thus enhancing the adsorption of H2O molecules, see Table 5-1.

Post-XPS analysis was further examined for the Mn1-Ni1-Co1-phosphide electrocatalyst
after the OER process to detect any possible variations in the chemical composition and the
dominant metallic valences on the electrode surface during the OER process. It is extremely
important to examine the metastable catalytic state of the reported electrocatalysts, which is a
prerequisite during the OER process.8,39,42 On the post-OER electrolysis, an obvious change in the
chemical composition of the catalyst can be noted as depicted in Figure 5-11. The low valent Mn,
Ni, and Co metal peaks, attributed to the metal-P bonds in the deposited sample, completely vanish,
while the P signal becomes very weak and below the detection limit of XPS. Instead, new peaks
emerged at 780.7 and 857.1 eV that can be assigned to oxidized cobalt and nickel 43, respectively.
Meanwhile, the O 1s peak is shifted to a lower binding energy compared to the pristine sample,
revealing the formation of low valent metal oxides.43 This P-deficient surface may reveal the
complete oxidation of the metal-phosphides to oxides or oxy-hydroxide species, thus providing
more desirable adsorption/desorption energies for the OER intermediates (OH* and OOH*).8,44,45
Accordingly, these features demonstrate that the subsequent phosphide-derived MnNiCo-oxide or
MnNiCo-oxyhydroxide heterostructures can significantly promote the OER activity and durability
by facilitating the charge transfer from the metallic Mn-Ni-Co-P to the surface layer, coinciding
with other reported studies for OER over the TMs-based phosphides.8,46
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Figure 5-11 XPS investigation of the electronic structure of the equimolar MNC-P electrocatalyst
on Ni foam after the OER process; (a) XPS elemental survey. (b-e) High-resolution XPS scans of
(b) Ni 2p. (c) Co 2p. (d) Mn 2p. (e) O 1s.

Moreover, to confirm the inherent catalytic activity of the functionalized electrocatalysts
during the OER process, a graphical representation of the TOF and mass activity values was
assessed and compared in Figure 5-12a, assuming the activity of all of the metal species of the
catalysts. The TOF and MA values were quantified at various overpotentials of 300, 350, 400, and
450 mV, further demonstrating the trend in the electrochemical OER activity of the synthesized
catalysts. Particularly, the TOF values of the MNC-P/NF 1:1:1 at an overpotential of 350 is ~ 0.09
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s-1, significantly larger than that of the MNC-OH/NF counterpart (0.011 s-1) and even better than
other relative Co or Ni phosphide-based OER electrodes reported in the literature, e.g., CoMnP
NP (0.004 s-1)8, NixCo3-xO4 nanowires (0.007 s-1)47 at the same η of 350 mV, revealing the potential
of the equimolar MNC-P/NF as one of the most efficient OER candidates. Furthermore, the MA
values of both hydroxide and phosphide electrodeposited MnNiCo precursors were studied at the
same overpotentials to elucidate the effect of plasma treatment on the pronounced catalytic
activity. As displayed in Figure 5-12a, the MNC-P/NF electrode showed an enhanced mass
activity of approximately 69.11 A/g Metal, which is significantly 8.9 order of magnitudes higher than
that of the MNC-OH/NF counterpart (7.8 A/g

Metal),

see Appendix A for more details. This

improved enhancement agrees with TOF and ESCA trends, thus verifying the optimal catalytic
properties of the trimetallic MNC phosphide with the augmented OER rate.
Aside from the higher OER intrinsic activity and the outstanding stability of the plasmatreated electrocatalyst, electrochemical impedance spectroscopy (EIS) is a complementary
approach to further evaluate the OER kinetics. Figure 5-12b depicts the Nyquist plots of the
fabricated electrocatalysts compared to that of bare NF electrode at a potential of 1.53 V vs. RHE.
To extract the needed physical parameters from the Nyquist plots, a consistent equivalent circuit
is used for the accurate fitting, as indicated in the inset of Figure 6f. Noticeably, all three electrodes
almost account for a close unchanged RSOL of about 2.26 Ω. On the other hand, the RCT values
were extracted to infer the OER kinetics on the electrode/electrolyte interface. As expected, the
faradic RCT response was drastically increased from 5.54 Ω for the electrodeposited MNC-P/NF
electrode to approximately 21.09 Ω and 76 Ω for the MNC-OH/NF and bare NF counterparts,
respectively. Importantly, a much smaller semicircle diameter of the plasma-treated electrode
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compared to the other catalysts can be a good indication of its excellent activity and faster kinetics
for the OER process. In turn, this could persuasively reflect the role of phosphidation on the
catalyst conductivity and the creation of additional active sites.2,48

(a)

(b)

Figure 5-12 OER catalytic activity: (a) TOF and corresponding MA values for the equimolar
MNC-P/NF electrocatalyst vs. MNC-OH/NF counterpart, compared at various overpotentials. (b)
EIS Nyquist plots measured at 1.54 V vs. RHE for the MNC-P, MNC-OH, and blank NF samples;
the inset in panel (5-11b) shows the equivalent fitted circuit.

5.4

Electrocatalytic Performance for Overall Water Splitting
Inspired by the aforementioned superior electrocatalytic activity exhibited by the MNC-

P/NF 1:1:1 catalyst toward both the HER and OER, a full single water alkaline-electrolyzer system
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was constructed for overall water splitting using the bifunctional MNC-P/NF 1:1:1 as both the
anode and cathode in alkaline KOH solution. As seen in Figure 5-13a, the full cell polarization
curves of the assembled electrode system MNC-P/NF 1:1:1|| MNC-P/NF 1:1:1 at the scan rate of
1 mV/s in 1M KOH delivered ultralow cell voltages of only 1.48 V to attain a current density of
10 mA/cm2. Notably, the gas bubbles could be virtually observed from both the anode and the
cathode (inset of Figure 5-13a). Remarkably, this performance outperforms the combination of
the two benchmark Pt/C || RuO2 system, which showed a current density of 10 mA/cm2 but at a
higher cell voltage of approximately 1.50 V, consistent with other reports under the same
experimental conditions.49 Impressively, contrasting these findings to recently reported
bifunctional phosphide electrocatalysts such as chalcogenides, and transition metal-based
catalysts, it is clear that this performance stands out amongst the best rated bifunctional water
splitting electrolyzers.8,25,42,50–52 For comparison, Figure 5-13b and Table 5-3 demonstrate the cell
voltages of a plethora of previously reported bifunctional electrocatalysts. Note that the noticeable
oxidation peak of our electrocatalysts that usually appears in the LSV before the OER potential
(Figure 5-10a) is minimized and broadened when electrodes were utilized as both the anode and
the cathode in the water electrolyzer system (Figure 5-13a). This phenomenon is very common
for most bifunctional water splitting electrocatalysts.17,39,42
Meanwhile, to rigorously evaluate the robustness of the assembled electrodes to the overall
water splitting performance, long- term durability test of the MNC-P/NF 1:1:1 || MNC-P/NF 1:1:1
electrolyzer was explored via continuous chronoamperometry operation at the onset potential of
1.48 V in 1.0 M KOH at room temperature, see Figure 5-13c. After nonstop 50 h, the MNC-P/NF
1:1:1|| MNC-P/NF 1:1:1 system showed outstanding stability and a steady-state current density
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with only 4% decay after 50 h. Moreover, the LSV after 50 h long-term durability test (i-t), Figure
5-13d, showed a very stable and intact LSV curve with almost no variation in the cell voltage and
a negligible minimization in the current density, revealing the superior stability of our constructed
water electrolyzer. Accordingly, the combination of the MNC-P/NF 1:1:1 || MNC-P/NF 1:1:1
electrode couple is a good choice for designing a remarkable water electrolyzer with outstanding
stability.

Figure 5-13 Demonstration of the electrochemical performances of the overall water splitting
electrolyzer using MNC-P/NF electrocatalyst as both anode and cathode in a two-electrode
configuration in 1 M KOH (a) IR-corrected LSV profile of the MNC-P/NF||MNC-P/NF
electrocatalyst recorded at 1 mV/s. Inset: photograph of the hydrogen and oxygen gas evolution
from the electrodes using a two-electrode setup. (b) Cell voltage comparison of recently reported
bifunctional transition metal-based electrodes for water electrolysis at a current density of 10
mA/cm2. (c) Steady-state chronoamperometry durability test of the MNC-P/NF||MNC-P/NF
electrocatalyst conducted @1.48 V over 50 h; the negligible current density loss of only 4% under
the continuous stability confirms the super stable electrocatalyst. (d) Polarization curves of the
overall water electrolyzer before and after 50 h stability test.
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Table 5-3 Comparison of the overall water electrolysis of the Mn1-Ni1-Co1-P/NF in 1 M KOH
solution with other studied high-performance bifunctional electrocatalysts.
Cell Voltage (V)
@10 mA/cm2

Supporter

Reference

Ni @NiFe LDH ǁ Ni @NiFe LDH

1.53

NF

J. Mater. Chem. A, 2019, 7, 21722

Ni2S3/MnS-O ǁ Ni2S3 /MnS-O

1.54

NF

Appl. Catal. B 2019, 257, 117899

V-Ni3S2 || V-Ni3S2/NiFe LDH

1.55

NF

J. Mater. Chem. A, 2019, 7, 18118

NiCoP || NiCoP

1.58

NF

Nano Lett. 2016, 16, 12, 7718

NiSe || NiSe

1.58

NF

Angew. Chem. Int. Ed. 2015, 54, 9351

NiFeSP || NiFeSP

1.58

NF

ACS Nano. 2017, 11, 10303

Ni0.2Co0.8Se || Ni0.2Co0.8Se

1.59

---

Nano‑Micro Lett. 2019, 11, 28

IrO2 || Pt plate

1.62

NF

ACS Energy Letters. 2018 3, 546-554

Co-P || Co-P

1.63

NF

Angew. Chem. Int. Ed. 2015, 54, 6251

MoNi4 /MnO2 ǁ NiFe LDH/FeS

1.68

NF || IF

J. Am. Chem. Soc. 2019, 141, 7005

NiFe LDH || NiFe LDH

1.70

NF

J. Mater. Chem. A, 2019, 7, 21722

MNC-P/NF || MNC-P/NF

1.48

NF

This Work

Cathode || Anode

It can be seen from post-structural SEM images (Figure 5-14) that the morphology of the
combined electrodes did not show any significant variation after the long-term electrolysis,
revealing the perfect durability of our constructed system. Likewise, the post-electrolysis EDX
analysis confirms the presence of all metals with high oxygen content, indicating the formation of
phosphide-derived oxidized species, consistently with the post-measurements XPS analysis
(Figure 5-15)
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Figure 5-14 SEM images of MNC-P/NF 1:1:1 electrode after a long-term stability test for the
overall water splitting at a current density of 10 mA/cm2. (a, b) Above panels for cathode. (c, d)
Below panels for the anode.

Figure 5-15 EDX analysis of MNC-P/NF 1:1:1 electrode after a long-term stability test for the
overall water splitting electrolyzer (MNC-P/NF || MNC-P/NF).
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DFT Investigations
In order to realize the pertinent surface chemistry, the catalytic performance was probed via

DFT calculations to unravel how the characteristic phosphorous ions and the electronic interaction
between the metallic constituents influence the catalytic activity of the composite. The DFT
calculations enabled the estimation of ΔGH*. The details of the calculations based on the standard
Cambridge Serial Total Energy Package (CASTEP) as implemented in Materials Studio version
2017.53 The Sabatier principle assumes that for optimum activity H binding should not be too
strong or too weak, approximately near the thermo-neutral, in order to control the energy barrier
to be as small as possible and hence improving the rate of reaction.16 Geometry optimization was
necessary in order to reach minimum energy configurations of H adsorbed at different sites on the
(0001) surface of MnNiCoP to study their activity beyond hydrogen evolution reaction (HER).
This crystallographic plane is related to the surface of the catalyst used experimentally. As
demonstrated in Figure 5-16a, MnNiCoP exhibits typical metallic nature with zero bandgap,
which is favorable for efficient electron transport in electrocatalysis. The projected DOS is
depicted in Figure 5-16b. Based on this figure, the unoccupied 3d orbitals (unfilled region)
promote strong orbital with the HOMO orbital of the H2O molecule. Therefore, smaller DOS was
observed, which preferred the valence and conduction bands coupling, resulting in excess
interband electrons transfer that further promote the HER and the OER kinetics.
Considering the HER mechanism, HER generally involves three steps: starting with H2O
+ e-, followed by an intermediate state, and ending with ½ H2 product.54 To determine the active
sites, we calculated Gibbs free energy for six representative different possible sites as shown in
Figure 5-16c, to further assess in-depth the electrocatalytic activity of the reaction. Note that the
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top of P bonded to Ni site of MnNiCoP is the optimum site for hydrogen adsorption with ∆GH* of
-0.17 eV, which is almost thermoneutral, even comparable to that of the Pt (111) surface, thereby
revealing superior HER catalytic behavior.8,16 Moreover, the second preferential site for the Hadsorption is the 3-fold with Ni atoms, in agreement with previous studies.16 Meanwhile, the third
favorable site for H-adsorption is the top of Mn site of the MnNiCoP electrocatalyst. Such catalytic
activity of the MnNiCoP can be attributed to the excess favorable sites available on its surface and
the contest between Mn and 3-fold Ni adsorption sites that are beneficial for boosting the HER
activity.
From further insights into the origin of the overall water electrolysis performance, we
decipher the optimum factors for a higher OER catalytic activity, which is also of crucial
importance. Indeed, the OER pathway has sluggish kinetics, making it the bottleneck in catalysis
compared to the HER counterpart. To monitor the catalytic activity beyond the OER process, we
did geometry optimization and thermodynamic calculations for OH, O, and OOH adsorbed
intermediates at the top of the P atom sites, which is the favorable site similar to that reported for
NiCoP.55 The calculated Gibbs free energies of the investigated intermediates at the equilibrium
potential of 1.23 V are displayed in Figure 5-16d. Note that amongst all catalytic sites of the
studied MnNiCoP electrocatalyst, the best performance was provoked for the metal-Ni site with
the rate-determining step being the third step (O* to OOH*). Notably, the four electron-proton
reaction steps concurrently involve the desorption of the oxygen molecules from the catalyst
surface, which could estimate the adsorption affinity of the O2 molecules on the catalyst surface
for a better understanding of the reaction mechanism. All these predictions reveal strong desirable
water adsorption on the surface of the electroactive electrode and further indicate the strong
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bonding between the metallic components and their best synergism with the P atom for peculiar
catalytic performance.

Figure 5-16 Theoretical DFT calculations for the ternary MnNiCo phosphide catalyst: (a) Unitcell of the MNC-P electrocatalyst with (0001) surface coordination. (b) Projected density of states
of bulk MNC-P. (c-d) Free energy diagrams of the intermediate states on the MNC-P (0001)
surface for (c) H* adsorption and (d) H2O adsorption.
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6. Chapter 6: Results and Discussion
6. A Roadmap Towards the Facile Design and Optimization of Photoelectrode
Materials for Energy Conversion Systems.
In the event that the global world provisions strongly to discover sustainable alternatives
to the declining fossil fuel resources, solar hydrogen production systems via photoelectrochemical
(PEC) water splitting could be a reasonable solution.1–4 According to chapter 3 discussion, the use
of semiconductors and sunlight to split water to generate hydrogen is a viable way for producing
synthetic fuels and chemicals that would allow the closure of the carbon cycle and eliminate the
net CO2 emissions, thus providing the tools to combat climate change. However, the core scientific
challenges associated with the realization of the production of such a promising source of energy
lie in the identification of photocatalytically active electrode materials with optimum structure and
morphology. To this end, metal oxide semiconductors have received much interest, thanks to their
relatively low cost and efficient photocatalytic and stability features.5,6 From this perspective,
designing various nanostructured metal oxide semiconductors could precisely address the needed
characteristics of the photocatalysts. However, most metal oxides still exhibit unsatisfactory
limitations, which sturdily affect their photoelectrochemical performances and reliability, resulting
in poor efficiency.7,8 Given the primary aim of this work of fabricating efficient
photoelectrocatalysts to be used in PEC systems, orthorhombic niobium oxides based- electrodes
constitute one class of the most stable semiconductor photocatalysts that have recently received
considerable attention.7 Accordingly, a set of specifications have been dedicated to enhancing the
photoelectrochemical characteristics of the fabricated niobium oxide-based-photoanodes using
mainly two regimes. Either by cost-effective doping schemes, 9 or self-doping induced defects via
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different annealing environments, as will be discussed below.10,11 In this regard, Zr doping is
expected to stabilize the orthorhombic phase of Nb2O5, exhibiting superior superconducting
properties, high corrosion resistance, mechanical properties, and thermodynamically selfconsistency.12,13 To this end, this chapter includes two main combinatorial studies that strictly
highlight the proper strategies for modifying zirconium-doped Nb2O5 photoanodes to investigate
their performance for PEC applications. This chapter is divided into three main sections. The first
section analyzes the anodization process of the formed NTs with taking into account the effect of
varying the anodization parameters on the compact NTs formation. The aim of part two is to unveil
the influence of the nitridation treatment on the structural properties, the photo response, and the
overall catalytic performance. On the other hand, the third section gives deep insights into the role
of hydrogen annealing on tuning the photoactivity by creating dominant defects associated with
the existence of oxygen deficiencies. The interplay between the impact of varying the hydrogen
annealing temperature and the photoresponse of the photoelectrodes was extensively examined.

6.1

Morphological Analysis of the Synthesized NT Arrays
Zr-doped niobium oxide nanotubes were synthesized via the anodization of Nb-Zr alloy sheet

in viscous ethylene glycol-based solutions containing ammonium fluoride. Prior extensive
experiments showed that the anodization of Nb and its alloys in viscous electrolyte solutions
containing NH4F usually results in the formation of smooth, regular, and self-organized
nanostructures. Sincere efforts were dedicated to optimizing the anodization conditions and we
found that ethylene glycol (EG) and glycerol electrolytes containing NH4F are the most promising
media. The best morphology was obtained upon reducing the concentration of H2O as low as
possible with increasing the concentration of NH4F to be more than 1.1 wt%. This allows the
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formation of well-organized nanotubular structures, overcoming the formation of porous
structures.14 Note that the use of viscous EG-based electrolytes largely contributes to obtaining
well-aligned nanostructures over the whole surface with almost no debris observed.15,16 Moreover,
the highly viscous electrolytes enhance the quality of the fabricated nanotubes by affecting their
oxide dissolution degree.15 In addition, water content determines the quality of the formednanostructures, where large amounts of water favor the formation of porous structures instead of
nanotubes.15 Therefore, the electrolyte composition is very crucial to guarantee the formation of
nanotube array films. Figure 6-1a depicts top-view FESEM images of the Nb94Zr6 foils anodized
at 50 V in EG-based electrolytes containing 6 vol% water and 1.2 wt% NH4F for 30 min. The use
of EG-based electrolytes improves the regularity and features of the produced nanotubes because
it prevents the oscillation of current and the fluctuation in pH during anodization. Notably, the
outer diameter of the resulted NT arrays was in the range of 120 nm and the average length for the
air-annealed sample was estimated to be ~90 nm as shown in inset Figure 6-1b. Figure 6-2a shows
the large surface view of the fabricated NTs, demonstrating their full distribution on the surface,
while Figure 6-2b shows the as-synthesized nanotube probe Tilt Angle. Those short nanotubes are
very beneficial in ensuring fast charge carrier transport properties.17 The shorter the nanotubes, the
faster the electron transport process and the higher photocatalytic performance.17
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a

b

200 nm

200 nm

Figure 6-1 FESEM micrographs of niobium-zirconium mixed oxide nanotube arrays: (a) asanodized, after annealing (b) in air.

100 nm

Figure 6-2 (a) Fabricated nanotube probe Tilt Angle. (b) Large surface view of the fabricated
nanotubes.
However, the observed increase in the fabricated nanotube diameter can be related to the
unusual feature of the EG-based electrolytes that result in open and large pore size nanotube arrays,
as shown in Figure 6-3a.18,19 Moreover, the effect of varying the water content was demonstrated
in Figure 6-3b. Moreover, it was noticed that increasing the anodization time resulted in a rubble
layer on the surface of the NTs (Figure 6-3c), while increasing the ammonium fluoride content
resulted in a deterioration of the nanotubes morphology, as shown in Figure 6-3d. Furthermore,
the cross-sectional images of the samples anodized at voltages below or higher than 50 V showed
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no tubular formation, revealing that the voltage is another key factor for the formation of NTs,
Figure 6-3e. On the other hand, the absence of the ice bath during the anodization process trying
in the failure of the nanotube’s formation, causing them to be detached from the alloy substrate as
shown in Figure 6-3f.
To this end, the fabricated NTs were annealed in controlled ammonia and hydrogen
atmospheres at various temperatures to convert them into crystalline structures.

Figure 6-3 Top-view SEM images of the anodized Nb- Zr alloys at (a) Glycerol- based electrolyte.
(b) High water content of the electrolyte (~9 vol%). (c) Long anodization time (~90 min). (d) High
ammonium fluoride amount (larger than 0.74 M). (e) High anodization voltage (80 V). (f) The
anodization without ice bath.

6.2 Enhanced Photoelectrochemical Activity Using Niobium-Zirconium
Oxynitride NTs
Herein, I report on the first fabrication of vertically oriented niobium-zirconium oxynitride
nanotube arrays and their use as an attractive and robust material for visible-light-driven water
oxidation. My ability to synthesize self-ordered, vertically-oriented Nb-Zr mixed oxynitride
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nanotubes would facilitate charge transfer, as the higher orbital energy of N compared to that of O
makes oxynitrides enjoy lower bandgap energies than the metal oxide counterpart.123 Moreover,
the high surface area, proper wall thickness, and surface roughness of the fabricated NTs are
essential characteristics to ensure better photocatalytic activity. Nb-Zr oxide and oxynitride
nanotube electrodes were tested in the photoelectrochemical cell under AM 1.5G illumination in
1 M Na2SO4 aqueous solution. Details of the structural characterization and the
photoelectrochemical findings will be discussed as below.

6.2.1 Compositional and Structural Analysis
As mentioned in section 6.1, cross-sectional images of the anodized samples revealed the
homogenous distribution of the vertically aligned and well-ordered NTs. To further unravel the
influence of the controlled ammonia atmosphere on the morphology of the fabricated nanotubes,
post-structural characterization was conducted for the ammonia-annealed sample at 400 oC. It is
highly important to mention that the structure and morphology of the fabricated niobiumzirconium nanotube were preserved after ammonia annealing with small changes in their shape,
diameter, and surface roughness, as shown in Figure 6-4a. Figure 2d shows the energy dispersive
x-ray "EDX" spectra of the fabricated nanotubes after their annealing in ammonia atmosphere,
revealing the existence of Nb, Zr, O and N. Moreover, the EDX spectra confirm the symmetric
dissolution of Nb and Zr in the annealed samples, indicating that the different annealing
atmospheres have no effect on changing the original mass ratios of the resulting NTs.
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c

d

200 nm
Figure 6-4 (a) FESEM micrographs of niobium-zirconium nanotubes after annealing in ammonia.
(b) The EDX spectra of the ammonia-annealed sample at 400 °C.
To gain detailed information on the crystal structures and lattice positions of the fabricated
NTs, XRD patterns were collected for the NTs annealed in air and ammonia as shown in Figure
6-5a. Irrespective of the annealing atmosphere, the NTs have an orthorhombic crystal structure
(JCPDS no.27-1003). This can be confirmed through the appearance of the characteristic
diffraction peaks at 2 = 28.2ο, 22.5ο, and 50.11ο ascribed to the (orthorhombic) T- Nb2O5.21,22
According to the XRD of the niobium-zirconium foil depicted in the inset of Figure 6-5a, strong
diffraction peaks at 38.9ο, 55.9ο, and 70ο are observed, consistent with the metallic niobium peaks
reported in the literature.23 It is inferred that those peaks totally disappeared after applying different
annealing conditions, especially for the air annealed species due to the dominant thermal
oxidation.24 Concerning the ammonia annealed sample, the peak positions are almost the same as
those of the air-annealed sample, revealing an identical interplanar distance of the orthorhombic
phase in both annealed samples. Nonetheless, an obvious additional peak was observed after
ammonia treatment at 2 = 44.3ο, similar to that reported for nitrogen-doped Nb2O5.22 In general,
the more sharp and intense peaks of the annealed samples compared to the standard bulk ones,
demonstrate the high crystallinity and favorable orientation of the orthorhombic Nb2O5.17,22
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Notwithstanding that there was no significant ZrO2 peak observed in the XRD spectra for both
annealed samples and that was in consistency with previous reports.25 Strictly, the disappearance
of zirconium oxide peaks relevant to the niobium ones may indicate that Zr was completely
integrated into the lattice of Nb2O5. Consequently, the dominant phase in the XRD pattern was the
orthorhombic Nb2O5 of a mixed Nb-Zr-O oxide instead of the formation of binary oxides.25
Compared to the XRD literature of Nb2O5, it should be noted that there was a small shift in the
peak positions of about 0.3ο, which can be ascribed to the difference in the structure lattice
constants attributed to the embodied secondary metal within the lattice.26 It is well-observed in our
study that both oxides and oxynitrides possess an overlapping XRD pattern. This is in agreement
with several studies in the literature.27,28
The Raman spectra (Figure 6-5b) for the air and ammonia annealed samples manifested
the formation of crystalline T-Nb2O5 as indicated by the characteristic peaks at approximately 230,
305, and 700 cm-1.29 The observed peaks at 230 and 310 cm-1 are characteristic of the Nb-O-Nb
bending mode. Moreover, the characteristic sharp and symmetric peak observed around 705 cm -1
can be ascribed to Nb-O stretching mode.30 It was found, in most of niobium oxide compounds,
that increasing the stretching frequency resulted in decreasing the bond length, implying an
increase in the oxidation state 31. Note that the air-annealed peaks are much sharper with higher
intensity than those observed for the ammonia-annealed sample. It is worth noting that there were
no significant peaks observed for zirconium oxide (ZrO2). Only a little shift in the positions of the
peaks was observed, which reinforced the formation of a single mixed oxide. Based on the previous
discussion, the Raman spectra were shown to further characterize the bond configuration and phase
evaluation of the annealed samples, confirming the XRD results.
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Figure 6-5 (a) GAXRD spectra. (b) Raman spectra of the air- and ammonia-annealed samples at
400 C for 40 min. The inset in panel (a) shows the XRD of the niobium-zirconium foil.
As it was not possible to distinctively distinguish between oxides and oxynitrides using
XRD and Raman analysis, X-ray photoelectron spectroscopy (XPS) was used as it is a very
sensitive and convenient surface technique to distinguish between oxides and oxynitrides.27,32.
Figure 6-6a displays the XPS survey scans of the air- and ammonia- annealed nanotube samples,
revealing the existence of the 4 elements; Nb, Zr, O, and N. Figure 6-6b shows the high-resolution
Nb 3d XPS spectra for the air- and ammonia- annealed samples. The air-annealed spectra of the
fitted Nb 3d exhibit two characteristic peaks at 210.4 eV and 207.7 eV, which are related to Nb
3d5/2 and Nb 3d3/2 respectively, with a spin-orbital separation of ~2.7 eV, confirming the formation
of Nb5+ oxidation state,28 in accordance with the XRD data. Upon annealing in ammonia, the Nb
peaks are shifted to lower binding energies of 210.1eV and 207.3 eV, respectively, indicating
excess electronic cloud around Nb atoms upon incorporating less electronegative atoms to the
Nb2O5 crystal lattice.28 Moreover, for the ammonia-annealed samples, the O1s peak is fitted into
two main peaks at 530.3 eV and 531.8 eV, respectively. The first peak at 530.3 eV is similar to the
observed singlet symmetric peak of the air-annealed sample (530.4 eV), characteristic of oxygen
ions in the metal oxide lattice.28,32 The observed broad shoulder in ammonia- annealed sample at
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531.6 eV could be ascribed to the presence of both N and O in the same lattice, further
demonstrating the formation of oxynitride upon annealing in ammonia.33,34 Besides, the analysis
of Zr 3d spectra shown in Figure 6-6c indicates two significant peaks for the air-annealed samples
at 182.8 eV and 185.4 eV, assigned to Zr 3d5/2 and Zr 3d3/2, respectively. An energy separation of
about 2.6 eV is observed between the two peaks evidencing the presence Zr4+.35,36 Note that
annealing the samples in the ammonia atmosphere has resulted in a slight shift in the binding
energy to 183.1 eV and 185.8 eV, respectively. Figure 6-6d depicts the N 1s spectra of the airand ammonia-annealed samples. For the ammonia-treated sample, a characteristic peak is observed
at 396.1 eV, which is characteristic of the β-N that arises due to the substitution of some oxygen
in the oxide lattice by nitrogen, i.e. the formation of niobium- zirconium oxynitride, in agreement
with literature.37–39 Additionally, one can observe another peak centered at 399.7 eV for both the
air- and ammonia- annealed samples. Generally, this peak may arise due to the presence of γ-N,
which can be assigned to either molecular adsorbed nitrogen,23,27,37, or the incorporated ammonium
ions present in the electrolyte during anodization.15,40 Based on the XPS analysis, the nitrogen to
oxygen stoichiometry was found to be 0.36:1. Consequently, the stoichiometry of the fabricated
oxynitride can be expressed as ZrxNb2-x O3.4 N1.6.
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Figure 6-6 X-ray photoelectron spectroscopy (XPS) spectra for the air- and ammonia- annealed
samples: (a) survey spectra. (b) High resolution Nb 3d. (c) High-resolution O 1s. (d) Highresolution Zr 3d. (e) High-resolution N 1s spectra.

6.2.2 Optical Characterization
The diffuse reflectance spectra were recorded to investigate the optical properties of the
prepared samples. Figure 6-7a depicts the UV-Vis absorption spectra of both the air-annealed and
ammonia-annealed nanotube samples. As demonstrated in Figure 6-7a, the ammonia-annealed
samples exhibit an absorption edge at ~464 nm that is red-shifted by ~80 nm compared to that of
the air-annealed counterpart. This can be ascribed to the introduction of nitrogen and the formation
of oxynitride with better absorption in the visible wavelength region.149 Note that the observed
absorption of the fabricated samples is better than that reported for Nb oxide NT arrays.150 The
optical band gap energy of the fabricated samples was calculated via the Tauc plot 113,126 as shown
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in Figure 6-7b. The direct band gap can be calculated from the UV-Vis spectra according to Eq.
6.1 113,126:

(𝜶𝒉𝝊)𝟐 = 𝑨(𝒉𝝊 − 𝑬𝒈)

(𝟔. 𝟏)

Where α represents the absorption coefficient, υ is the frequency, h is Planck's constant, A
is a constant, and Eg is the bandgap energy. The extrapolation of the linear part of the Tauc plot
gives the optical band gap, which was found to be ~2.67 eV and 3.23 eV for ammonia and airannealed samples, respectively. The recognized narrow band gap of the ammonia-annealed sample
was attributed to the higher potential of the N 2p than that of the O 2p orbitals.151 This conclusion
was confirmed via Mott-Schottky analysis as will be discussed later.

Figure 6-7 Optical Specifications: (a) The UV-Vis absorption spectra. (b) Tauc plot for air and
ammonia-annealed niobium zirconium nanotube arrays. The dashed lines in panels a, b correspond
to the absorption wavelength and band gap values, respectively.

6.2.3 Photoelectrochemical Activity Measurement
The photoelectrochemical performance of the fabricated Nb-Zr nanotube arrays was
investigated. Figure 6-8a showed the I-V plots of the Nb-Zr oxide and oxynitride nanotube
electrodes under AM 1.5G illumination in 1 M Na2SO4 aqueous solution. Note that the
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photocurrent of Nb-Zr nanotubes annealed in air is slightly better than that of pure Nb oxide
nanotubes annealed under the same conditions, indicating the effect of Zr in improving the
performance of Nb2O5 nanotubes35. Despite the wide bandgap energy of zirconium oxide (3.9 eV),
the addition of Zr to Nb alloys contributes basically to enhance the electron mobility and
consequently a better collection of charge carriers. Markedly, it was found that a small portion of
Zr increased the conductivity and stabilized the most stable and photoactive polymorph of Nb,
which is niobium pentoxide (Nb2O5). Moreover, the Nb2O5 NTs containing Zr showed a higher
photocurrent (4 µA/cm2) as shown in the inset of Figure 6-8a, in comparison with the pure Nb2O5
(100 pA).44 Moreover, the high surface area, crystallinity15, and suitable geometry of the fabricated
Nb-Zr oxide nanotubes, all can be logical reasons for the observed enhanced performance.
Notably, the air-annealed sample exhibited a very low photocatalytic activity as indicated by the
obtained photocurrent (4 µA/cm2 at 1VSCE), in accordance with the visible light absorption, as
shown in Figure 6-7a. This low photocurrent behavior can be ascribed to the presence of oxygen
vacancies as well as the trap states in the air-annealed lattice, which affect the efficiency of the
photogenerated charge carriers45, as confirmed below in Mott Schottky analysis. However, the
ammonia-annealed sample showed an obvious improvement in the photocurrent density reaching
270 µA/cm2 at 1V vs. SCE, which is consistent with the absorption spectra as reported in Figure
7-6a. This observed radical increase in the photocurrent density of the ammonia-annealed sample
can be ascribed to the nitrogen doping, which resulted in a narrow bandgap. Note that the Nb-Zr
oxynitride nanotube arrays showed approximately an enhancement of about 1900% than that
reported for thin film electrodes made of niobium oxynitride (13 µA/cm2 at 0.8V vs. Ag/AgCl )46
and ca. 3700% greater than that recorded for nitrogen-doped mesoporous Nb2O5 (7 µA/cm2 at 1V
vs. Ag/AgCl).33 Such enhancement can be ascribed to the excess donor states due to the nitrogen
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doping as confirmed below via the Mott-Schottky analysis. Note that our fabricated tubes are only
90 nm in length, which are very close to nanoparticles. In this regard, our fabricated nanotubes are
much beneficial not only in the cited application but also in other applications such as DSSCs.
Stability of the photoelectrodes is one of the bottlenecks towards the realization of practical
water splitting cells. In order to investigate the stability of the synthesized nanotube electrodes,
transient photocurrent (J-t) measurements were performed in 0.1 M Na2SO4 aqueous solution for
the air- and ammonia- annealed species under light on/off conditions at a constant external bias of
1 V vs. SCE. As depicted in Figure 6-8b, a strong photocurrent response with a sharp decay was
noticed for the tested oxynitride electrodes under each light on/off cycle, revealing the excellent
dynamics with improved separation efficiency of the photogenerated holes and electrons34. This
can be stated clarified using Eq. 6.2.
−𝒕⁄
𝝉𝒅 𝑰

𝑰 = 𝑰ₒ𝒆

−𝒕⁄
𝝉𝒓 )

= 𝑰ₒ (𝟏 − 𝒆

(𝟔. 𝟐)

Where I is the photocurrent, I0 is the initial photocurrent, and t is the time. Under light-off
conditions, a monotonic decay is observed for the fabricated nanotube arrays, which could likely
lead to good carrier transport characteristics. Moreover, a constant photocurrent was obtained,
which gives insights on the stability of the tested nanotubes over the complete period of the test.
On the other hand, the air-annealed sample shows a constant weak photocurrent activity (4 µA/
cm2) compared to the ammonia-annealed one, as illustrated in Figure 6-9. Apparently, ammonia
annealing resulted in an observable photocurrent transient upon switching the light on, which could
indicate a higher possibility of the charge carrier's recombination. These observations support the
utility of niobium-zirconium oxynitrides as good candidates for water splitting.
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b

Figure 6-8 Photoelectrochemical Analysis (a) The J-V characteristics upon sweeping the
potential from -1.0 to 1.0 V vs. SCE. (b) Current transients for the ammonia-annealed sample at
1.0 V vs. SCE. The inset in panel (a) shows the J-V behavior of the air-annealed sample.

Figure 6-9 Current transients for air-annealed sample at 0.1 V vs. SCE.
In order to get a well-understanding explanation of the observed photocurrent, Mott
Schottky (MS) plots were investigated to estimate the density of charge carriers (ND), flat band
potential (VFB), and the band edge positions of the fabricated nanotube electrodes. Figure 6-10a
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shows the MS analysis at 1 kHz for the annealed samples, where VFB and ND can be accurately
calculated using Eqs. 6.3& 6.4:
𝟏
𝒄𝟐

=

𝟐
𝐍𝐃 𝛆𝛆ₒ

𝐍𝐃 = −[

[(𝑽 − 𝐕𝐅𝐁 ) −

𝟐
𝛆𝛆ₒ

][

𝟏 𝟐
𝑪

𝒅( )

𝒅(𝑽)

𝑲𝑻
𝒆

]

(𝟔. 𝟑)

−𝟏

]

(𝟔. 𝟒)

Where e is the electron fundamental charge, ND is the donor density, V is the applied
potential, k is Boltzmann's constant, VFB is the flat-band potential, T is the absolute temperature,
𝜀ₒ is the permittivity of free space, and ε is the dielectric constant of the studied material, which is
taken here to be 41.32 A plot of the applied voltage versus (differential capacitance)-2 in a neutral
pH solution at 1 kHz was constructed and the fitted linear part of the graph with the x-intercept is
used to estimate the value of the VFB. By way of illustration, the flat band potential values were
inferred from the high-frequency MS plots to exclude the capacitance's contribution from the
Helmholtz layer and the surface states.47 Note that the plot for the ammonia-annealed sample is
not completely linear, which indicate the presence of lattice defects.48 Noted that the band edge
positions of the annealed samples can be feasibly determined by using the previous data side by
side with the band gap energy typically obtained from Tauc plots. It should be also noted that a
small anodic shift in the CBM of the core sample was mainly noted for tantalum oxynitrides.49
Figure 6-10b illustrates the Nyquist plot, indicating relatively decreased charge transfer resistance
at the oxynitride NTs/electrolyte interface compared to the oxide counterpart. Table 6-1 lists the
obtained VFB, ND, VB, and ECB of the air and ammonia-annealed samples, where the air-annealed
sample showed a more negative flat band potential compared to the ammonia-annealed
counterpart. That in turn confirmed the need for a higher overpotential to overcome the larger band
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bending associated with the large depletion layer width (Wsc), according to Eq. 6.5. Moreover, the
higher observed increase in the donor density of the ammonia-annealed sample compared to the
air counterpart revealed that most of these surface states are shallow defects.

𝟐𝛆𝛆ₒ
(𝐕 − 𝐕𝐅𝐁 )
𝐖𝑺𝑪 = √
𝐞𝐍𝐃

(𝟔. 𝟓)

b

a

Figure 6-10 Demonstration of (a) Mott Schottky analysis. (b) Nyquist impedance plot for air- and
ammonia-annealed niobium-zirconium nanotubes in 0.1 M Na2SO4 at pH=7.

Table 6-1 List of the calculated VFB vs. SCE at pH = 7, ND, ECB (vs. NHE at pH=7), EVB (vs. NHE
at pH=7) for the air and ammonia-annealed photoanodes.
Calculated Parameters

Ammonia-annealed NTs

Air-annealed NTs

VFB (vs. SCE at pH = 7)

-0.92

-1.02

-3

Donor Density (cm )

7.44 x 10

19

4.11 x 1017

EVB (vs. NHE at pH=7)

-0.98

-1.07

ECB (vs. NHE at pH=7)

1.6

2.1

To confirm the calculated band positions from the MS measurements, the valence-band
XPS (XPS-VB) spectra were recorded and analyzed. Figure 6-11a shows the high-resolution XPSVB spectra for both air and ammonia annealed samples, with uncertainty in the positions around
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0.1 eV. The position of the valence band maximum (VBM) for the ammonia-annealed sample
shows an upward shift compared to the air-annealed counterpart. Therefore, a linear fitting is used
to elucidate the more reasonable VBM at low binding energy for both oxide and oxynitride
samples. To guarantee the success of this linear method, the energy range at which the leading
edge arises must be higher than the experimental resolution (Reff <1).50Accordingly, the VBM was
calculated from the intersection between the linearly extrapolated part of the leading edge and the
background baseline.50 It is critical to consider that the scale of these measurements (4.5 eV versus
vacuum) could be used as a reference for the electrochemical measurements (0.0 eV versus NHE).
In this case, the Fermi level is in agreement with the flat band potential value (versus NHE)
calculated from the Mott Schottky analysis51 and in agreement with those listed in Table 6-2.
Consequently, we were able to construct the band diagram based on the data obtained from the
UV-VIS, Mott Schottky, and XPS VB analyses (Figure 6-11b)

Figure 6-11 (a) XPS VB spectra of the air and ammonia-annealed niobium-zirconium nanotubes.
The tangent line was used to determine the accurate value of the VBM for both samples. (b) A
schematic of band alignment vs. NHE and vacuum relative to the water redox potentials at pH = 7
for the air and ammonia-annealed niobium-zirconium nanotubes.
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As shown in Figure 6-11b, the band diagram for the air and ammonia-annealed samples with
respect to water reduction (H+/H2) and oxidation (H2O/O2) potentials is represented. Note that the
CBM is more positive than the (H+/H2) potential and the VBM is more negative than the (H2O/O2)
potential, confirming that both air and ammonia-annealed samples can be used to split water in a
neutral pH solution.

6.3 Multiple Synergistic Effects of Zr-Alloying and Hydrogen Treatment on
the Phase Stability and Photostability of Niobium Based-Oxide Nanotube
Arrays.
This study is a complementary work that aimed to provide additional strategies other than
nitridation treatment to boost the photoelectrochemical performance of the niobium-based alloys.
As discussed earlier in Chapter 3, some niobium oxide polymorphs suffer from stability issues
that alter their crystal chemistry and hamper their photocatalytic performance, indicating the
potential influence of the polymorph stability on the functionality of the material.52,53 Amongst
the available polymorphs, the orthorhombic niobium pentoxide (T-Nb2O5) showed promising
photocatalytic characteristics.27 However, it is challenging to fabricate pure T-Nb2O5 without any
contribution from suboxides. In this regard, Zr doping was a potential strategy that is expected to
stabilize the orthorhombic phase of Nb2O5, exhibiting superior superconducting properties, high
corrosion resistance, mechanical properties, and thermodynamically self-consistency.12,13,54
However, Zr-doped Nb2O5 is a wide band gap material (3.1 to 4 eV) with limited optical and
catalytic activity in the visible spectrum.55 Therefore, besides stabilizing the required polymorph,
hydrogen treatment was a good strategy to enhance the optical and catalytic activity of the
material.55,56 Herein, I demonstrate the opportunity to both stabilize and enhance the photoactivity
of T-Nb2O5 via Zr doping and hydrogen treatment as evidenced via the observed high performance
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of the material as a photoanode in photoelectrochemical cells. While the presence of Zr helps to
modify the surface features of Nb2O5 and stabilizes the material57, hydrogen treatment helps in
increasing the donor states and introducing active oxygen vacancy (OV) sites as evidenced via
Mott-Schottky and valence band XPS analyses, leading to a photocatalytic activity that is ~ 65
times that of the air-annealed counterparts.

6.3.1 Morphological, Compositional, and Surface Analyses upon Hydrogen
Treatment
As revealed by FESEM images (Figure 6-1), the surface morphology of the mixed
niobium-zirconium mixed oxide shows the formation of short nanotubes covering the entire
surface. To unravel the effect of hydrogen atmosphere on the NTs morphology, Figure 6-12a, b
depicts top-view electron microscopy images of the fabricated nanotubes after annealing at 400
°C for 40 min in air and hydrogen atmosphere, respectively. It was noticed that annealing the
fabricated samples in the hydrogen atmosphere resulted in minor changes in the pore diameter,
wall thickness, and surface roughness while retaining the nanotubular structure in place. The
noticeable structural openness for the hydrogen-treated samples associated with the low-packing
factor could effectively contribute to a good separation and transfer of charge carriers, boasting
the photocatalytic performance of the fabricated nanostructures.55

189

Chapter 6: Results and Discussion

190 | P a g e

Figure 6-12 Graphs of electron microscope images of the anodized Nb-Zr samples followed by
annealing (a-b) Top-view SEM images annealed in (a) Air atmosphere. (b) Hydrogen atmosphere
at 400 °C for 40 min. The insets show the corresponding cross-sectional views. (c-d) TEM images
of the hydrogen-annealed sample (c) TEM image with an inset of SAED patterns of the treated
sample. (d) HR-TEM image.
Additionally, transmission electron microscopy (TEM) images of the hydrogen-treated
samples were reported in Figure 6-12c, d to further confirm the morphological structure of the
formed nanotubes. As shown in Figure 6-12c, the TEM image of the reduced photoelectrode
confirmed the tubular morphological structure that was conserved even after its treating in the
hydrogen atmosphere. Moreover, the top inset of Figure 6-12c displayed the selected area electron
diffraction (SAED) of the reduced sample, thus proving a mono-crystalline structure with clear
spots representing the (1 8 0) and (0 0 1) planes. As shown in Figure 6-12d, the high-resolution
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TEM image exhibited interplanar spacing of about 0.39 nm indexed to the (0 0 1) plane of the
orthorhombic Nb2O5.58
Based on the literature, preliminary results have proven that several factors could largely
control the surface morphology of the fabricated nanotubular structure such as the appropriate
annealing environment and the annealing temperature, see Figure 6-13. Meaningfully, all the
mentioned factors have been taken into consideration while fabricating our Zr-doped niobium
oxide nanotubes. As depicted in Figure 6-14, the color of the nanotube films is largely dependent
on the annealing environment as it switches from white (as-anodized sample) to silver (airannealed sample) to black color (hydrogen-treated sample). This observed black color can be
related to the surface disorder of the fabricated nanotubes and may suggest the shift in the
absorption to the visible region of the light spectrum upon hydrogen annealing35 as will be
discussed later.
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Figure 6-13 Top-view SEM images of the hydrogen-treated nanotube arrays at different
annealing temperatures at (a) 200, (b) 300, (c) 500, and (d) 600 oC.

Figure 6-14 Photographs of anodized Nb- Zr alloy after (a) air annealing. (b) Hydrogen annealing.
The elemental composition of the hydrogen-treated nanotubes was elucidated using energy
dispersive x-ray (EDX) spectroscopy as depicted in Figure 6-15. The EDX spectra reveal the co192
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existence of Nb, Zr, and O elements. Moreover, the EDX mapping of Nb (Figure 6-15c), Zr
(Figure 6-15d), and O (Figure 6-15e) confirmed the homogenous distribution of these elements
with no evidence of segregation of any of the elements.

Figure 6-15 SEM- EDX results and elemental mapping analysis of the hydrogen-annealed
photoelectrode at 400 °C (a) SEM top view image. (b) EDX spectrum. (c-e) EDX mapping results
from (c) Nb. (d) Zr. (e) O.
To determine the crystal structure of the formed nanostructures and to elucidate the impact
of the hydrogen reducing environment on the possible phase variations, x-ray diffraction patterns
(XRD) were collected for the air- and hydrogen-treated nanotube films at different annealing
temperatures as shown in Figure 6-16. Note that annealing under air and hydrogen atmospheres
has contributed to transforming the material from amorphous into crystalline. Regardless of the
annealing environment, the peaks for each sample pattern can be indexed to the orthorhombic
niobium pentoxide crystal phase (JCPDS no. 27-1003) with representative angles at approximately
22.5ο, 28.2ο, 50.11ο, and 63.6ο possessing the (0 0 1), (1 8 0), (0 16 0), and (2 0 1) planes,
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respectively.21,22,57 As can be deduced from Figure 6-16, hydrogenation did not result in any phase
variation, but a slight decrease in the peak intensities. Further increase in the annealing temperature
resulted in a more decrease in the intensity of the peaks, which can be ascribed to the abundant
defects present within the lattice structure of the reduced films.55 Importantly, annealing in both
atmospheres did not yield any impurities while maintaining the favorable orientation and stability
of the orthorhombic phase. It can be seen from the XRD patterns of both annealed samples that
there were no characteristic peaks of ZrO2, in agreement with previous studies.25,57 That might be
a good indication of the formation of single mixed niobium-zirconium oxide instead of binary
oxides.25 Comparing the XRD spectra of the current study with that of Nb2O5 reported in the
literature, a small shift of about 0.25ο in the peak positions was noticed, which might be a good
indication of the co-existence of a second metal within the lattice structure of niobium oxide,
indicating the successful doping of Zr, leading to different lattice constants.26

Figure 6-16 XRD pattern of the air- and hydrogen-treated nanotube samples annealed at
various temperatures (200, 300, 400, 500, and 600 °C).
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The Raman analysis of the air- and hydrogen-treated species at 400 °C was displayed in
Figure 6-17. As could be observed, the air-treated sample exhibited significant peaks located at
approximately 230 and 310 cm-1 that could be related to the Nb-O-Nb bending mode. While the
sharp obvious band at ~704 cm-1 could be matched well with the Nb-O stretching mood.
Comparing this spectrum with the hydrogen-treated one, it could be noted that the reduced
photoelectrode showed significant broad and weak modes with reduced intensities, concurrent
with the appearance of a small shift in the band positions of about 4 cm-1 to the lower wavenumber
values. Notably, the frequency shifting and the peak broadening could occur due to the presence
of excess oxygen vacancies that were induced by the hydrogen treatment.59 Further, it could be
observed that there were no observed peaks for zirconium oxide (ZrO2), which supported the
formation of single mixed oxide instead of binary ones. Accordingly, Raman spectroscopy could
be a potent tool for determining the nature of defective materials and investigating the phase
evolution, confirming the XRD findings.

Figure 6-17 Raman spectra of the air and hydrogen-treated samples at 400 °C for 40 min.
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To further analyze the influence of hydrogen treatment on the nature of the dominant
defects associated with the existence of oxygen deficiencies within the lattice structure, X-ray
photoelectron spectroscopy (XPS) analysis was performed. Thus, XPS spectra of the air- and
hydrogen-treated nanotube samples were reordered and analyzed. Figure 6-18 depicts the XPS
survey scans, revealing the presence of Nb, Zr, and O with some contribution from adventitious
carbon, confirming that the hydrogen annealing process is clean with no other elements or
impurities included. Figure 6-18a and Figure 6-19a show the high-resolution XPS spectra of Nb
3d for the air- and H2-treated samples. Regarding the Nb 3d spectrum of the air-annealed
photoelectrode, it shows doublet peaks located at 207.6 and 210.4 eV, corresponding to Nb 3d5/2
and Nb 3d3/2, with a splitting of about 2.8 eV that refers to the Nb5+ oxidation state (Nb2O5) as
shown in Figure 6-18a.37 Most noticeably, for the H2-treated sample at 400 °C, the peaks turned
to be slightly broad with additional doublet peaks observed at lower binding energies of ~ 205.8
eV and 208.2 eV, matching well with Nb 3d5/2 and Nb 3d3/2 of Nb4+ oxidation state (NbO2) as
depicted in Figure 6-18a.60 This could clarify the non-stoichiometry of niobium pentoxide
(Nb2O5) in the reduced sample due to the appearance of small amounts of NbO2 suboxide within
its lattice. Accordingly, the apparent Nb4+ signals could be a direct indication of the excess oxygen
vacancies that could act as donor states below the conduction band minimum (CBM) and hence
enhance the conductivity and charge transportation, where some of the Nb5+ cations tended to form
Nbn+ (n < 5) within the reduced lattice.61,62 Such Nb4+ shallow donor states could assist charge
carriers transfer to the CBM without an extra supply of energy, in agreement with the photocurrent
enhancement of the H2-treated sample as will be discussed later. Contrarily, the XPS spectrum of
Nb 3d for the H2-annealed sample at lower temperatures of 200-300 °C shows no obvious
variations in the surface bonding of Nb2O5 nanotube arrays with only a slight decrease in the
196
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intensities of the peaks with a tiny shift in the binding energy values compared to the air-annealed
counterparts. Furthermore, the situation varies dramatically for the samples annealed at
temperatures above 400 °C, where the Nb 3d peaks became broader with a negative shift in the
binding energy compared to that of the hydrogen-annealed counterparts at lower temperatures as
shown in Figure S9a. Most importantly, for the H2-treated samples, an increase in the amount of
Nb4+ was noticed upon a further increase in the annealing temperatures from 400 °C to 500 °C and
600 °C, which may reveal the formation of deep states, leading to a distorted defective crystal
structure.6,62 Further, for the O 1s photoemission spectra shown in Figure 6-18b and Figure 619b, both air- and hydrogen-treated nanotube arrays exhibit a singlet peak at ~530.2 eV, distinctive
to lattice O of oxide structures, as shown in Figure 6-18b.32,35,57 For the air-annealed nanotubes,
the other peak located at 532.5 eV is characteristic of adsorbed OH- group on the niobia surface.34,21
Furthermore, the deconvolution of the broad peak of the hydrogen-treated sample shows a peak
located at a higher binding energy of ~ 531.9, revealing an oxygen-deficient structure (HxNb-ZrO).35 With these observations, one can notice the variation in the stoichiometry of both annealed
samples, confirming the significantly increased concentration of the induced defects upon
annealing the nanotubes in reducing atmospheres.63,64 Further, Figure 6-18c displays the peaks
associated with the fitted tetravalent Zr 3d spectrum for both air- and hydrogen-treated nanotubes.
The high-resolution scan of Zr 3d for the air-annealed sample demonstrates two main signals
characteristic of Zr 3d5/2 and Zr 3d3/2, which are located at ~ 182.7 eV and 185.3 eV, respectively;
corresponding to the typical values of ZrO2 with no evidence of Zr suboxides.57 However, for the
hydrogen-treated sample, a slight reduction in the binding energy of ~0.3-
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0.4 eV was observed upon annealing at higher temperatures (400-600 °C) relative to that
of the air-annealed samples. Note that increasing the annealing temperature in the hydrogen
atmosphere did not result in any variation in the chemical bonding of Zr with only a slight increase
in the peak broadness as displayed in Figure 6-19c.

Figure 6-18 XPS survey and High-resolution XPS spectra of the air- and H2-treated samples at
400 °C: (a) Deconvoluted Nb 3d plot. (b) Fitted O 1s peak. (c) Deconvoluted Zr 3d spectra.
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Therefore, the XPS analysis could further relate the influence of the reduction process on
the presence of suboxides that are associated with increased oxygen defects within the lattice,
confirming the capability of hydrogen treatment in enhancing the performance of the prepared
samples. The surface composition of the hydrogen-annealed nanotubes extracted from the XPS
spectra revealed 64.8, 32.86, and 2.34 atomic percent of O, Nb, and Zr compared to 70.86, 27.25,
and 1.89 atomic percent for the air-annealed counterparts. This indicates the effect of hydrogen
annealing on the formation of oxygen-deficient nanotubes.

Figure 6-19 High-resolution XPS spectra collected of the air- and H2-treated niobium zirconium
mixed oxide nanotube arrays prepared at different temperatures (200, 300, 400, 500, and 600 °C):
(a) fitted Nb 3d spectra. (b) Normalized O 1s spectra. (c) High- resolution Zr 3d spectra.

6.3.2 Optical and Electronic Properties
To further explore the properties of the reduced black nanotubes and examine the interplay
between the impact of hydrogen treatment and the photoresponse of the material, the diffuse
reflectance spectra (DRS) of the material were recorded and analyzed. Figure 6-20a depicts the
UV- Vis absorption spectra in the wavelength range of 300-800 nm for the air- and H2-treated
nanotube samples. In particular, the hydrogen-annealed sample at 400 °C exhibits the optimal
photoresponse with an extended-absorption edge to ~535 nm compared to the air-annealed sample
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with an onset wavelength of ~384 nm. Such enhanced optical activity in the visible wavelengths
can be mainly ascribed to the impact of the hydrogen environment in the creation of impurity
defect levels associated with the presence of delocalized electrons within the lattice structure.135,166
To well-relate the impact of the hydrogen atmosphere on the optical behavior of the annealed
samples, Tauc plot was drawn to estimate the band gap energy. Figure 6-20b depicts the direct
band gap using the Tauc plot for both air- and H2-treated samples at 400 °C according to Eq. 6.1.
The estimated band gap energies of both air- and H2-annealed samples were ~ 3.23 and 2.5 eV,
respectively. The lower band gap of the reduced sample indicates enhanced conductivity.

Figure 6-20 (a) DRS absorption spectra. (b) Tauc plots of the fabricated samples treated at 400
°C under air and reducing hydrogen atmospheres.
It was realized that the optical properties are highly affected by the annealing temperature
with some variations in the intensity in the visible light absorption. Apparently, an enhancement
in the optical properties was observed upon increasing the annealing temperature from 200 to 400
°C, then eventually worsened when the annealing temperature exceeds 500 °C. As shown in Figure
6-21, the observed shift in the absorbance towards higher wavelengths upon rising the annealing
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temperature from 200 to 400 °C could be mainly preceded by the abundance of shallow impurity
states that were absent at higher temperatures with different nature of defects. This trend was
consistent with the band gap energies of the different annealed samples as summarized in Table
6-2.

Figure 6-21 (a) UV-Vis spectra. (b) Tauc plots for the H2-treated niobium zirconium nanotube
arrays at various temperatures in the range of 200- 600 °C.

It is commonly accepted that the presence of the oxygen deficiencies could affect the
charge carriers' separation and interfacial charge transfer, thus photocatalytic performance.65–67
The promotion influence of the oxygen vacancies induced by the hydrogenation and the
recombination behavior on the photocatalytic activity of the hydrogenated- and air-treated
photoelectrodes were reflected by using PL spectra and ESR spectral measurements. Figure 6-22a
reflects the room temperature photoluminescence emission analysis (PL) of both air- and
hydrogen-treated samples at 400 °C. As could be observed, both samples exhibited two dominant
peaks centered at approximately 357 nm and 467 nm, which could be corresponded to the near
band edge emission from Nb2O5 and the recombination of charge carriers in the valence band and
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Chapter 6: Results and Discussion

202 | P a g e

the conduction band, respectively.68 Notably, the PL signals intensities of the hydrogenated
photoelectrode were consistently lower than its air counterpart, revealing a reduced recombination
rate of charge carriers. The lower emission intensities of the reduced sample could be an indication
of the presence of excess oxygen vacancies and higher shallow defect contents. Thereby, the
excited electrons might transfer from the VB to a newly introduced defect level near the conduction
band that was induced by the hydrogen treatment, thus efficient separation of charge carriers was
achieved.69 That could suggest that the hydrogenation could affect the PL spectra of the fabricated
photoelectrodes by introducing abundant shallow impurities that could boost the overall catalytic
performance.
Besides, the electron spin resonance spectra (ESR) were conducted to further investigate
the influence of the oxygen deficiencies on the photocatalytic performance of the reduced sample.
Figure 6-22b recognizes the ESR signals of both air- and hydrogen-annealed photoelectrodes at
400 °C. As shown in Figure 6-22b, the hydrogen treated sample confirmed uniquely a strong
symmetrical and well-defined signal at g = 2.003, that could match well the electron trapping on
oxygen vacancy sites.58 Notably, the ESR peak intensity of the reduced sample was much higher
and stronger compared to the air counterpart with a negligible signal. That could highly imply the
creation of abundant vacancies that could produce a more impressive photocatalytic performance.
Therefore, the conductivity and reactivity of the treated samples were highly promoted.58
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Figure 6-22 (a) PL analysis measured at room temperature with an excitation wavelength of 325
nm. (b) ESR spectra of the fabricated photoelectrodes treated at 400 °C under air and reducing
hydrogen atmospheres.
Table 6-2 Summary of the optical band gaps of the photoanodes annealed at different
temperatures.
Annealing Environment-Temperature

Band gap (𝑬𝒈 ) eV

Air-400 °C

3.23

H-200 °C

3.3

H-300 °C

2.87

H-400 °C

2.5

H-500 °C

2.72

H-600 °C

2.94

6.3.3 Photoelectrochemical and Photostability Analyses
To better investigate the ultimate influence of the possibly formed defect states upon
annealing of the nanotubes in the H2 reducing atmosphere on the PEC behavior of the materials, a
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set of J-V measurements were recorded in 1.0 M KOH solution using three-electrode cell under
dark and simulated sunlight (AM 1.5) illumination. Figure 6-23a compares the photocurrent
density collected from both air- and hydrogen-treated photoanodes annealed at 200-600 °C in the
potential window (-1.0 to +1.0 V versus SCE/ 0 to 2 V versus RHE). It is worth mentioning that
both samples showed almost negligible dark currents, evidencing the absence of electrocatalytic
OER.70 The air-annealed sample achieved around 4 µA cm-2 (with uncertainty of ±0.4 µA cm-2) at
1.0 VSCE under the light on conditions, which is better than the undoped-pure niobium oxide NTs
tested under the same conditions (~300 pA), as shown in Figure 6-24a. This could be a good
indication of the role of Zr in further enhancing the catalytic behavior of niobium oxide by
improving the conductivity as well as the electron transfer kinetics.57 Substantially, the samples
treated in the reduced hydrogen atmosphere implied a significant enrichment in the overall PEC
photoactivity compared to that of the air-treated counterparts. Indeed, increasing the annealing
temperature from 200 to 400 °C leads to a gradual and apparent increase in the photocurrent
density, in agreement with the optical findings. Whereas a further increase in the annealing
temperature above 400 °C has substantially diminished the photocatalytic activity of the
photoelectrodes, indicating a temperature-dependent response. Remarkably, the H2-treated sample
at 400 °C surpassed an optimal photocurrent density of ~ 265 µA cm-2 at 1.0 VSCE (with uncertainty
of ±5 µA cm-2) that is a 65-fold increase over that of the air-annealed sample, confirming a more
efficient photoresponse and fast charge carriers’ transport. It is believed that such enhancement
could be a result of the creation of abundant oxygen vacancies that act as dominant shallow donor
states, which aroused mainly from the increased concentration of Nb4+ (as evidenced by
XPS).6,30,55,71 On the other hand, the presence of deep trap states might be the main reason behind
the drastic decrease in the photocurrent of the samples annealed at higher temperatures, which
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could affect the balance and separation of e-/h+, thus increasing the possibility of the recombination
of charge carriers.72 Additionally, high temperatures allowed, to some extent, the formation of
non-stoichiometric oxides that might be inactive for photoelectrochemical water splitting.73

Figure 6-23 The PEC activity of both air- and H2-treated nanotubes. (a) J-V plots under
illumination for the hydrogen-treated samples annealed at various temperatures from 200 to 600
°C. The I-t photostability tests at 1 V versus SCE for the (b) 400 °C H2-treated photoelectrode and
(c) Air-annealed counterpart, with the insets indicating the I-t stability curves during the first 600
s of irradiation. (d) The corresponding photocurrent retention plot at every annealing temperature
for the first 10 minutes of irradiation of the H2-treated nanotubes, all tests were performed in 1.0
M KOH under 150 W xenon lamp illumination.

In a bid to further examine the interplay between the photostability of the prepared
photoelectrodes and the hydrogen treatment, I-t tests confirm the superiority of our material for
efficient PEC applications. Figure 6-23b shows the photoresponse of the H2-treated electrode at
400 °C under illumination and stirring in 1 M KOH monitored for 48 h. On the other hand, Figure
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6-23c depicts the photoresponse of the air-annealed sample for 4 h. Surprisingly, a remarkable
enhancement in the photocurrent for the hydrogen-treated sample with superior continuing
stability without decay for 48 hours. This observation is direct evidence for the favorable
photoactivity and conductivity of the fabricated black reduced nanotubes, comparable to other
studies.30,55,70,73 This long-term stability might be ascribed to the favorable defects that could
facilitate the water oxidation reaction.30,55 In contrast, a drop in the photocurrent was observed for
the samples treated under air ambient, indicating charge carriers recombination, see the inset of
Figure 6-23c.74 To overcome this issue, a hydrogen treatment strategy becomes imperative for
improving PEC efficiencies, as will be demonstrated in the following sections. Furthermore, for
additional investigation of the stability of the reduced freshly- prepared photoelectrodes for water
oxidation, the photocurrent retention was estimated. The photocurrent decay was defined under
illumination conditions up to 600 s at 1 VSCE. Throughout the analysis demonstrated in Figure 634d, the air-treated photoelectrode rapidly dropped within the first 30 s to about 38%, then
remained constant with a photocurrent retention rate of about 62% of its initial value throughout
the whole reaction duration. The retention rate can be accurately estimated by dividing the final
photocurrent (IFinal) after the whole reaction (t=10 min) over the initial current (IInitial) at the
beginning of the reaction (t= 0), according to Eq. 6.6:

Ret% =

𝑰 𝒂𝒕 𝒕=𝟔𝟎𝟎 𝒔
𝑰 𝒂𝒕 𝒕=𝟎 𝒔

(6.6)

Markedly, the black-reduced samples exhibited a larger retention percentage with a further
increase in the annealing temperature until reaching its maximum value of 95% at 400 ⁰C (Figure
6-23d), in agreement with the observed photocurrent improvements. Apparently, the reduced
photoelectrode treated at 400 ⁰C showed a sudden photocurrent decay through the first 2 minutes
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up to only 5%, which is in agreement with other reported studies55 This significant photocurrent
decay could be basically accredited to the electrochemical oxidation of the reduced sample,
consistent with the I-t stability behavior. Accordingly, this test indicates the excellent stability
features of the H2-treated samples for PEC applications.30,55,73
To ensure a fair comparison, Figure 6-24b shows the I-t chopping measurements at 0 V
under dark and illumination conditions for the H-400 °C. Additionally, Figure 6-25 demonstrates
the photocurrent behavior of the 400 °C H2-treated sample through repeating the PEC
measurements after exposing the tested sample to air up to 20 trials, evidencing the repeatability
and sustainability of the hydrogen-annealed sample even after 20 cycles. Such high repeatability
PEC measurements evidence the photostability and consistency of our annealed photoelectrodes.

Figure 6-24 (a) J-V plot under illumination for the pure Nb2O5 sample annealed under ambient
air. (b) I-t chopping under dark and illumination conditions for the H2-treated sample at 0 V versus
SCE.
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Figure 6-25 (a) Sustainability curve for the H2-treated sample after 20 measurement repeats. (b)
Corresponding SEM image of the H2-treated sample after long measurement time (20 cycles).

To further confirm the functionality of the fabricated materials, hydrogen generation test
was performed to concurrently quantify the amount of H2 gas produced. Under 1.0 VSCE bias in
1.0 M KOH electrolyte solution upon using a 150 W xenon lamp, a closed photoelectrochemical
circulation device was utilized for assessing the photoactivity of the fabricated nanotubes for HER.
Figure 6-26 shows the amount of hydrogen gas measured quantitatively throughout 3 consecutive
cycles for both air- and H2-treated samples during the whole 15 h measurements. Importantly, the
reproducibility and progress of the evolved hydrogen gas were improved gradually with the
reaction illumination time, confirming the gas production persistency during prolonged measuring
tests. As shown in Figure 6-26, the H2 gas amount of the air-annealed sample is approximately
estimated to be 60 µmol through the first cycle (5h-measurement time) under sunlight irradiation.
Notably, this amount declined gradually after additional two cycles to reach around 35 and 25
µmol for the second and third cycles, respectively, suggesting decreased photoactivity of the airtreated photoelectrodes. Surprisingly, the black-reduced samples treated at 400 °C steadily yielded
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a maximum amount of hydrogen of about 2480 µmol during each 5h-cycle with a rate (496 µmol
h-1 cm-2) that is higher than that previously reported for Ti-Nb-Ta-Zr-O nanotubes (411.2 µmol h1

cm-2).75 Furthermore, the steady rate during the whole cycling tests could infer the continuous

stability and robustness of the reduced electrodes that retained their photocatalytic performance
along with three successive cycles, with no obvious decay in the amount of gas production during
the test. Notably, the remarkable enhancement in the H2 generation rate could be a result of the
existence of oxygen-deficient states assigned to the presence of newly- implemented Nb4+. Based
on the above findings, these data could be a direct indication of the good photocatalytic activity
and durability of the hydrogen-treated electrodes.

Figure 6-26 Measured solar hydrogen evolution activity obtained from (a) H2-annealed (b) Airtreated nanotube samples at 400 °C in 1.0 M KOH at 1V versus SCE.

To further support the above results and confirm the effectiveness of the hydrogen treatment
hypothesis, Mott-Schottky plots (MS) and electrochemical impedance analyses were conducted
for both annealed samples. Table 6-3 summarizes, for comparative purposes, all carrier density
(ND) values extracted for the samples annealed in air and hydrogen environments at various
temperatures, as shown in Figure 6-27. Figure 6-28a depicts the MS plot conducted at 1 kHz in
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1.0 M KOH solution for the air- and H2-treated electrodes at 400 °C. As deduced from Figure 628a, a positive slope is observed for both samples, confirming the typical n-type semiconducting
characteristic.70 In comparison to the air-annealed photoelectrode, the reduced electrode exhibits a
substantially smaller MS slope accompanied by a negative shift in the flat band potential value
(VFB). This could be one of the reasons behind the excess charge carrier concentration for the
reduced sample, according to Eq. 6.4:
Additionally, for further accuracy, we have conducted Mott-Schottky tests at different
higher frequencies of about 3 KHz and 7 KHz and noticed an increase in the slope value with a
further increase in the frequency, indicating a frequency-dependent property.49 Despite frequency
variations, similar VFB values were obtained at each frequency, confirming our measurements.
Regarding the fact that Mott-Schottky derivation is mainly specific to planar structures, it may not
be effective to accurately estimate the donor density concentration for the nanostructures.
However, it is acceptable and logical to compare the donor density variations between the
fabricated samples with the same morphology.73 According to the calculations above, an
exponential rise in the electrons concentration and conductivity of the reduced sample prepared at
400 °C (1.99 × 1019 cm-3) are noticed, exceeding that of the air-annealed counterpart (4.11 × 1017
cm-3). That could be attributed to the introduction of excess oxygen vacancies that act as shallow
donor states and consequently outstanding improvement in the charge transport features with
efficient separation of charge carriers was achieved at the electrolyte/electrode interface.6,62
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Figure 6-27 Mott-Schottky plots for the air- and hydrogen-treated species at different
temperatures (200 °C- 600 °C).
Therefore, it is widely expected that a significant band bending occurs owing to the upward
shift (more cathodic potential) of the Fermi level for the black reduced sample associated with
increased donor states.55,70 To clarify, at higher treating temperatures (400 °C) in the reducing
atmosphere, beneficial defects (Nb4+) must have been introduced that might result in lattice
rearrangement, causing conduction band lowering and thus more enhanced photoelectrochemical
activities towards water splitting.
Table 6-3 Calculated donor density values at pH= 14 versus SCE of the fabricated electrodes at
different temperatures.
Conditions

Air- 400 °C

H- 200 °C

H-300 °C

H-400 °C

H-500 °C

H-600 °C

ND (cm-3)

4.11 x 1017

3.29 x 1017

8.78 x 1017

1.99 x 1019

8.54 x 1018

9.23 x 1017
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Figure 6-28 (a) Mott-Schottky. (b-c) Nyquist plots recorded under dark conditions at 1 KHz in
1.0 M KOH electrolyte solution of (b) H2-treated sample (c) Air-annealed sample. (d) XPS valence
band spectra of the two samples. The inset in b shows the EIS equivalent circuit.

Estimation of the interfacial capacitance at the photoelectrode/electrolyte interface may
reveal the nature of the surface trap states and the charge dynamics characteristics of the material.76
Figure 6-28b,c shows the Nyquist plot of the H2- and air-treated electrodes, respectively. The inset
in Figure 6-28b depicts the simplified Randle’s equivalent circuit used to fit all EIS spectra of
both the air- and hydrogen-treated samples as also illustrated in Figure 6-29. A small semicircle
in the high-frequency regime was observed for both samples that could be originated from the
interface between the electrolyte and the counter electrode (Rsol: the resistance of the electrolyte).
Additionally, one semi ellipse was noticed for both samples, which could be fitted into two main
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semicircles located in the medium and low-frequency regimes. The medium-frequency semicircle
can be ascribed to the resistance at the electrolyte/NTs interface, arising from the trapping reactions
within surface states (RSS-NTs and QSS-NTs). On the other hand, the low-frequency semicircle could
be characteristic of the charge transfer resistance in the bulk of the NTs (RBulk and QBulk). All values
of the circuit elements for the air- and hydrogen-treated photoelectrodes were extracted from
Nyquist plots using Z-fit software as summarized in Table 6-4. Apparently, the hydrogen-treated
sample shows a lower interface resistance (RSS-NTs) compared to the air-annealed counterpart. That
could be indicative of the presence of excess charge carriers, confirming the superior optical and
catalytic properties of the reduced electrodes. Contrarily, the high charge transfer resistance of the
air-treated sample could mainly be due to the low charge carrier’s density or due to the existence
of hole trap states. It is worth mentioning that the electrolyte/electrode capacitance (Q SS-NTs) of
the hydrogen-annealed sample is approximately 7 orders of magnitude higher than that of the airannealed counterpart, highlighting the abundant surface trap states that act as a barrier at the
electrolyte/ electrode interface.74 Also, note that the capacitance of the air-annealed sample levels
off, indicating that further increase in the applied potential causes no change in the depletion layer
width (WSC), inferring a photocurrent saturation at ~0.4 VSCE for the H2-annealed sample (Figure
6-23a). Meanwhile, the significant increase in shallow donor states in the hydrogen-treated sample
has led to a significant band bending that highly facilitates charge separation and collection
efficiency at the semiconductor/electrolyte interface, accompanied by an obvious contribution
from the capacitance of the Helmholtz layer.73
Motivated by these outstanding photocatalytic activities, the influence of simultaneous
hydrogen treatment on the band structure and electric conduction properties of the fabricated
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photoelectrodes was further investigated. Figure 6-28d illustrates the valence band plot (XPS-VB)
for both air- and H2-annealed samples that are approximately measured through linearly
extrapolating peaks to the baseline while keeping the extrapolation energy range beyond
experimental resolution.50 For the black reduced samples, the valence band maximum (VBM) is
estimated to be at 1.24 eV, which is slightly shifted compared to the air-treated counterpart (1.85
eV). That could be attributed to the effect of the reduced environment that tends to induce more
surface disorders and defects, generating excess donor states to be localized around the valence
band edge.77 Accordingly, band gap narrowing occurs coincidently with the obvious shift in the
valence band position and thereby could confirm the black color of the reduced sample. Despite
that, one could not completely assure that the band gap narrowing is mainly due to the presence of
Nb4+ acceptor states, as they are rarely measured. One possible explanation may be assigned to the
formation of impurity/defect levels that were mainly due to the oxygen vacancies. Importantly,
these assumptions were in line with the previously reported hydrogenated black Nb2O5 nanorods,
which showed a notable shift in the VBM to about 2.51 eV.55
Table 6-4 Summary of all values of the circuit elements for the air- and hydrogen-treated
photoelectrodes extracted from Nyquist plots using Z-fit software.
Samples

RSol (Ω)

RSS-NT (Ω)

QSS-NT (µF)

RBulk (Ω)

QBulk (µF)

Air
H-200 °C
H-300 °C
H-400 °C
H-500 °C
H-600 °C

9.7
9.6
9.8
9
9.7
9.5

2590
5098
2540
1335
1563
2467

0.5634
0.4778
1.336
6.942
4.942
2.542

19.35×106
20.96×106
15.35×106
27127
29680
37980

0.8341
0.6282
2.123
2.958
2.663
2.453
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Figure 6-29 Nyquist plots recorded at 1 KHz in 1.0 M KOH electrolyte solution under dark
conditions of the air- and H2-treated samples at various temperatures (200 °C- 600 °C).

Combining the band gap calculations with the Mott-Schottky and valence band XPS
analyses, a simplified band diagram can be consequently plotted, indexed to 0.0 eV versus normal
hydrogen electrode (NHE) that is referenced to 4.5 eV versus vacuum. (Figure 6-30) As shown,
all annealed samples could appropriately straddle the two redox potentials of water.
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Figure 6-30 Band energy diagram with respect to water redox potentials, all are assigned to the
samples treated under ambient air and hydrogen reducing atmospheres at different temperatures
(200 °C- 600 °C).
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7. Chapter 7: Conclusions and Future Work
7.1

Conclusions
Considering sustainability goals, parallel development and implementation of renewable

sources are of great importance to face the unprecedented dilemma of unusually upgrowing fossil
fuels depletion. Among the currently available technologies, hydrogen production systems via
water splitting could be a reasonable solution that provides everlasting, and totally recyclable
features. The thesis has covered experimental-based frameworks to analyze and validate the
findings of the designed hybrid electrode materials as efficient catalysts for energy conversion
systems using mainly two pathways including: electrochemical (EC) and photoelectrochemical
(PEC) water splitting. Based on the discussions presented in the previous chapters, I can say that
the main objectives of the work were achieved.
On one hand, Chapter 5 proposes the rational design of earth-abundant TMs- basedphosphide materials (Mn-Ni-Co) via electrodeposition and phosphidation plasma treatment as a
category of novel hybrid electrocatalysts for both HER and OER. The major accomplishments of
this study concluded as the following:


Using the convenient electrodeposition approach could wisely control the electrode
thickness and allow for better homogeneity compared to the other tedious synthesis
pathways.



Constructing 3D- heterostructure with the nanoflowers-like morphology enhances the
surface area and allows higher accessibility to the active interfaces, which eases the
electrolyte diffusion and promotes the catalytic reaction
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Direct electrodeposition on NF substrate avoided the necessity of using polymer binders,
thus maximizing the number of active sites and contributing to some extent to the OER
activity.



The use of plasma-enhanced chemical vapor deposition (PECVD) system is an industrially
scalable and safe technique, which ensures homogeneous distribution of the phosphine
precursor in the reaction medium.



Phosphidation treatment could contribute to increasing the electronic conductivity of
various transition metal-based catalysts for both HER and OER half reactions and could
highly impede their corrosion behavior to further augment their long-term stability for
better performing water electrolyzers.



The synergetic modulation of trimetallic Mn-Ni-Co atoms could be an effective pathway
to boost the catalytic behavior of the monometallic phosphides.



The optimal interaction of the equimolar metal components in the electrodeposition bath
as well as the conductivity improvement via phosphorous doping specifically facilitates
the charge transfer kinetics and boosts the overall efficiency for water electrolysis.



The possibility to reach overpotentials (η10) of 14 and 289 mV vs. RHE in 1.0 M KOH for
HER and OER could impart the superior electrocatalytic activity of the proposed catalyst,
even better than benchmark electrodes.



The equimolar electrocatalyst sustains perfect durability up to 48 h at a current density of
10 mA/cm2 as well as continued 5000 cycling stability for both HER and OER.



The assembled symmetric water electrolyzer device operated in a two-electrode cell in 1.0
M KOH revealed a cell voltage of 1.48 V at a current density of 10 mA/cm2 with robust
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stability of the overall system that maintained up to a continuous 50 h with remarkable
current retention of ~96%.


DFT predictions were useful to rationalize our experimental findings by uncovering how
the characteristic phosphorous ions and the electronic interaction between the metallic
constituents influence the catalytic activity of the composite.
Despite the recent advances in the water electrolysis field, there are still significant

challenges representing in high energy consumption and substantial investment. Therefore,
exploring other procedures to generate sustainable hydrogen fuel is on track. In this regard,
photocatalytically active semiconductors are highly desirable with increasing capacity for
sustainable hydrogen generation via PEC-driven water splitting systems. However, the core
scientific challenges associated with the realization of the production of such a promising source
of energy lie in the identification of photocatalytically active electrode materials with optimum
structure and morphology. Among the several electrode materials, niobium-based- nanostructures
constitute one class of the most stable semiconductor photocatalysts that have recently received
considerable attention. However, some key parameters including reaction kinetics, charge carriers’
mobility, and proper light absorption are necessary for guaranteeing high photoelectrode
performance. In chapter 6, I reported, for the first time, on the fabrication of Nb-Zr mixed oxide
nanotubes through anodization of Nb-Zr alloy in EG-based electrolyte using scalable anodization
process. The formed NTs were optimized to the proper length and wall thickness. To further
enhance the optical and catalytic activity of the formed NTs, I demonstrated the opportunity to
both stabilize and enhance the photoactivity of Zr-doped Nb2O5 via subsequent ammonia and
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hydrogen treatment as evidenced via the observed high performance of the material as a
photoanode in photoelectrochemical cells. The following conclusions are drawn:


The start with an alloy as the anodizing material should guarantee homogenous distribution
of Zr in the lattice of Nb2O5, overcoming the obstacles associated with decorating the
surface with nanoparticles.



Well-ordered and vertically oriented niobium zirconium mixed oxide nanotube arrays with
an average diameter of ~120 nm and very short length ~ 90 nm were successfully
synthesized via one-step anodization of Nb-Zr alloy sheet in NH4F-containing electrolytes.



Varying the anodization parameters like the anodization time, voltage, electrolyte
composition, and the temperature could greatly affect the nanotubes morphology.



The thin walls of the fabricated NTs contributed to enhancing the photocatalytic properties
upon their utilization as photoanodes for water splitting.



Nb-Zr oxide has a higher conduction edge than that of TiO2, which makes it a good material
for various applications, such as catalysis, solar cells and energy storage.



On one hand, ammonolysis of the nanotubes resulted in narrowing the bandgap energy
from 3.23 eV to ~2.67 eV. The Nb-Zr oxynitride nanotube arrays showed approximately
an enhancement of about 1900% over that reported for thin film electrodes made of
niobium oxynitride and 3700% greater than that recorded for nitrogen-doped mesoporous
Nb2O5.The photocurrent transient measurements revealed the remarkable stability of the
fabricated oxynitride nanotubes.



On the other hand, the photoactivity and stability of the fabricated black Zr-doped Nb2O5
nanotubes were correlated with the nature of induced defects upon hydrogen annealing.
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The H2-treated nanotubes showed extraordinary and remarkable stability and photoactivity
upon their use for solar water splitting. This was accompanied by a noticeable reduction in
the bandgap energy from 3.23 eV to 2.5 eV, which is mainly correlated with the introduced
oxygen vacancies within the lattice with a remarkable conductivity. the black-defective
nanotubes exhibited a photocatalytic activity that is ~ 65 times that of the air-annealed
counterparts.


The optimized reduced photoanodes attained a hydrogen production rate of ~ 496 µmol h1



cm-2 in 1 M KOH, revealing increased charge carriers transport and separation.

Treating the anodized samples in both ammonia and reduced hydrogen atmospheres have
contributed to increasing charge carriers’ concentration and tuning the band positions of
the fabricated nanotubes relative to the redox potentials of the water, as confirmed by the
Mott-Schottky and valence band XPS analyses.

Finally, I hope those findings will inspire researchers to make use of the synthesized materials
and improve the electrochemical performance for other energy conversion and storage
applications.

7.2

Future Work
Hopefully, the work presented in this thesis could suggest for possible future research

directions including the following:



Based on the Work Reported in Chapter 5:


Complementary work should be conducted to compare the electrocatalytic activity of the
ternary TMs based- electrocatalysts, specifically upon the incorporation of Fe.
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Operando and in situ characterization like in situ XRD and Raman are very necessary to
give key insights about the proposed catalysts and the reaction intermediates.



Further electrocatalysts modification could be achieved via exploiting the enhanced plasma
technique under other reaction sources like H2, Ar, O, etc. as well as investigating the effect
of operating temperature on the fabrication process.



Tuning the catalyst composition and morphology by exploring other facile synthetic
approaches could be a future task for reaching higher electrocatalytic activity. Herein, I
tried to explore the catalytic activity of the electro-spun Ni-Mn-O nanofibers electrode
integrated with carbon shell as a trifunctional electrocatalyst for water electrolysis.
Preliminary investigations of the fabricated catalyst are presented below in Figure 7-1.



Based on the Discussion Presented in Chapter 6:


A combination of other Nb-Zr based- alloys with different ratios could be investigated
to correlate the various alloy composition with photocatalytic performance by
estimating the threshold concentration that might result in better efficiency.



A detailed study is required to investigate the mechanism of charge dynamics in both
oxynitrides and reduced oxides.



Coupling the proposed TMs based- OER electrocatalyst with an efficient photoanode
could be an extensive study for generating hydrogen fuel with high efficiency. To this
end, photoassisted electrodeposition could be a good option for optimizing the contact
between the electrocatalyst and the photo-absorber substrate. Controlling the incident
irradiation and creating more active sites should be highly considered for better
catalytic activity.
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Furthermore, investigating the photostability and durability of the catalyst under
various temperatures could be necessary for further commercial applications.

Figure 7-1 FESEM of the electrospun nanofibers; (a) Low magnification. (b) High magnification.
(c-d) EDX and its corresponding elemental mapping, respectively.
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Appendix A
Some Basic Fundamentals of Electrochemical Activity Parameters
This Appendix gives clear insights about the precise and correct methods for the critical
assessment of some electrochemical activity parameters for water electrolysis. In this regard, I
have detailed the possible appropriate pathways for evaluating the electrochemical activity
including IR correction, electrochemical active surface area (ECSA), Turnover frequency (TOF),
double layer capacitance (Cdl), roughness factor (RF), and the mass activity (MA).

IR Correction
All polarization curves were fairly corrected for ohmic losses during our measurements
throughout the workstation system, including the wiring, catalyst electrodes, NF substrate,
reference electrode, and the solution resistance. Our potentiostat offers the option to correct for the
uncompensated resistance (ZIR in BioLogic potentiostat, 100% of compensation at 100 kHz),
using high-frequency impedance. At all potentials investigated in this study, the potential was
corrected using Ohm's law:
ECorrected =Eapplied – iR

(1)

Intrinsic Electrochemical Activity (ECSA) & Cdl
Via cycling at various scanning rates ranging from 5 to 100 mV/s, the double-layer
capacitance (Cdl) was measured from the slope of the current (the difference between anodic and
cathodic currents for every cycle) vs. the scan rate. ECSA is then calculated by dividing Cdl over
a specific capacitance value (Cs) that can range between 40-80 µF/cm2. The slope corresponding
to the Cdl value was 13.41 mF/cm2. In our work, we used 40 µF/ cm2 for all Ni and Co-based
230

Appendix A

231 | P a g e

alloys, as stated in the literature.1 The ECSA of each catalyst was measured according to the
following:

AECSA =

𝒎𝑭
)
𝒄𝒎𝟐
𝒎𝑭
𝑪𝒔 (𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒂𝒏𝒄𝒆 𝒐𝒇 𝑵𝑭) 𝟎.𝟎𝟒 ( 𝟐 )/ 𝑬𝑪𝑺𝑨 𝒄𝒎𝟐
𝒄𝒎

𝑪𝒅𝒍 𝒐𝒇 𝒕𝒉𝒆 𝒄𝒂𝒕𝒂𝒍𝒚𝒔𝒕 (

(2)

For instance, AECSA of the Mn: Ni: Co-P/NF 1:1:1 electrocatalyst for HER could be
estimated accordingly:

AECSA =

𝑚𝐹
)
𝑐𝑚2

13.41 (

𝑚𝐹
)/ 𝐸𝐶𝑆𝐴 𝑐𝑚2
𝑐𝑚2

0.04 (

= 335.25 cm2

Roughness Factor Calculations (RF)
RF is estimated via taking the measured ECSA and dividing by the electrode geometric
area, assuming that our electrodes' geometric area = 1 cm2. According to the following equation,
RF can be estimated as reported in previous studies: 2,3

RF =

𝑬𝑪𝑺𝑨 (𝒄𝒎𝟐 ) 𝒐𝒇 𝒕𝒉𝒆 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒄𝒂𝒕𝒂𝒍𝒚𝒔𝒕
𝑬𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 𝒈𝒆𝒐𝒎𝒆𝒕𝒓𝒊𝒄 𝒂𝒓𝒆𝒂 (𝒄𝒎𝟐 )

(3)

For example, MnNiCo-P/NF 1:1:1 electrocatalyst manifested RF value of:

RF =

335.25 (𝑐𝑚2 )
1(𝑐𝑚2 )

= 335.25

Turnover Frequency Calculations (TOF)
TOFs are calculated per unit time based on the following formula, as reported in the
literature. 2,4–6
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𝒋𝑵

𝑻𝑶𝑭 = 𝒏𝑭Г𝑨

(4)

Where j is the current density (mA/cm2), NA is the Avogadro number, F is Faraday constant
(96485), n is the number of electrons transferred (for HER=2, and OER= 4), and Г is the moles of
the surface-active sites of the investigated catalyst.
Accordingly, total number of H2 turnovers/ geometric area was evaluated from the current
density value reported from the HER-LSV polarization as the following: 2
𝟏 𝒎𝒐𝒍 𝒆−

𝟏 𝑪/𝒔

# H2 = |J|(mA/cm2) *( 𝟏𝟎𝟎𝟎 𝒎𝑨) * (

= 3.12 x 10 15

𝐻2 𝑆− 1
𝑐𝑚2

𝑐𝑚2

𝟐𝒆−

)* (

𝟔.𝟎𝟐𝟑𝒙𝟏𝟎𝟐𝟑 𝑯𝟐 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔
𝟏 𝒎𝒐𝒍 𝑯𝟐

)

(5)

𝑚𝐴

𝟏 𝒎𝒐𝒍 𝒆−

𝟏 𝑪/𝒔

𝑂 2 𝑆− 1

𝟏 𝒎𝒐𝒍 𝑯𝟐

per 𝑐𝑚2

# O2 = |J|(mA/cm2) *( 𝟏𝟎𝟎𝟎 𝒎𝑨) * (
= 1.56 x 10 15

𝟗𝟔𝟒𝟖𝟓

)* (

𝟗𝟔𝟒𝟖𝟓

)* (

𝟏 𝒎𝒐𝒍 𝑶𝟐
𝟒 𝒆−

)* (

𝟔.𝟎𝟐𝟑𝒙𝟏𝟎𝟐𝟑 𝑶𝟐 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔
𝟏 𝒎𝒐𝒍 𝑶𝟐

)

(6)

𝑚𝐴

per 𝑐𝑚2

In this study, the most meaningful method for evaluating the surface-active concentration
on the surface of TMPs was through integrating the area below the redox peak for the redox
reaction of phosphide and hydroxide catalysts. From this perspective, the upper limit of the active
sites’ concentration was estimated accordingly.
Finally, the TOF of the investigated electrocatalysts could be calculated via the following
formula:
TOF(HER) =

𝟑.𝟏𝟐 𝑿 𝟏𝟎𝟏𝟓
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔
)
𝒄𝒎𝟐

𝒂𝒄𝒕𝒊𝒗𝒆 𝒔𝒊𝒕𝒆𝒔 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 (

|𝑱|

(7)

232

Appendix A
TOF(OER) =

233 | P a g e
𝟏.𝟓𝟔 𝑿 𝟏𝟎𝟏𝟓
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔
)
𝒄𝒎𝟐

𝒂𝒄𝒕𝒊𝒗𝒆 𝒔𝒊𝒕𝒆𝒔 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 (

|𝑱|

(8)

For instance, the TOF value at an overpotential of -100 mV for the HER was selected in
agreement with previous reports.4 Therefore, the TOF of MnNiCo-P/NF 1:1:1 electrocatalyst was
calculated to be:

TOF (HER/ MNC-P/NF 1:1:1) =

3.12 𝑋 1015
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
)
𝑐𝑚2

1.54 𝑋 1018 (

𝑚𝐴

∗ 100 (𝑐𝑚2 ) = 0.35 s-1

As the same way, TOF values for other electrocatalysts were determined.

Mass Activity Calculations
The mass activity exhibited by the electrocatalyst could be expressed via the following
equation:7

MA =

𝒎𝑨
)
𝒄𝒎𝟐

|𝑱| (

𝒎𝒈
)
𝒄𝒎𝟐

𝒕𝒐𝒕𝒂𝒍 𝒎𝒂𝒔𝒔 𝒍𝒐𝒂𝒅 𝒐𝒇 𝒕𝒉𝒆 𝒄𝒂𝒕𝒂𝒍𝒚𝒔𝒕 (

(9)

For example, MA was recorded for the MNC-P 1:1:1 HER electrocatalyst at an
overpotential of -100 mV. As for the OER, the current density was evaluated at the overpotential
of 267 and 300 mV, as reported elsewhere.2

MA(HER) =

𝑚𝐴
)
𝑐𝑚2
𝑚𝑔
0.6 ( 2 )
𝑐𝑚

81.6 (

= 136 A/g
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Figure A-1 Comparative CV graphs for the electrodeposition of catalysts with various molar ratios
in the deposition bath: (a) Mn: Ni: Co-OH 1:1:1. (b) Mn: Ni: Co-OH 5:2:2. (c) Mn: Ni: Co 1:4:4
electrocatalysts.
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Table A-1 Weight percent of Nickel (Ni), Cobalt (Co), Manganese (Mn), Phosphorous (P), and Oxygen
(O) in deposited catalysts with various ratios.

Sample

Ni (%)

Co (%)

Mn (%)

P (%)

O (%)

5:2:2

13.46

3.64

1.07

10.52

70

1:4:4

28.65

8.85

0.22

12.22

49.14

1:1:1

28.71

12.55

1.39

14.12

40.95
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