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Abstract

Energy crisis and global warming are two most critical issues emerged

in the 21* century. To cope with these problems, development of robust

catalysts which can facilitate the production of renewable and sustainable

alternative energy source is needed. For instance, water splitting reaction is

one of the important reactions for production of hydrogen as a clean

renewable energy source. In addition, the efficiency improvements in

industrial processes such as ammonia synthesis can reduce the amount of

energy required, thus relieves the high global energy demand.

Metal phosphide nanoparticles have recently attracted great attention

owing to their potential catalytic activity in organic transformation and

energy-related researches. Among them, nickel phosphide is of particular

interest because of its versatile catalytic applications with considerable

reactivity and high abundance, yet its catalytic performance still lags far

behind the noble metal-based catalysts and demands further development.

Metal doping is one of the efficient ways to improve the reactivity of catalyst,

by altering the local structure and bonding environments of catalyst. However,

due to the difficulties involved in synthetic procedures, studies on phosphide

with two or more metal atoms are still rare.



In the study, a series of transition metal-doped nickel phosphide

nanoparticles were prepared and their catalytic activities in various energy

conversion reactions were explored. In Chapter 2, a systematic synthetic

procedure of incorporating various transition metal ions, including cobalt,

iron, manganese, and molybdenum ions, into the crystal lattice of nickel

phosphide nanoparticle was described. Using different characterization

techniques, including X-ray diffraction, transmission electron microscopy, X-

ray photoelectron spectroscopy, and extended X-ray absorption fine structure,

the morphology and crystal structure of prepared transition metal-doped

nickel phosphide nanoparticles were studied.

Water splitting is an important reaction to simultaneously generate

hydrogen and oxygen gases as alternative energy sources in an

environmental-friendly fashion. In Chapter 3, the catalytic performance of the

as-synthesized metal-doped nickel phosphide nanoparticles in both electro-

and photocatalytic hydrogen evolution reaction (HER) were studied. Among

all the metal-doped nickel phosphide nanoparticles investigated,

molybdenum-doped nickel phosphide nanoparticle showed the highest

reaction rate for both electro- and photocatalytic HER. The electrocatalytic

HER performance of molybdenum-doped nickel phosphide nanoparticle in



alkaline medium was comparable to that of platinum, with an overpotential
of 0.34 V (versus RHE at 10 mA cm?) and Tafel slope of 163 mV dec!. In
the dye-sensitized photocatalytic HER, molybdenum-doped nickel phosphide
nanoparticle achieved a hydrogen production rate of 268 mmol h'! g
In Chapter 4, a series of as-prepared metal-doped nickel phosphide
nanoparticles were investigated as potential electrocatalysts for the other half-
reaction of water splitting reaction, oxygen evolution reaction (OER).
Different from the HER, iron-doped nickel phosphide nanoparticle was found
to be the most active catalyst with an overpotential of 0.33 V and Tafel slope
of 39 mV dec!, which demonstrates a comparable catalytic activity to the
benchmark OER electrocatalysts (RuOz and IrO3). In addition, brief kinetic
and mechanistic studies on electrochemical OER were conducted. The
reaction order of hydroxide ion in electrochemical OER was estimated to be
close to unity. The rate determining step in electrochemical OER was
determined to be the formation of Ni=0O species, as implied by the Tafel slope
and reaction order of hydroxide ion.
In addition to the water splitting reaction, the study of using metal-doped
nickel phosphide nanoparticles for catalytic ammonia synthesis is presented

in Chapter 5. The synthesis of ammonia is an important industrial process,



since ammonia is one of the essential ingredients for making useful chemicals

in daily life including polymers and fertilizers. It is the first example of using

phosphide-based nanomaterial as catalysts for the synthesis of ammonia. In

our studies, iron-doping was shown to play a critical role in enhancing the

catalytic activity of nickel phosphide nanoparticles toward ammonia

synthesis. The catalytic reaction mechanism for iron-doped nickel phosphide

nanoparticle is proposed where iron plays a role of the reaction center while

nickel phosphide base assists iron to produce ammonia.
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Chapter 1 Introduction

1.1 Overview

With rapid economic growth, total world energy consumption is growing
in a fast rate, from 549 quadrillion BTU in 2012 to 815 quadrillion BTU in
2040.! In particular, fossil fuels, including petroleum, coal, and natural gases,
are predicted to share 78% of energy consumed in 2040 although technology
for renewable energy source is rapidly developing at the same time.
Development of sustainable and renewable energy production is one of the
most important issues in 21 century. This would not only reduce the needs
for fossil fuels, but also relieve the environmental crises caused by the
excessive use of fossil fuels. Research efforts have been devoted to
developing robust catalysts and improving efficiencies in different energy-
related catalytic reactions, such as hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), and carbon dioxide reduction, etc. These
reactions can produce substitutes of fossil fuels or lead to the development of
alternative energy sources. In such a way, demand of fossil fuels and global
warming can be relieved and alternative energy sources are provided as a
solution to facilitate economic growth.

HER and OER, two reactions of water splitting, are of particular interest

1



among the energy conversion reactions.? Water splitting involves only water
as reactant while producing valuable products, hydrogen and oxygen gases,
upon concerted redox reactions. Hydrogen gas produced upon proton
reduction can be used as an alternative fuel to fossil fuels which provides
energy for daily use. In addition, it is regarded as a zero-emission fuel which
releases water as the only product of combustion. Oxygen, as a by-product of
water splitting, is evolved by water oxidation to complete the whole cycle of
water splitting.

Highly efficient catalysts can also contribute to the cutback of energy
crisis by reducing the energy consumption in various industrial processes.
Industrial sector consumes a huge amount of energy annually than the other
two important sectors (building and transportation) in the society.! It
comprises numerous industrial processes synthesizing essential chemicals in
daily life. Example includes Haber-Bosch process which produces ammonia,
the second most produced inorganic compound by industrial chemical plant.
In the industrial process, catalyst is often employed to facilitate the reactions
under milder conditions (lower pressure and temperature). Improvement in
efficiency of catalysts used in industrial processes can greatly reduce energy

consumed for maintaining reaction conditions while sustaining the



production rate.

With advances in nanotechnology, nanoscale materials of a large surface
area-to-volume ratio and unique catalytic property are developed to fit in not
only the production of renewable and sustainable energy sources, but also
various industrial processes.’ Development of novel catalysts can reduce the
cost for making desired chemicals and lower the required energy for
production of target products. HER, OER, and ammonia synthesis are three
of the important reactions chosen for further investigation since they produce
renewable energy sources and vital chemicals. A brief introduction would be

given on these three important reactions in the latter part of this chapter.



1.2 Hydrogen Evolution Reaction (HER)

Hydrogen gas can be generated through electro- and photocatalytic
proton reduction of water, steam reforming of methane, or decomposition of
formic acid, hydrazine, and ammonia-borane complex.* Among these
methods, electro- and photocatalytic HERs from water draw much attention
in development of hydrogen production. Water is used to provide protons for
reduction to generate hydrogen gas which is the most environmental-friendly
substrate among various methods for HER.

1.21 Electrocatalytic Hydrogen Evolution Reaction

Hydrogen generation follows equation (1) in acidic solution or equation

(2) in alkaline medium.
2H" +2¢ — H» (1)
2H,0 +2¢ — H, + 20H" (2)
Providing adequate amount of energy and electrons, proton or water molecule
can be reduced to form gaseous hydrogen via a multiple-step mechanism.> A
schematic diagram for HER mechanism is shown in Scheme 1.1. Hydrogen
is first adsorbed on active surface with supplying proton or water molecule,
and electron. This step is called Volmer step where the hydrogen comes from

proton in acidic medium or water molecule in alkaline medium.> The



hydrogen adsorbed on catalyst surface goes through one of the two possible
steps, namely Tafel and Heyrovsky step. Tafel step involves the combination
of two adsorbed hydrogen atoms and stays the same regardless to pH of the
environment. The Heyrovsky step involves the combination of second proton
(in acidic medium) or water molecule (in alkaline medium) and electron

directly on surface-adsorbed hydrogen.’

- \‘5/_

Volmer step

Heyrovsky step

Scheme 1.1. Schematic diagram of HER mechanism in alkaline medium.

In general, hydrogen can be generated via either Volmer-Tafel or
Volmer-Heyrovsky pathway. The hydrogen production mechanism and
kinetics can be elucidated experimentally. Tafel plot can be constructed from
the polarization plot and the obtained Tafel slope can be used to examine rate
determining step for various catalysts used in electrochemical HER. Fletcher

has established Tafel slopes from first principle for different reaction



mechanisms which would have different rate determining steps.® The Tafel
slope is estimated to be 120, 30, or 40 mV dec’! when the rate determining
step is Volmer, Tafel, or Heyrovsky step, respectively.®” Metals in platinum
group, such as platinum and palladium, are being widely used as
electrocatalysts to generate hydrogen gas from water. Trasatti showed the
dependence of exchange current density on the respective metal-hydrogen
(M-H) bond strength.® The dependence yields a volcano plot where platinum
group metals (PGMs) fall at the summit of volcano. Those metals have
moderate M-H bond strength, making them favorable for HER. With this
pioneering work, modifications were made by Nerskov and co-workers in
which the heat of hydrogen adsorption (AHnu) obtained by density functional
theory (DFT) was used to correlate the Gibbs free energy of hydrogen
adsorption (AGn) with experimental result.” AGy is calculated with its
definition:
AGr = AHu -TASH 3)
With assumptions made on entropy term, AGy is linearly related to AHy.
By that, plot showing relationship between experimentally-determined
exchange current density and DFT-calculated AGy is constructed as in Figure

1.1.



log (j, /A cm?)
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Figure 1.1. Plot of experimentally-determined exchange current density
against AGu obtained from DFT calculation. The figure is adapted from

reference 9.

A volcano plot, similar to Trasatti one, is obtained where PGMs sit at the
summit of volcano. Differences between two volcano plots are arisen due to
the considerations of surface oxide or hydroxide formation and inaccuracy in
using M-H bond strength to correlate with experimental exchange current
density. Nevertheless, the volcano plot agrees with each other and Sabatier
principle which states that catalyst and substrate should have intermediate
strength of interaction to afford maximum catalytic activity.'® With moderate
AHu, PGMs favor on both formation of adsorbed hydrogen species and
desorption of dihydrogen as product. AGy is related to the formation of key

intermediate (adsorbed hydrogen) and acts as a descriptor for HER. With the



volcano relationship between hydrogen adsorption energy and catalytic
activity, potent catalysts can be designed by adjustment of affinity towards
hydrogen adsorption.

Although PGMs are proved to be the best HER electrocatalysts
possessing optimal AGg, their use is limited to the laboratory scale because
of their high cost and scarcity. Preparation of alloys containing PGMs is a
strategy to be used to lower noble metal loading and improve catalytic
performance. Norskov and co-workers use DFT calculation to estimate AGy
for different transition metals, noble metals, and their combinations.!! Among
combinations, bismuth alloying with platinum (BiPt) shows promising
activity with only 0.04 eV difference in DFT-calculated AGy against Pt. In
addition to theoretical calculation, BiPt alloy is prepared and tested with its
catalytic activity. The alloy offers a higher current density than Pt which
improved catalytic activity with minimum use of noble metals.

The use of PGM-containing alloys is still facing the problem of high cost
and scarcity. Nevertheless, the researches on noble metals provide a platform
for development of non-precious substances as hydrogen-evolving
electrocatalysts to substitute PGMs. Efforts are put on more Earth-abundant,

non-precious first-row transition metals such as nickel, iron, and cobalt.



Nickel-based substances are conventional electrode materials for alkaline
water electrolyzers because of its low cost and corrosion resistance.!?
Improvement of nickel-based electrocatalysts is made by preparing different
nickel-containing alloys. Various nickel-based alloys are prepared by
electrodeposition including Ni-Mo, Ni-Zn, Ni-Co, Ni-W, Ni-Fe, and Ni-Cr.
Catalytic activities of those nickel-based alloys are tested towards
electrocatalytic HER in electrolyzer.'* Among various alloys, Ni-Mo shows a
promising catalytic activity over other alloys. Gray and co-workers
synthesized Ni-Mo nanopowder that further proved excellent activity of Ni-
Mo alloy towards electrochemical HER.!*

With the pioneering investigations of nickel and molybdenum-based
materials as HER electrocatalysts, various materials containing these two
elements are fabricated by combining different anions. One of the most well-
known examples is molybdenum disulfide (MoS2). MoS; is employed as a

1317 Nerskov and

catalyst conventionally for hydrodesulfurization.
co-workers calculated AGu by DFT calculation which showed MoS; is a good
catalyst for electrocatalytic HER.!® The calculation predicted MoS; has active

edges (S-Mo-S) which facilitate hydrogen adsorption while the basal plane is

electrochemically inactive. AGy of edges of MoS; is comparable to that of Pt



which makes MoS: a potential candidate to substitute PGMs. The prediction
from DFT calculation was verified where the exchange current density is
related to edge length of MoS..!? After the verification of catalytic property
of MoS;, various modifications are made to improve its activity towards

electrochemical HER. Structural engineering’s 2%

and foreign metal
incorporation®® are two common strategies used for developing more robust
MoS;,-based HER electrocatalysts.

Apart from MoS;, nickel phosphide is another attractive candidate to be
a hydrogen-evolving catalyst, which is conventionally employed in
hydrodesulfurization ~processes.’*?® Catalytic activities of various
nickel-containing compounds are compared by DFT calculations.?” Nickel
phosphide with (001) surface is shown to have better activity than platinum,
nickel, and analogue of [NiFe] hydrogenase ([Ni(PS3*)(CO)]"). After this
theoretical estimation, Schaak and co-worker synthesized and employed
nickel phosphide (Ni,P) nanoparticles in electrocatalytic HER.?® The reaction
is carried out in acidic medium (0.5 M H2SO4) and the obtained overpotential
to produce 20 mA cm is 130 mV and Tafel slope is 46 mV dec™'. Although

it performs less active than platinum, it shows excellent activity in

electrocatalytic HER compared to other non-noble metal-containing
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electrocatalysts such as Mo,C, MoB, and MoS». Numerous investigations are
carried out after this initial study to improve catalytic performance based on
nickel phosphide nanoparticles.?*-3

There are common strategies used on nickel phosphides which lead to
the improvement in their catalytic performance on HER: (1) alteration of
nickel-to-phosphorus ratio through the synthesis of different phases including
Nii2Ps, NisPs4, NioP, and NiP,,*>!** and (2) incorporation of carbonaceous
materials such as carbon nanotube, graphene, and reduced graphene
oxide.**3® These methods are in general altering the catalyst dispersion and
electrical conductivity, and ultimately lead to the improvement in catalytic
activity. In addition to these two methods, synthesis of bimetallic phosphide
nanoparticle has demonstrated to enhance catalytic activity over mono-
metallic ones.’” The AGn and current density for HER of metal phosphides
are determined theoretically and experimentally, respectively.’” A volcano
plot is obtained similar to the case for metals. Cobalt iron phosphide with a
formula of Coo.sFeosP is theoretically determined to be the most active HER
electrocatalyst among the series of materials being studied, having AGu of

0.004 eV. With this initial study, bimetallic phosphides are prepared and

employed as HER electrocatalysts. Typical method for synthesizing
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bimetallic phosphide material is by phosphorization of bimetallic precursors
such as hydroxide and oxyhydroxide of respective metals. Phosphorization is
carried out in furnace in the presence of metal precursors and hypophosphite
salt. With elevated temperature, respective bimetallic phosphides are obtained
and then employed as HER electrocatalysts. Transition metals are often to be
chosen to construct metal part in bimetallic phosphide including Ni-Co,***
Fe-Co,’”> %% Ni-Fe,** Fe-Mn,>**! Ni-Mn,’> Co-Mn,’*** Co-Cu,>
Co-Mo,”® Fe-Mo,”” and Mo-W.>® These bimetallic phosphides show
enhancement in catalytic activity towards HER. Although the improvement
mechanism by using bimetallic phosphide is not yet clearly elucidated, the

attempts of combining metals to form phosphides are shown to be one of the

promising ways to improve their catalytic property.
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1.2.2 Photocatalytic Hydrogen Evolution Reaction

Generation of hydrogen from electrocatalysis requires the input of
electrical energy. Without such requirement, photocatalytic hydrogen
evolution reaction would be a greener solution than electrocatalytic HER.
Photocatalytic HER utilizes virtually unlimited supply of solar energy to
produce hydrogen. Initial studies of using solar energy to produce hydrogen
involved the use of titanium dioxide (TiO2) as a material in
photoelectrochemical HER.*® TiO> is a semiconductor which possesses a
discrete band gap between its valence band (VB) and conduction band (CB).
Upon illumination, electrons in VB are excited to CB if the incoming photons
possess energy larger than the band gap. The excited electrons are available
to be used in water reduction reaction. However, TiO> can only use
ultra-violet radiation, which is only 5% in solar spectrum, due to its large band
gap energy of 3.2 eV. Despite the large band gap energy which is not favorable
for an efficient HER photocatalyst, it opened a new era for the development
of semiconductor-based systems for photocatalytic HER.

In order to efficiently carry out photocatalytic HER, semiconductors
have to absorb as much radiation to generate photo-excited electrons and

possess a proper band position. The first criterion is governed by the band gap
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energy of semiconductor. The smaller the band gap energy, semiconductor is
allowed to absorb light with less energy and thus broaden the utilization of
solar spectrum. The second criterion requires a suitable band position. The
conduction band minimum (CBM) has to lie above the thermodynamic proton
reduction potential (0 V vs. reversible hydrogen electrode, RHE) while the
valence band maximum (VBM) lies below the thermodynamic proton
reduction potential. This allows the reduction of proton occur sequentially
upon photo-excited electron generation. In order to maximize the usage of
solar spectrum, researchers are looking for semiconductors with smaller band
gap energy. One of the popular semiconductors possessing smaller band gap
is cadmium sulfide (CdS).®° CdS possesses a direct band gap with band gap
energy of 2.4 eV which can absorb light with wavelength shorter than 520 nm.
However, CdS is vulnerable to photo-corrosion, making it less favorable to
be used as HER photocatalyst.®!-%> Nevertheless, these two criteria limit the
diversity of available materials for photocatalytic HER.

To broaden the scope for HER photocatalysts, a dye-sensitized system
can be constructed. A dye-sensitized system requires a dye molecule with a
high molar absorptivity in solar spectrum and a catalyst which is active to

produce hydrogen. This does not require the active catalyst to possess
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light-absorbing ability and thus allows various potential materials to be used
in HER photocatalysis (Figure 1.2). For a complete cycle of
sensitized-photocatalytic hydrogen evolution reaction, there are generally
four steps: (1) generation of photo-excited electron, (2) injection of
photo-excited electron to active catalyst, (3) formation and release of
hydrogen molecule, and (4) regeneration of ground state light absorber by

corresponding oxidation reaction.®

2H*

Dye Catalyst

Figure 1.2. Schematic diagram of dye-sensitized photocatalytic hydrogen

evolution.

To carry out photocatalytic HER, photo-generated electron is formed

upon illumination. The photo-generated electron is transferred from dye

molecule to catalyst, and finally to protons on catalyst surface. The lifetime
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of elementary steps occurring in photocatalytic system is an indicator for
efficiency in carrying out reaction. Although sensitized photocatalytic system
comprises of multiple components which is more complicated than
conventional semiconductor-based photocatalysis, it provides diversity in
combination of different components and mimics natural photosystem II with
electron transfer cascade.®® In dye-sensitized photocatalytic system, lifetimes
of elementary steps increase sequentially, from photo-excitation in
picoseconds to nanoseconds time scale, electron transfer from dye molecule
to catalyst and regeneration of dye molecule in timescale of microseconds to
milliseconds, and hydrogen generation in second timescale.’* In contrast, the
conventional semiconductor-based photocatalytic systems only involve
photo-excitation and proton reduction which have drastic difference in
lifetimes. In addition, charges are separated spatially in dye-sensitized
systems which inhibit detrimental recombination process. Therefore, despite
its complexity, sensitized-photocatalytic system is one of the potential
systems for the production of hydrogen using solar energy.

MoS; has shown its excellent catalytic activity in electrochemical HER
as discussed in the previous section. However, it is not attractive as an

photocatalyst due to the indirect band gap of bulk M0S,.%°%7 To make use of
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the activity of MoS> towards HER, dye-sensitized systems are
constructed.®> %7 Ruthenium complexes and eosin Y are used to sensitize
MoS: to produce hydrogen in the presence of sacrificial agents. With these
studies, the availability of materials for the photocatalytic system is
broadened since active HER electrocatalysts without light-absorbing ability
can be also employed in photocatalytic HER.

Nickel phosphide is also another active HER electrocatalyst. With
numerous studies on nickel phosphides as HER electrocatalysts, researches
are moving on to employ nickel phosphides in photocatalytic HER. Nickel
phosphide nanoparticle was first employed as co-catalyst with CdS. The
performance of nickel phosphide-cadmium sulfide system is excellent to
yield a turnover number (TON) of 26,300.°® Du and co-workers synthesized
the nanocomposite of cadmium sulfide and nickel phosphide by sequential
hydrothermal and solvothermal reactions. The nanocomposite is used in
photocatalytic HER using sodium sulfide and sodium sulfite solution as
sacrificial agent. Hydrogen production rate from the CdS/NiP
nanocomposite goes up to 1.2 mmol g' h™'.%° In addition to CdS, carbon
nitride (C3N4) is used as photocatalyst together with nickel phosphide which

provides an alternative light-absorber apart from typical semiconductors.”®”’
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Nickel phosphide can be also combined with dye to carry out photocatalytic
hydrogen generation. Nickel phosphide and fluorescein sodium are used
together to carry out photocatalytic HER with a rate of 10.76 mmol h'! g1.78
Nickel phosphide combined with a light absorber has an excellent catalytic

activity towards photocatalytic HER.
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1.3 Electrocatalytic Oxygen Evolution Reaction (OER)

The splitting of water into hydrogen and oxygen is one of the most
promising reactions for development of renewable energy. Water splitting can
be separated into two half reactions, hydrogen and oxygen evolution reactions
(HER and OER). To complete the water splitting reaction, it is necessary to
put effort in development of not only HER catalysts, but also robust
oxygen-evolving catalyst so OER catalyst can couple with HER catalyst to
carry out the overall water splitting efficiently.

2H" +2¢ — Ha 4)
40H — Oz + H2O + 4¢ (5)

OER involves multiple steps and transfer of four electrons (Figure 1.3).
There are numerous proposed mechanisms and the first step of those
mechanisms usually involves the formation of metal-hydroxide species
(M-OH). The metal-hydroxide species is sequentially oxidized to metal oxide
(M-0), which is the key intermediate among all proposed mechanisms. Metal
oxide formed on catalyst surface is either converted into peroxide (M-OOH)
subsequently and produce oxygen, or leads to oxygen evolution directly by

combining two neighbor M-O species.”
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Figure 1.3. Catalytic cycle of electrocatalytic oxygen evolution.

Benchmark OER electrocatalysts are ruthenium dioxide (RuOz) and
iridium dioxide (IrO2).3%-! Using a variety of preparation methods, both IrO
and RuO» have been prepared to offer a low overpotential at around 300 mV.
In addition, they offer good stability in both acidic and alkaline media for
electrocatalytic OER. However, RuO2 and IrO> compose of precious metals
and are not stable under high current density for practical use. It is necessary
to find alternatives for RuO; and IrO> as OER electrocatalysts.

Numerous materials are employed as OER electrocatalysts including

82-84 89-93

perovskites,®?% spinel family,3-% layered double hydroxides,*** and metal
chalcogenides.”** In addition to these materials, nickel phosphides have
drawn much attention in their bifunctional catalytic activity on both HER and

OER. The capability of electrochemical oxygen evolution using nickel

phosphides is first demonstrated by Hu and co-workers.”” The activity of
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nickel phosphide towards OER is originated from in situ formation of nickel
oxide/hydroxide coating on the surface of nickel phosphide. Nickel oxide
formed on catalyst surface is regarded as the key intermediate that facilitates
facile OER, as in catalytic cycle previously mentioned. Nickel phosphide
nanoparticle requires a low overpotential of 290 mV to produce current
density of 10 mA cm™ in 1 M KOH. This catalytic property is better than the
benchmark OER electrocatalyst, IrO2, which requires an overpotential of
330 mV to produce 10 mA cm current density.

Similar strategies as in HER electrocatalysts are employed on metal
phosphides to enhance the OER performance including structural engineering
and the incorporation of carbonaceous materials and supports.”®®’ Nickel
phosphides with different morphologies are prepared, which provide larger
surface area and expose more active sites for catalysis. Du and co-workers
synthesized nickel phosphide nanowire and compared its OER activity
against nanoparticle. The overpotential decreases from around 500 to 400 mV
which shows enhanced activity for nanowire.”® Apart from structural
engineering, incorporation of carbonaceous materials and support is another
common strategy to improve OER electrocatalysis. Carbon coating on nickel

phosphide nanoplate is prepared from Ni-Ni Prussian blue analogue
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precursors. The catalytic activity is enhanced compared to nickel oxide and
nickel hydroxide.”

Ternary metal phosphides, including Ni-Co,'%!%! Co-Fe,'” and
Co-Mn'® phosphides, are prepared for improved electrocatalytic OER. They
are efficient OER electrocatalysts and require overpotentials ranging from
310 to 370 mV. In combination of excellent HER activity, nickel phosphide
is an attractive candidate for alkaline electrolyzer as both cathode and anode

materials composed of non-noble metals.
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1.4 Catalytic Ammonia Synthesis
Ammonia is one of the most useful chemicals which can be used to
produce useful substances such as fertilizers, polymers and explosives. The
diverse usage of ammonia makes its production as the second largest
industrial process for chemical production where it uses more than 1% of the
total energy in the entire world. Ammonia synthesis was started by Fritz
Haber who found ammonia synthesis from nitrogen and hydrogen is an
exothermic reaction.!
N; + 3H> S 2NH;3 AH = -92.44 kJ mol™! (6)
It 1s desirable to carry out this exothermic reaction at low temperatures
to make the equilibrium shift to favorable side. However, the rate of reaction
will be suppressed at low temperatures which makes it unfavorable to an
industrial process. Therefore, an optimal environment with low temperature
and high pressure is used to obtain the largest yield.!® With the effort from
Carl Bosch for reactor engineering, Haber-Bosch process can successfully
produce ammonia in a considerable rate and yield in industrial scale in early
1900s using osmium and uranium-uranium carbide as catalyst. Further
improvement was made by Alwin Mittasch by conducting tests for over 2,500

different catalysts. The best catalyst in his study is an iron-based catalyst, with
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aluminum oxide and calcium oxide as structural promoters, and potassium as
electronic promoter.'%

The mechanism of Haber-Bosch process was proposed to follow a
dissociative pathway where it begins with the dissociative adsorption of
nitrogen.'” Hydrogen adsorption and sequential addition of adsorbed
hydrogen to nitrogen are carried out and eventually lead to the formation of
ammonia. The energy profile of ammonia synthesis is constructed
(Figure 1.4). The addition of first hydrogen atom on nitrogen is the rate
determining step as it has the largest activation energy. However, it is believed
that the rate determining step of overall ammonia synthesis in industrial scale
is nitrogen adsorption at elevated temperature since it is a highly exothermic

reaction which is not favorable in high temperature.'%

E (kJ mol)

N,

ad) + 3H(ad)
Figure 1.4. Energy profile of ammonia synthesis through dissociative
mechanism. The figure is adapted from reference 104 and 106. Numerical

values are in unit of kJ mol'.
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Iron-based catalysts are conventionally used in catalytic ammonia
synthesis because of its low cost. Numerous studies are carried out to improve
their catalytic property.'?’"1% In addition to iron, ruthenium and osmium show
promising catalytic activities on ammonia synthesis. Fe, Ru, and Os having
excellent catalytic activity towards ammonia synthesis can be attributed to
number of electrons in d orbital.!'? All three metals are from the same group
(Group VIII) and they have seven electrons in d orbital. They provide
moderate bond strength for nitrogen chemisorption.!!! Among the three
Group VIII metals, ruthenium drew much attention from researchers to
investigate catalysts with improved catalytic activity over traditional fused
iron catalysts. Numerous studies have been carried out to prepare
ruthenium-based catalysts for ammonia synthesis. Incorporation of second
metal in ruthenium is done to prepare a bimetallic system including iron,
cobalt, nickel and molybdenum.'!? The study shows that Ru-Co system offers
the best catalytic activity towards ammonia synthesis so as to decrease the
loading of ruthenium.

Promoter is another component in catalytic ammonia synthesis which is
used to assist catalytic reaction in high pressure and temperature conditions.

There are generally two types of promoters usually being employed in
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catalytic ammonia synthesis, structural and electronic promoters. Structural
promoter is used to stabilize catalyst and prevent sintering of catalyst
possessing large surface area. Typical examples of structural promoters are
aluminum oxide and calcium oxide.''® Structural promoter acts as a physical
barrier to maintain the small size of catalyst and has no direct effect on the
rate of catalysis. This will help preserving the structures of catalyst under high
temperature and pressure in practical Haber-Bosch process. In contrast,
electronic promoter can enhance catalytic activity in ammonia synthesis.
Alkali metals, including potassium and cesium, are commonly used as
electronic promoters.''*!1> Catalyst surface modified by alkali metal interacts
with adsorbing nitrogen molecules. Electrostatic force between the active site
and adsorbing nitrogen molecule drives the formation of adsorption of
nitrogen atoms on catalyst surface. This facilitates dissociation of nitrogen
into adsorbed nitrogen atoms by stabilizing transition state of nitrogen
dissociation (lower activation energy).''®

Although ruthenium-based catalysts for ammonia synthesis attract much
attention from researchers as alternatives of iron-based catalysts, they are far
from commercialization in industry because of the scarcity of ruthenium.

Therefore, it is desirable to develop a catalyst composed of non-precious,
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Earth-abundant elements. With the demand for novel catalysts, ternary
nitrides are demonstrated to be a potential candidate for catalytic ammonia
synthesis.!!” Various ternary nitrides are synthesized and tested for their
catalytic activity towards ammonia synthesis including FesMosN, CosMosN,
and Ni2MosN. These ternary nitrides show catalytic activity towards
ammonia synthesis with applied pressure and elevated temperature. Among
the three different ternary nitrides, CosMosN shows the highest rate of
ammonia production (120 mL h! g'!). Further improvement of CosMosN is
achieved by the addition of electronic promoter (Cs) and the rate of ammonia
production is increased nearly by 10-fold, from 120 to 1,040 mL h'! g'!. In
addition, this ternary nitride affords a better catalytic activity over commercial
iron-based catalyst which shows the possibility of substituting iron-based
catalyst by ternary nitride family in industrial production of ammonia.

DFT calculation is applied on ammonia synthesis similar to hydrogen
evolution reaction.!'”!'8 A volcano plot is obtained with turnover frequency
(TOF) against adsorption energy of nitrogen. Since the rate determining step
in ammonia synthesis is believed to be nitrogen adsorption, ruthenium,
osmium, and iron are shown to be the best three metals for nitrogen adsorption

where they are at the summit of volcano plot. Meanwhile, nickel and cobalt
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have a higher adsorption energy of nitrogen than ruthenium which have a
weak interaction with nitrogen. In contrast, molybdenum has too strong
binding with nitrogen, making it unfavorable to be a catalyst for ammonia
synthesis. A combination of strongly and weakly nitrogen-binding metals is
used to prepare their respective nitride for moderate binding of nitrogen. DFT
calculation shows the combination of cobalt and molybdenum has a better
nitrogen-adsorbing energy than ruthenium (closer to the summit of volcano
plot).!!® The theoretical estimation of catalytic activity from adsorption
energy of nitrogen fits with experimental results from various groups.!'!’-1!
Apart from Co3MosN, Co-Mo alloy supported by CeO; is fabricated by
co-reduction of cobalt and molybdenum chloride by sodium naphthalenide
and used for ammonia synthesis.!?* Co-Mo alloy has a comparable activity to
CosMosN and an excellent stability for 120 h reaction. With high surface area
provided by small Co-Mo nanoparticle, it affords a much higher activity per
surface area. Apart from combination of cobalt and molybdenum, cobalt and
iron are combined and employed as an ammonia-producing catalyst.!?! The
eluent gas contains 6.04 mol% of ammonia which is produced by Co-Fe

catalyst promoted by potassium and supported by carbon at 470 °C and 90 bar.

These combinations share the same idea that employ strongly and weakly
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nitrogen-binding metals together to produce ammonia. Alloying components

possessing strongly, and weakly nitrogen-binding ability can be combined to

fabricate new materials for not only ammonia synthesis, but also other types

of catalytic reactions having the formation of key intermediate as rate

determining step.
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1.5 Aims and Objectives

Nickel phosphide nanoparticles possess metallic property which

resembles metal nanoparticles as well as excellent physical property as

ceramics. Through the incorporation of guest metal, bimetallic phosphide

nanoparticles can be prepared, and their catalytic activity might be changed

through ensemble effect and/or electronic effect.

Hydrogen evolution reaction can be carried out using bimetallic

phosphides electrocatalytically and photocatalytically. With the addition of

guest metals, hydrogen binding affinity can be altered which may affect the

rate of reaction. In addition to hydrogen evolution reaction, oxygen evolution

reaction, as another half reaction of water splitting, is going to be studied

using bimetallic phosphides as electrocatalysts. With capability to conduct

hydrogen and oxygen evolution reaction, an overall water splitting might be

achieved.

In addition to application in renewable energy source-related catalysis,

bimetallic phosphides, as an analogue of ternary nitrides, are employed as a

catalyst for ammonia synthesis which can be a novel class of ammonia-

producing catalysts. Alternative catalyst composes of non-noble, earth-

abundant elements is desirable to be used in industrial ammonia synthesis.
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In this project, modification of nickel phosphide is made by

incorporation of foreign transition metals, including iron, cobalt, manganese

and molybdenum, to form different transition metal-doped nickel phosphide

nanoparticles. Through the modification of foreign metals, the surface and

electronic structure of nickel phosphide will be altered. With the preparation

of different transition metal-doped nickel phosphide nanoparticles, catalytic

activity on different reactions will be analyzed, including (1) electro- and

photocatalytic hydrogen evolution reactions, (2) electrocatalytic oxygen

evolution reaction, and (3) ammonia synthesis.
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Chapter 2 Synthesis and Characterization of Metal-doped

Nickel Phosphide Nanoparticles

2.1 Introduction

Transition metal phosphides are generally synthesized by thermal
decomposition of phosphorus-containing substances. Examples of typical
phosphorus-containing substances for phosphide formation includes
elemental phosphorus, phosphorus-containing inorganic salt hypophosphite
salt (H2PO2"), and organophosphorus compounds such as trioctylphosphine
(TOP).!22123 With elevated temperature, decomposition of phosphorus source
is resulted, and phosphine gas is in situ released and reacts with metal
precursors where metal phosphide is subsequently formed. With these facile
and simple bottom-up synthetic methods, nickel phosphides, with different
phases and morphologies, have been prepared with different nickel precursors
and subjected to different applications.

Here, metal-doped nickel phosphide nanoparticles are prepared by
thermal decomposition of trioctylphosphine (TOP). The employment of TOP
in the synthesis of metal phosphide nanoparticles provides a facile and diverse
way to convert various kind of precursors to the respective phosphide

nanoparticles.!?*'%5 In addition, the role of TOP and its respective oxide,
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trioctylphosphine oxide (TOPO) was elucidated by carrying out systematic

analysis.
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2.2 Materials and Experimental Procedures

2.2.1 Materials

Nickel(Il) acetate tetrahydrate was purchased from Panreac. Iron(II)

acetate (>99.99%), manganese(III) acetate dihydrate (97%), cobalt(Il) acetate

(99.995%), oleylamine (technical grade, 70%), trioctylphosphine (technical

grade, 90%), and trioctylphosphine oxide (technical grade, 90%) were

purchased from Aldrich. Molybdenum(II) acetate dimer (99%) was purchased

from Strem. All chemicals were used as received.

2.2.2 Synthesis of Pristine and Metal-doped Nickel Phosphide

Nanoparticles

2.2.2.1 Synthesis of Nickel Phosphide Nanoparticle

Typically, 1 mmol nickel(II) acetate tetrahydrate was used as metal

precursor and mixed in 5 mL of oleylamine in a 100 mL three-necked round-

bottomed flask. The mixture was put under vacuum to remove adventitious

oxygen and moisture. 11.2 mmol of trioctylphosphine (TOP) and equimolar

of trioctylphosphine oxide (TOPO) were added to the flask sequentially. The

reaction mixture was heated at 300 °C for 2 h under N protection. After 2 h

reaction, the reaction mixture was cooled down naturally by removal of heat
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source. 30 mL absolute ethanol was added, and the precipitate was collected

by centrifugation at 9000 rpm for 5 min. Supernatant was discarded and

precipitate was purified by redispersion/precipitation process using

chloroform and ethanol. The process was repeated for three times and purified

product was dried and kept under vacuum.

2.2.2.2  Synthesis of Iron-doped Nickel Phosphide Nanoparticle

Iron-doped nickel phosphide nanoparticle was synthesized with similar

procedures as nickel phosphide nanoparticle. 0.5 mmol of nickel(Il) acetate

tetrahydrate and 0.5 mmol of iron(II) acetate were used to keep the metal ion

concentration constant.

2.2.2.3  Synthesis of Cobalt-doped Nickel Phosphide Nanoparticle

Nickel phosphide nanoparticle was synthesized with similar procedures

as iron-doped nickel phosphide nanoparticle. 0.5 mmol cobalt(Il) acetate was

used as metal precursor instead of iron(Il) acetate.

2.2.2.4  Synthesis of Manganese-doped Nickel Phosphide Nanoparticle

Nickel phosphide nanoparticle was synthesized with similar procedures
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as iron-doped nickel phosphide nanoparticle. 0.5 mmol manganese(III)

acetate dihydrate was used as metal precursor instead of iron(II) acetate.

2.2.2.5 Synthesis of Molybdenum-doped Nickel Phosphide Nanoparticle
Nickel phosphide nanoparticle was synthesized with similar procedures
as iron-doped nickel phosphide nanoparticle. 0.25 mmol molybdenum(II)

acetate dimer was used as metal precursor instead of iron(II) acetate.

2.2.3 Instrumentation
2.2.3.1 Powdered X-Ray Diffraction

Powdered X-Ray diffraction pattern was obtained using Rigaku
SmartLab with scan rate of 1° min"!. Powdered sample was placed on a silicon
wafer and pressed using a glass slide. Diffraction pattern from 26 = 35° to 60°
was obtained for pristine and various metal-doped nickel phosphide

nanoparticles.

2.2.3.2 Transmission Electron Microscopy
As-prepared powder samples were dispersed and sonicated in

chloroform to obtain well-dispersed suspension. 20-40 uL of suspension was
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added on a 400-mesh copper grid with holely carbon coating and dried

naturally. Images from transmission electron microscopy was obtained using

a scanning transmission electron microscope (JOEL JEM-2100F). Selected

area electron diffraction (SAED) and energy-dispersive X-ray spectroscopy

(EDX) were carried out in tandem in transmission electron microscopy.

2.2.3.3 X-Ray Photoelectron Spectroscopy

Approximately 20 mg of powder sample was used in analysis. X-Ray

photoelectron spectra of pristine and various metal-doped nickel phosphide

nanoparticles were obtained using X-Ray photoelectron spectrophotometer

(ESCALAB 250 Xi). Calibration was done using binding energy of C 1s

energy level at 284.8 eV as reference.

2.2.3.4 Extended X-Ray Absorption Fine Structure

Local structures surrounding Ni and Fe atoms were probed using

extended X-ray absorption fine structure (EXAFS) technique at beamline

BL17C of Taiwan Light Source at National Synchrotron Radiation Research

Center (NSRRC) in Taiwan. A Si(111) Double Crystal Monochromator
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(DCM) was used to scan the photon energy. The energy resolution (AE/E) for
the incident X-ray photons was estimated to be 2x10™*. Transmission mode
was adopted for Ni K-edge and Fe K-edge EXAFS measurements. To
ascertain the reproducibility of the experimental data, at least two scan sets
were collected and compared for each sample. The EXAFS data analysis was
performed using IFEFFIT 1 with Horae packages 2 (Athena and Artemes).
The spectra were calibrated with Ni and Fe metal foils as the references to
avoid energy shifts of the samples. The amplitude reduction factors were
obtained from EXAFS data analysis of the references, which were used as the
fixed input parameters in the data fitting to allow the refinement in the
coordination number of the absorption element. In this work, the first shell
data analyses under the assumption of single scattering were performed with

the errors estimated by R-factor.
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2.3 Synthesis and Characterization of Pristine and Metal-doped Nickel
Phosphide Nanoparticles

Iron-doped nickel phosphide (NiFeP) nanoparticle was first synthesized
to investigate the feasibility of metal doping in nickel phosphide crystal lattice.
Nickel and iron metal salts were mixed in the presence of oleylamine,
trioctylphosphine (TOP), and trioctylphosphine oxide (TOPO).

X-Ray diffraction (XRD) pattern of NiFeP nanoparticles is shown below
(Figure 2.1). The as-synthesized NiFeP nanoparticle has diffraction pattern
consisting of four peaks at 20 =40.7°,44.7°,47.4°, and 54.4°. This diffraction
pattern resembles NiP hexagonal crystal structure (PDF#-65-1989). The
former three peaks from XRD pattern of NiFeP at 20 =40.7°, 44.7°, and 47.4°
are corresponding to (111), (201), and (210) lattice planes, respectively.
Meanwhile, the two peaks at 54.2° and 55° in NiP reference pattern,
corresponding to (300) and (211) lattice planes, respectively, merge together
to have a broad peak at 54.4° in XRD pattern of NiFeP nanoparticle due to

small crystalline size in nanoparticles.
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Figure 2.1. XRD pattern of NiFeP nanoparticle.

Detailed morphology and elemental composition of NiFeP nanoparticle
are investigated by transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDX) equipped in TEM. The TEM image
shows the as-synthesized NiFeP nanoparticle is monodispersed and spherical
with an average diameter of 7.5 £ 0.9 nm (Figure 2.2 (a) and (b)). The small
size of nanoparticle is coherent with the large full width at half maximum
(broad peaks) and small crystalline size in XRD pattern. TEM image taken
under high resolution is shown in Figure 2.2 (c). The predominant (111)

lattice fringe shows a d-spacing of 0.22 nm. The selected area electron
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diffraction (SAED) pattern shows the rings of diffraction (Figure 2.2 (d)),

where the innermost ring is indexed as (111) lattice plane and the outermost

ring corresponds to (300) lattice plane. The measurement of d-spacing and

electron diffraction pattern is in good agreements with XRD pattern

mentioned previously. The elemental composition is determined by EDX

(Figure 2.3). The normalized ratio of elements in NiFeP nanoparticle (nickel-

to-iron-to-phosphorus) is 1:0.1:0.7. An overall 6% of iron is successfully

doped into the nickel phosphide crystal lattice.
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Figure 2.2. (a) TEM image, (b) and its size distribution, (c) high resolution
TEM image, and (d) electron diffraction pattern of NiFeP nanoparticles.
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Spectrum 1

Figure 2.3. EDX spectrum of NiFeP nanoparticles.

X-ray photoelectron spectroscopy (XPS) is used to determine the
oxidation state and bonding environment of various elements in NiFeP
nanoparticle (Figure 2.4). XPS spectra of Ni 2p and P 2p regions have the
peaks similar to typical nickel phosphides (Figure 2.4 (a) and (c)).** Peaks at
853.0 eV correspond to nickel in nickel-phosphorus bond in Ni 2p3/, level.
The binding energy is close to zero-valent nickel (852.8 eV)'?® which
indicates nickel in nickel-phosphorus bond only bear a small positive charge
(Ni®").3! The peaks at 856.1 and 861.5 eV are assigned to the oxidized nickel
species (Ni10O) and its satellite peak in Ni 2p3.2 level, respectively. Similarly,
the peaks at 869.9, 874.1, and 880.1 eV correspond to nickel in nickel-
phosphorus bond, oxidized Ni species, and its satellite peak in the Ni 2p1»
energy level. In XPS spectrum of P 2p region, the peak at 129.4 eV originates

from the phosphorus in nickel-phosphorus bond, while the peak at 133.1 eV
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corresponds to the surface oxidized phosphorus species such as phosphate.
The binding energy of phosphorus in phosphide slightly deviates from
elemental phosphorus (130.2 eV) which shows phosphorus in nickel-
phosphorus bond bears a small negative charge (P%).'?"12® In addition, the
embedded peak at 130.4 eV can be assigned to the phosphorus in iron
phosphide domain.'?” For Fe 2p XPS spectrum, the peaks at 711.8 and 713.5
eV correspond to the surface oxidized iron in iron oxide and phosphate in Fe
2p32 energy level, respectively, meanwhile the peaks at 723.5 and 727.9 eV
are the counterpart peaks in Fe 2pi/> energy level.'**!3! The peaks at 706.8
and 719.5 eV can be assigned to the iron in iron phosphide in Fe 2ps2 and

2p12 energy level, respectively (Figure 2.4 (b)).
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Figure 2.4. XPS spectra of NiFeP nanoparticle in (a) Ni 2p, (b) Fe 2p, and (c)

P 2p region.
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Valence band X-ray photoelectron spectroscopy (VB-XPS) is carried out

for NiFeP nanoparticle to determine the energy of valence band maximum

against Fermi level (Figure 2.5). The energy difference between Fermi level

(Er) and valence band maximum (Evem) can be found from the interception

on abscissa by extrapolating the right-side slope of the peak. The energy

difference is estimated as -0.37 eV that implies a higher energy of valence

band maximum (VBM) than Fermi level and proves NiFeP nanoparticle

possesses a metallic property.
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Figure 2.5. VB-XPS spectrum of NiFeP nanoparticle.
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To investigate the effect of presence of iron ion in synthesis, a control
experiment is carried out by conducting the same experimental procedures
without iron. The XRD pattern of nickel phosphide nanoparticle is similar to
that of NiFeP nanoparticles both of which match well with NixP reference

pattern (PDF#-65-1989) (Figure 2.6).
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Figure 2.6. XRD pattern of Ni2P nanoparticles.

TEM images show the nickel phosphide nanoparticle formed has spherical
shape with an average diameter of 7.3 + 1.2 nm which is similar to NiFeP
nanoparticles (Figure 2.7 (a) and (b)). High-resolution TEM (HR-TEM)

image shows the fringes with d-spacing of 0.2 and 0.23 nm which correspond
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to (111) and (201) lattice planes, respectively (Figure 2.7 (c)). Electron

diffraction pattern shows the rings of diffraction of (111) and (300) planes as

the innermost and outermost rings, respectively (Figure 2.7(d)). The

elemental composition by EDX indicated the nickel-to-phosphorus ratio is

2:1 which confirms the formation of Ni>P crystal phase (Figure 2.8).

6 8
Diameter (nm

10 1/nm

Figure 2.7. (a) TEM, (b) and its size distribution, (c) HR-TEM images, and

(d) electron diffraction pattern of Ni2P nanoparticles.
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Spectrum 4

Figure 2.8. EDX spectrum of Ni2P nanoparticles.

XPS spectra of Ni 2p and P 2p regions have similar peaks as typical
nickel phosphide (Figure 2.9 (a) and (b)).** The peak at 852.7 eV correspond
to 2p3 level of nickel in nickel-phosphorus bond. The peaks at 856.1 and
861.5 eV correspond to 2p3» level of oxidized Ni species (NiO) and its
satellite peak, respectively. Similarly, the peaks at 869.9, 874.1, and 880.1 eV
correspond to nickel in nickel-phosphorus bond, oxidized Ni species, and its
satellite in the Ni 2p12 energy level, respectively. In XPS spectrum of P 2p
region, the peak at 129.4 eV originates from the phosphorus in nickel-
phosphide bond, while the peak at 133.1 eV corresponds to surface oxidized

P species.
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Figure 2.9. XPS spectra of Ni2P nanoparticle in (a) Ni 2p and (b) P 2p energy

levels.
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Based on the structural analyses of NiFeP and Ni;P nanoparticles, NiFeP
nanoparticle is proved to be synthesized without a significant change in nickel
phosphide crystal structure. However, it is difficult to determine the exact
localized bonding environments of iron in the crystal lattice by the
aforementioned characterizations. In order to have further information on the
structure, the extended X-ray absorption fine structure (EXAFS)
measurement is carried out. It measures the average coordination number of
surface atoms and estimates bond lengths, and thus helps getting a better
picture on the bonding environment and local structure of each element in
NiFeP nanoparticle. The data for NiFeP nanoparticle were recorded and the
fittings were carried out with satisfaction (Figure 2.10, Figure 2.11, and Table
2.1). The bond lengths of various combinations of elements are estimated,
including nickel-phosphorus (Ni-P), nickel-nickel (Ni-Ni), iron-nickel
(Fe-Ni), and iron-phosphorus (Fe-P) bonds. Ni-Ni and Ni-P bonds are 2.59
and 2.24 A, respectively. Meanwhile, Fe-Ni and Fe-P bonds are 2.63 and
2.21 A, respectively. The EXAFS data confirmed the existence of iron
incorporation in nickel phosphide and iron is bonded to both nickel and
phosphorus in the crystal lattice. The fitted data from EXAFS measurement

of NioP nanoparticle show the Ni-Ni and Ni-P bond lengths in Ni,P
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nanoparticle are 2.59 and 2.25 A, respectively (Figure 2.12 and Table 2.2).
The bond lengths in iron-doped and pristine nickel phosphide nanoparticle
are comparable which shows the incorporation of iron in nickel phosphide
crystal lattice do not induce significant changes in bond strengths of existing
Ni-Ni and Ni-P bonds. Typical coordination numbers in Ni-Ni and Ni-P for
NizP are 4 and 2, respectively, which are close to the fittings shown in Table
2.2, having coordination numbers for Ni-Ni and Ni-P as 3.3 and 2.9,
respectively.'*? There is, however, a decrease in the coordination numbers
when Fe is introduced into the crystal lattice. The coordination numbers for
Ni-Ni and Ni-P in NiFeP nanoparticles are 2.5 and 2.3, respectively, whereas
those for Fe-Ni and Fe-P are determined to be 3.6 and 3.7, respectively. The
decreased coordination numbers of Ni-Ni and Ni-P indicate successful
substitution of Ni with Fe. In addition, the change in coordination number
does not reveal a perfect substitution since there is a mismatch between the
added coordination numbers of Ni-P and Fe-P in NiFeP nanoparticle and that
of Ni-P in Ni,P nanoparticle.

From the above control experiments for NiFeP nanoparticle synthesis, it
was confirmed that iron present in the reaction environment can be

incorporated into nickel phosphide crystal lattice without making significant
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effect on the morphology, crystal structure, and bonding environment of the

resulting nanoparticles.
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Figure 2.10. EXAFS plots of (a) k*-y of experimental and fitted data and (b)
k- phase corrected Fourier transform of experimental and fitted data for

NiFeP nanoparticle with Ni K-edge transmission mode.
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Figure 2.11. EXAFS plots of (a) k*y of experimental and fitted data and (b)

k- phase corrected Fourier transform of experimental and fitted data for

NiFeP nanoparticle with Fe K-edge transmission mode.
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Figure 2.12. EXAFS plots of (a) k*-y of experimental and fitted data and (b)

k- phase corrected Fourier transform of experimental and fitted data for
NizP nanoparticle with Ni K-edge transmission mode.
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Table 2.1. EXAFS of NiFeP nanoparticle.

Coordination
Bond | Enot* ss Bond length (A) | R-factor
number
Ni-P 2.3(3 0.008(2 2.24(1
— 4.3 ) @) 1) 1.3%
Ni-Ni 2.5(3) 0.006(1) 2.59(1)
Fe-P 3.7(3 0.007(1 2.21(1
— 55 () ) () 2.0%
Fe-Ni 3.6(3) 0.005(1) 2.63(1)

*Enot is the energy difference of absorption energy in experimental value and

calculated value.

Table 2.2. EXAFS of Ni>P nanoparticle.

Coordination Bond
Bond Enot* SS R-factor
number length (A)
Ni-P 2902 0.008(1 2.25(1
— 2.7 @) ) ) 0.6%
Ni-Ni 3.3(3) 0.008(1) 2.59(1)

*Enot is the energy different of absorption energy in experimental value and

calculated value.
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Numerous literatures have reported that the synthesis of transition metal

phosphide nanoparticles involves the use of phosphorus source such as TOP,

133-139

solvents, and a capping ligand such as oleylamine and octylether only.

Oleylamine is a common capping ligand widely used in nanoparticle

synthesis. It can also play a role as a solvent to dissolve metal precursors. The

combined use of TOP and its phosphine oxide (TOPO) is also reported to be

crucial for successful formation of NiFeP nanoparticle. However, the role and

interaction between each component in synthetic environment are not clearly

demonstrated. In particular, how the presence of both TOP and TOPO affects

the nanoparticle synthesis need a systematic study.

Control experiments are conducted to investigate the effect of the

presence of TOP and/or TOPO on the synthesis of NiFeP nanoparticle.

Reactions were carried out in the presence of either TOP or TOPO. In the

presence of TOP only, nickel oxide and iron oxide are formed as shown by

analysis of XRD, TEM, and EDX in TEM on different regions (Figure 2.13

and Figure 2.14). Through selection of area for elemental analysis, different

ratios of each element are obtained. The nickel-to-iron-to-phosphorus ratio in

Figure 2.14 (a) 1s 8.7:1:3.6 where nickel oxide is the predominant phase.

Meanwhile in Figure 2.14 (c), the elemental ratio of nickel, iron, and
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phosphorus equals 1.2:5.9:1 which indicates iron oxide is predominant in this
area. In both areas, detectable phosphorus in EDX spectra is believed to be
originated from some surface-bound TOP. Combining the characterizations
from XRD and TEM, it is believed that formation of oxide is attributed by
partial decomposition of metal acetate that occurs in the presence of TOP.
Phosphorization cannot be carried out successfully from partially

decomposed precursors, leading to formation of oxides.
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Figure 2.13. XRD pattern of nanoparticle formed in the presence of TOP only.
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Figure 2.14. TEM images and EDX spectra of (a and b) iron oxide and (c
and d) nickel oxide.

In contrast, the synthesis carried out in the presence of TOPO only leads
to the formation of nickel metal nanoparticles as revealed from its XRD
pattern (Figure 2.15). The peak shift from reference nickel XRD pattern
(PDF#-04-0850) is possibly due to the incorporation of iron in nickel
hexagonal close pack crystal structure. The TEM image shows highly
monodispersed nickel nanoparticles with narrow size distribution (Figure
2.16), attributed to the presence of TOPO, a better capping ligand than TOP.
EDX spectrum shows nickel as major component and iron as minor
component (Figure 2.17). Although there is a trace amount of phosphorus
detected, it is believed to be originated from the surface-bound TOPO on the

nanoparticle because the XRD pattern of as-synthesized nanoparticle
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suggested no phosphide formation. Since the phosphorus source (TOP) is not
added in reaction environment and the phosphorus in TOPO is believed to be

not readily available, thus the phosphorization cannot be successfully carried

out and quenched in the stage of metal nanoparticle.
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Figure 2.15. XRD pattern of nanoparticle synthesized in the presence of
TOPO only.
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Figure 2.16. TEM image of metal nanoparticle synthesized in the presence of

TOPO. Inset shows the size distribution of metal nanoparticle.

Figure 2.17. EDX spectrum of nanoparticle synthesized in the presence of
TOPO only.
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The scope of metal doping is extended to other transition metal ions
including cobalt, manganese, and molybdenum ions. Cobalt(Il) acetate is
used instead of iron(Il) acetate as a precursor in synthesis to prepare cobalt-
doped nickel phosphide (NiCoP) nanoparticle.

XRD pattern of NiCoP nanoparticle resembles the Ni;P reference pattern
(PDF#-65-1989, Figure 2.18). Due to the similarity of nickel(II) and cobalt(II)
ions, a larger extent of incorporation occurs. This leads to a significant
distortion of crystal structure which leads to a symmetric peak shift towards
higher angles. The first three peaks in XRD pattern of NiCoP nanoparticle

clearly show this effect.
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Figure 2.18. XRD pattern of NiCoP nanoparticle.
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TEM image shows NiCoP nanoparticle is spherical with an average

diameter of 7.7 + 0.9 nm (Figure 2.19 (a) and (b)). The HR-TEM further

reveals the lattice fringe of (111) and (201) plane with their characteristic d-

spacings of 0.223 and 0.205 nm, respectively (Figure 2.19 (c)). Electron

diffraction pattern shows four distinct rings of diffraction which correspond

to (111), (201), (210) and (300) lattice planes, respectively (Figure 2.19 (d)).

Element composition confirms a significant degree of Co incorporation which

agrees well with XRD peak shifting (Figure 2.20). The normalized elemental

ratio of nickel-to-cobalt-to-phosphorus determined from EDX is 1:0.55:1.2.

d=77+09nm
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Figure 2.19. (a) TEM, (b) and its size distribution, (¢c) HRTEM images, and

(d) electron diffraction pattern of NiCoP nanoparticles.
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Spectrum 5

Figure 2.20. EDX spectrum of NiCoP nanoparticle.

In order to obtain information on chemical states of different elements
in NiCoP nanoparticle, XPS was carried out for nickel, cobalt, and
phosphorus in 2p region. In Ni 2p XPS spectrum (Figure 2.21 (a)), the peaks
at 852.9, 856.2,and 861.3 eV correspond to nickel in nickel-phosphorus bond,
oxidized nickel species and its satellite peak in Ni 2p3» energy level,
respectively. Meanwhile, the peaks at 870.1, 874.1, and 877.5 eV correspond
to nickel in nickel-phosphorus bond, oxidized nickel species and its satellite
peak in Ni 2pi» energy level, respectively. In Co 2p XPS spectrum
(Figure 2.21 (b)), the peak at 778.2 eV originates from cobalt in cobalt-
phosphorus bond in Co 2p3/» energy level while the peak at 793.1 eV for the
bond in Co 2pin energy level.'* Binding energy of cobalt in cobalt-

phosphorus bond is close to that of elemental cobalt, which indicates it has a
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small positive charge.'! The peaks at 781.5 and 784.8 eV correspond to
oxidized cobalt species (cobalt oxide and cobalt phosphate) and its satellite
peak, respectively. In P 2p XPS spectrum, three peaks can be observed at
129.2, 129.8, and 133.5 eV. The peak at 133.5 eV originates from phosphate
ion formed from oxidation of phosphide ion. The peaks at 129.2 and 129.8
eV are attributed to cobalt-phosphorus and nickel-phosphorus bonds,

respectively (Figure 2.21 (c)).
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Figure 2.21. XPS spectra of NiCoP nanoparticle in (a) Ni 2p, (b) Co 2p, and
(c) P 2p regions.
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Because of the high similarity of cobalt and nickel ion, cobalt can be

easily incorporated into the nickel phosphide crystal lattice. The degree of

incorporation can be tuned by simply changing the ratio of nickel and cobalt

precursors. NiCoP nanoparticles were prepared under different nickel-to-

cobalt ratio, from 3:1, 2:1, 1:1, to 1:2 (abbreviated as NiCoP31, NiCoP21,

NiCoP11, and NiCoP12, respectively).

XRD patterns were obtained from different NiCoP nanoparticles and

shown in Figure 2.22. In general, similar patterns were observed but the

intensity decreases with the amount of cobalt precursor used. This indicates

the increase in cobalt incorporation decreases the crystallinity from pristine

nickel phosphide crystal.

67



NiCoP12

NiCoP11

NiCoP21

Intensity

NiCoP31

| |
35 40 45 50 55 60
2-Theta (")

Figure 2.22. XRD patterns of various NiCoP nanoparticles prepared under

different Ni:Co precursor ratios.

TEM images were taken for different NiCoP nanoparticles (Figure 2.23).
The as-synthesized nanoparticles show no significant difference with varying
nickel-to-cobalt precursor ratio. However, the composition ratio determined
by EDX changes with the precursor ratio. The normalized composition ratios
of different NiCoP nanoparticles are shown in Table 2.3. Ratios between
nickel and cobalt increase linearly with the respective precursor ratios (Figure
2.24). This result shows that the property of NiCoP nanoparticle can be easily

tuned by adjusting the relative composition ratio between nickel and cobalt.
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Figure 2.23. TEM images of different NiCoP nanoparticles (a) NiCoP31, (b)

NiCoP21, (¢) NiCoP11, and (d) NiCoP12 nanoparticles.
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Table 2.3. Normalized elemental ratios of different NiCoP nanoparticles

prepared under different nickel-to-cobalt precursor ratios.

Ni Co P
NiCoP31 13(3) 0.33(7) |
NiCoP21 1.102) 0.37(5) 1
NiCoP11 0.83(7) 0.46(1) 1
NiCoP12 0.74(4) 1.02(3) 1
4 - n
S 34 ]
©
o
s 1
Q
Z 24
n
1
n
L L
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Mole ratio of Ni/Co precursor

Figure 2.24. Relationship of elemental ratio between actual and loading

nickel-to-cobalt ratios.
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Manganese-doped nickel phosphide (NiMnP) nanoparticle is
synthesized in the presence of manganese(Ill) acetate dihydrate following
similar experiment procedures as NiFeP nanoparticle. The XRD pattern of

NiMnP nanoparticle resembles the reference NixP diffraction pattern

(PDF#-65-1989, Figure 2.25).
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Figure 2.25. XRD pattern of NiMnP nanoparticle.

TEM image shows the as-synthesized NiMnP nanoparticle is spherical
with an average diameter of 7.6 = 1 nm (Figure 2.26 (a) and (b)). HR-TEM
image shows the lattice fringes of (111) and (201) lattice planes, having d-

spacings of 0.228 and 0.203 nm, respectively (Figure 2.26 (c)). Electron
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diffraction pattern shows the rings of diffraction for (111), (201), (210), and

an indistinguishable ring for (300) and (211) lattice planes (Figure 2.26 (d)).

The elemental analysis by EDX shows nickel-to-manganese-to-phosphorus

ratio of the as-synthesized NiMnP nanoparticle is 1:0.05:0.7 (Figure 2.27).
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Figure 2.26. (a) TEM, (b) and its size distribution, (¢c) HRTEM images, and
(d) electron diffraction pattern of NiMnP nanoparticles.

Figure 2.27. EDX spectrum of NiMnP nanoparticle.
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XPS measurement was carried out for Ni 2p, Mn 2p, and P 2p energy
levels (Figure 2.28). In Ni 2p XPS spectrum, the peaks at 852.9 and 870.1 eV
correspond to nickel-phosphorus bond in Ni 2p3» and 2pi» energy levels,
respectively. The peaks at 856.2 and 874.1 eV correspond to oxidized nickel
species while peaks at 861.3 and 877.5 eV is the satellite peaks in Ni 2p3,2 and
2p1,2 energy levels, respectively (Figure 2.28 (a)).>* In Mn 2p XPS spectrum,
the small peak at 638.7 eV originates from manganese in manganese-
phosphorus bond in 2p3» energy level. The peaks at 641.8 and 653.7 eV
comes from oxidized manganese species, such as Mn,O3; and MnO, while the
peaks at 645.1 and 655.0 eV are the satellite peaks of oxidized manganese
species in Mn 2ps» and 2p12 energy levels, respectively (Figure 2.28 (b)).!%
In XPS spectrum of P 2p region, the peaks at 129.3 and 130.1 eV correspond
to phosphorus in metal-phosphorus bond. Meanwhile, oxidized phosphorus
species such as phosphate comprises peaks at 132.8 and 134.3 eV in P 2p

region (Figure 2.28 (c)).*
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Figure 2.28. XPS spectra of NiMnP nanoparticle in (a) Ni 2p, (b) Mn 2p, and
(c) P 2p energy levels.
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Molybdenum-doped nickel phosphide (NiMoP) nanoparticle is prepared

using molybdenum(II) acetate dimer. NiMoP nanoparticle has a hexagonal

structure which exhibits a XRD pattern that matches the NixP reference

pattern (PDF#-65-1989, Figure 2.29). The as-synthesized NiMoP

nanoparticle is spherical with an average diameter of 5.3 = 1 nm, which is

about 2 nm smaller in diameter than the previous metal-doped and pristine

nickel phosphide nanoparticles (Figure 2.30 (a) and (b)). The HR-TEM image

shows lattice fringes with d-spacings of 0.22 nm and 0.209 nm which are (111)

and (201) lattice planes, respectively (Figure 2.30 (c)). The selected area

electron diffraction pattern shows diffraction rings of (111) and (300) as the

innermost and outermost distinctive rings, respectively (Figure 2.30 (d)). The

elemental analysis by EDX shows the elemental ratio between nickel,

molybdenum, and phosphorus is 1.6:0.08:1 (Figure 2.31).
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Figure 2.30. (a) TEM, (b) and its size distribution, (c) HRTEM image, and
(d) electron diffraction pattern of NiMoP nanoparticle.
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Spectrum 3

Figure 2.31. EDX spectrum of NiMoP nanoparticle.

XPS spectra are obtained for Ni 2p, Mo 3d and P 2p region from NiMoP
nanoparticle (Figure 2.32). In Ni 2p region, similar spectrum is obtained as
other metal-doped nickel phosphide nanoparticles. The peaks at 853.0 and
870.2 eV originate from nickel in nickel-phosphorus bond in 2p3/; and 2p12
energy levels, respectively (Figure 2.32 (a)). The small deviation from
binding energy of elemental nickel indicates a small positive charge on nickel
ion. The peaks at 856.4 and 874.4 eV originate from oxidized nickel species,
such as NiO, in Ni 2p3» and 2p12 energy levels, respectively. Meanwhile the
peaks at 861.0 and 879.3 eV are the satellite peaks from oxidized nickel
species in Ni 2ps2 and 2p12 energy levels, respectively.>* The XPS spectrum
in Mo 3d region is measured with a comparatively small signal-to-noise ratio

because the incorporation of molybdenum in nickel phosphide crystal lattice

78



is small. Nevertheless, deconvolution of peaks in Mo 3d XPS spectrum is
carried out (Figure 2.32 (b)). Peaks at 227.9 and 231.0 eV correspond to
molybdenum in molybdenum-phosphorus bond in Mo 3ds» and Mo 3ds.
energy levels, respectively. Other peaks in spectrum correspond to
molybdenum oxide formation including MoO> (228.6 and 233.4 eV in Mo
3ds» and Mo 3ds» energy levels, respectively) and MoOs (232.2 and 236.0
eV in Mo 3ds/2 and Mo 3d3/ energy levels, respectively).'#*143 In P 2p region,
the peaks at 129.3 and 130.0 eV correspond to phosphorus in metal-
phosphorus bond while the peak at 133.5 eV comes from oxidation of

phosphide to phosphate (Figure 2.32 (¢)).
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(c) P 2p energy levels.
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2.4  Conclusion

Various transition metals, including cobalt, iron, manganese, and
molybdenum, has been successfully doped into the nickel phosphide crystal
lattice. The as-synthesized metal-doped nickel phosphide nanoparticles are
spherical with an average diameter of approximately 7 nm except for
molybdenum-doped nickel phosphide nanoparticle (diameter = 5.3 £ 1 nm).
The crystal structures of all metal-doped nickel phosphide nanoparticles are
hexagonal which matched well with the Ni;P reference pattern
(PDF#-65-1989). The elemental compositions of different metal-doped nickel
phosphide nanoparticles were summarized in Table 2.4. With VB-XPS
measurement, metal-doped and pristine nickel phosphide nanoparticles are
believed to possess metallic property. XPS measurement further confirms the
metallic property since the binding energies of different metal-phosphorus
bonds in all metal 2p regions (except for Mo in 3d region) are close to their
zero-valent state (M?) which indicate small positive charge on metal ions. In
particular, EXAFS measurement was carried out on iron-doped nickel
phosphide nanoparticle which showed iron has neighboring nickel and
phosphorus which indicates successful incorporation in iron-doped nickel

phosphide nanoparticle.
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Amount of metal doping is highly dependent on the similarity between

nickel and target metal. Cobalt, as a neighbor atom of nickel, allows tuning

on degree of incorporation by simply varying loading of Co precursor ratio.

The variation in amount of cobalt incorporation leads to a slight shift in XRD

pattern but no significant change in crystal structure and morphology.

Based on the characterizations presented in this chapter, different metal-

doped nickel phosphide nanoparticles are successfully synthesized using

simple wet-chemistry method. The as-prepared nanoparticles are employed

in different catalytic reactions which will be described in the following

chapters.

Table 2.4. Summary of composition ratios of different transition metal-doped

nickel phosphide nanoparticles.

Ni M P

NiP 1.8(2) - 1
NiCoP 0.83(7) 0.46(1) 1
NiFeP 1.4(1) 0.14(1) 1
NiMnP 1.4(3) 0.07(2) 1
NiMoP 1.6(2) 0.08(2) 1
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Chapter 3 Metal-doped Nickel Phosphide Nanoparticles in
Electrocatalytic and Photocatalytic Hydrogen Evolution

Reaction (HER)

3.1 Introduction

Hydrogen is considered as one of the most promising next-generation
energy sources as its combustion can generate a large amount of energy (120
kJ/g) with water as the only product of combustion.'** Therefore, hydrogen is
regarded as a zero-emission fuel of which combustion product causes no harm
to the environment. Currently, hydrogen gas is commonly produced by two
methods: (1) steam reforming of methane and (2) alkaline water electrolysis.
Steam reforming of methane requires a huge amount of energy input. High
reaction temperature (700-1000 °C) and elevated pressure (3-25 bar) are
typically required in industrial steam reforming, which makes this method
neither economic nor environmental friendly.'*> Alkaline water electrolysis
uses electricity to generate hydrogen gas using nickel-based electrodes.!*®
The efficiency of alkaline water electrolyzer is largely dependent on the
catalyst employed as an electrode material. Its activity and efficiency are
limited by energy barrier, which leads to energy loss and increase in the cost

of operation, in alkaline water electrolysis. In order to produce large-scaled

83



hydrogen cost-effectively, it is desired to develop a highly efficient and robust
catalyst.

As a green and economic alternative, electrocatalytic and photocatalytic
hydrogen evolution reactions (HERs) offer attractive pathways for the
generation of hydrogen.'#’ Platinum is known to as an excellent catalyst for
electrochemical hydrogen generation with its large catalytic current with
small overpotential.'*® However, wide and practical applications of Pt in HER
is limited by the scarcity and high price. Researchers have devoted much
efforts in the development of HER catalysts based on non-toxic, cheap, and
earth abundant transition metals to substitute noble metal catalysts. Titanium
dioxide (TiO2) is the most widely studied materials for HER.
Photoelectrochemical HER using TiO; was first demonstrated by Fujishima
and Honda in 1972.°° After that, numerous studies were conducted to
investigate the feasibility in electrocatalytic and photocatalytic HER.!4>-154
Platinum was employed as co-catalyst to yield a hydrogen production rate of
5 umol h'! g! in 1981.'5 With on-going development, Pt-loaded TiO> was
prepared and employed as HER photocatalyst with a good hydrogen
production rate of 1.9 mmol h' g'.!5 Another example is molybdenum

disulfide (MoS2) which shows excellent catalytic activity for the
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electrochemical HER.'” MoS, nanoparticle on reduced graphene oxide
showed a low overpotential (~100 mV) and small Tafel slope (41 mV dec™)
which is comparable to Pt.” Nickel-based catalysts are also one of the best
candidates for electrochemical HER. Nickel is more abundant than noble
metals as well as molybdenum. Several studies have demonstrated catalytic
activity of nickel-based catalysts in HER such as nickel-containing alloys and
complexes, and nickel phosphide.!® 27-2% 158-162 Njckel-molybdenum alloy
was found as an active HER electrocatalyst in 1984 which has a low
overpotential of 89 mV at 1 A cm™.1°® Nickel complex was used to construct
an efficient photocatalytic system for HER with cadmium selenide quantum
dot as photosensitizer, yielding a turnover number over 13000.'? In addition
to nickel alloy and complexes, nickel phosphide was shown, both
theoretically and experimentally, to be a good HER catalyst.?’?® Nickel
phosphide possesses a low overpotential (130 mV at 20 mA ¢cm™) and small
Tafel slope (46 mV dec™!).?® This makes it comparable to the conventional
HER electrocatalysts such as Pt and MoSo.

Comparing with electrocatalytic HER, photo-driven HER is an attractive
alternative to produce hydrogen gas because of the practically unlimited

supply of solar energy. Solar spectrum composes of 5% ultra-violet radiation
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and over 40% visible radiation, sharing large proportion of solar spectrum.
Ultra-violet and visible radiations contains large amount of energy available
which match to absorption energy of different light-absorbing substances to
successfully catalyze HER. In order to utilize these radiations to drive HER,
a photocatalytic system must be able to interact with radiation.'®® The
captured photons in the semiconductors are used for the generation of
electron-hole pairs for subsequent redox reactions. The types of radiation that
can be absorbed are governed by the intrinsic band gap energy. Typical oxide
semiconductors, such as zinc oxide (ZnO) and titanium dioxide (TiO2),
possess a large band gap (> 3 eV), thus can only absorb ultra-violet light.**
Meanwhile, most of the metal chalcogenides, which have a narrower band
gap energy (1-2.5 eV), are capable of absorbing visible light.!®* In addition,
it is also crucial for the semiconductors to possess a proper band position.
The diversity of semiconducting material available for photocatalytic
hydrogen evolution is limited by the band gap energy and band edge positions
of semiconductors. To override this limitation, dye-sensitized photocatalytic
system has been developed where organic or inorganic dyes are used as
photosensitizers. By separating the roles of light absorption and catalytic

center, a more diverse photocatalytic system can be constructed (Figure 3.1).
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In this system, the only requirement for the catalyst is the activity toward HER.

With less requirement on catalysts, there are more possible candidates to be

employed. However, dye-sensitized system is less beneficial than single-

component system since the stability of dye-sensitized system is related not

only catalyst itself, but also dyes. A robust catalyst is needed to withdraw

electron from the dye in excited state and prevents the bleaching of dye.

2H*

Dye Catalyst

Figure 3.1. Schematic diagram of dye-sensitized photocatalytic generation.
It possesses four sequential steps: (1) excitation of dye molecule upon
illumination, (2) electron transfer from dye to catalyst, (3) generation of
hydrogen gas from catalyst, and (4) restoring ground state of dye by oxidation

of sacrificial agent.
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Recently, nickel phosphide nanoparticle has demonstrated its excellent
reactivity in electrocatalytic HER.?’-? The incorporation of foreign metal ions
is known to induce a subtle alternation in the crystal and electronic structures
of a nanoparticle. Platinum, as the most active catalyst for HER, is mixed with
other metals to form alloys which showed enhancement in their activity.
Bismuth-platinum alloy shows enhancement in activity of electrochemical
HER both theoretically and experimentally.!! Bismuth-platinum alloy has
50% larger current density than platinum under the same overpotential. Apart
from Pt, nickel is subject to incorporate with different metals, including iron,
molybdenum, and tungsten, to form the respective alloys. Through alloying,
nickel alloy showed enhancement by altering the surface roughness and
intrinsic activity of materials.'® With the formation of bimetallic materials,
changes happen on the configuration of active sites as well as modification
on electronic structure.'®® This would result in an enhancement in the catalytic
reactivity. Herein, the electrocatalytic HER activity of various metal-doped
nickel phosphide nanoparticles, including iron, cobalt, manganese, and
molybdenum, which described in the previous chapter are investigated. In
addition, dye-sensitized photocatalytic HER systems based on these

nanoparticles are also studied to show its diverse catalytic capability.

88



3.2 Materials and Experimental Procedures
3.2.1 Materials

Nafion solution (5 wt.%), potassium hydroxide, eosin Y (dye content
~99%), ruthenium(IIl) chloride hydrate, silver perchlorate, and silver
trifluoromethanesulfonate were purchased from Aldrich. Triethanolamine

was purchased from Tedia. All chemicals were used as received.

3.2.2 General Procedure for Working Electrode Preparation

Catalyst ink was prepared by dissolving 2.5 mg metal-doped nickel
phosphide nanoparticles in a solution containing 460 pL ethanol-water
mixture (3:7) and 40 pL 5 wt.% Nafion solution. Working electrode was
prepared by drop-casting 10 pL of catalyst ink on glassy carbon electrode
(GCE, d = 3 mm, surface area = 0.0707 cm?). The catalyst ink was dried

naturally.

3.2.3 General Procedure for Electrocatalytic HER
Electrochemical measurements were performed using a CHI potentiostat
(CHIT030A). Electrocatalytic hydrogen evolution reaction was conducted in

a typical three-electrode system, using Pt mesh and saturated calomel
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electrode (SCE) as the counter and reference electrode, respectively, in 1 M
potassium hydroxide solution (pH = 13). The electrolyte solution was purged
with Ar for 30 min before the electrochemical measurements to get rid of
dissolved oxygen and provide inert atmosphere. Linear sweep voltammetry
(LSV) was carried out in a potential range of -1 and -1.9 V with a scan rate of
5 mV/s. The potentials measurement against saturated calomel electrode
(SCE) were converted with respect to the reverse hydrogen electrode (RHE)
according to the following equation:!'®

Erue = Esce + 0.244 + 0.0592(pH) (7)

3.24 Synthesis of Ruthenium(II) bipyridine Complexes [Ru(bpy); ] X2 (X
= Cl, ClOg4, or CF3S03)

The synthesis of Ru(bpy)s** complexes were carried out following the
reported procedures with a slight modification.®’

[Ru(bpy)s3]Cl2: To a 50 mL one-necked round bottom flask containing
7 mL DMF, RuCl3-3H>O (1.0 g, 8.8 mmol) and 2,2"-bipyridine (1.2 g, 7.6
mmol), and LiCl (1.1 g, 25.9 mmol) were added and refluxed under nitrogen
for 8 h. The resulting solution was cooled to room temperature and put into a

refrigerator overnight with the addition of acetone (32 mL) for crystallization.
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The crystalline solids were collected by filtration, washed with iced water and

diethyl ether, and dried under vacuum overnight. The product was

characterized with electrospray ionization mass spectrometry (ESI-MS) and

CHN elemental analysis and compared with reported literature.

[Ru(bpy)3](ClO04)2: To a 50 mL one-necked round bottom flask

containing ethylene glycol (10 mL), RuCl3-3H>0 (0.27 g, 1.3 mmol) and 2,2'-

bipyridine (1.25 g, 8 mmol) were added and refluxed under nitrogen for 1 h.

The resulting red solution was cooled to room temperature, followed by the

addition of excess amount of KClO4 solid. Few drops of water were added in

order to facilitate the precipitation. The resulting precipitate was collected by

filtration, and washed with H>O, acetone, and diethyl ether. The solids were

dried under vacuum overnight and characterized with ESI-MS and CHN

elemental analysis which well-matched with reported literature.

[Ru(bpy)3](CF3S03)2: To a 25 mL one-necked round bottom flask

containing 10 mL aqueous solution of [Ru(bpy)3]Cl> (0.334 mmol, 0.025 g),

a solution of Ag(CF3S0Os3) in acetone (0.098 M, 6.8 mL) was added. The

resulting white precipitate (AgCl) was filtered by Celite. The filtrate was

collected, and solvent was removed under vacuum. The resulting solids were

characterized with ESI-MS and CHN elemental analysis.
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3.25 General Procedure for Photocatalytic HER

5 mg of catalyst and 64 mg of dye were mixed in a 55-mL quartz flask
containing 20 mL TEOA-DMF (15% v/v) solution. The solution was
sonicated for 15 min to achieve a good dispersion and degassed with argon
for 15 min afterwards. The flask was illuminated with a 450 W Xe lamp
equipped with an AM1.5 filter (Newport OPSA1000) for 2 h. Gas generated
in the headspace (250 mL) was withdrawn using air-tight syringe and
analyzed using gas chromatograph equipped with thermal conductivity
detector (GC-TCD, Agilent 7890B) and ValcoPLOT Molesieve SA PLOT
column (CFS-X3053-500). The amount of H> generated was calculated based
on the calibration curve. H> production rate was calculated based on the metal

content of the catalyst determined by energy dispersive X-ray spectroscopy.

3.2.6 Photostability Test

The stability against photo-corrosion was tested out using NiMoP
nanoparticle. The preparation of solution and analysis of hydrogen produced
by photocatalysis are the same as in section 3.2.5 of this chapter. The duration
of one photocatalysis run was set to 5 h and five consecutive runs were

conducted. After each run, NiMoP nanoparticle was collected by
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centrifugation and re-suspended in a fresh DMF solution with

[Ru(bpy)3](ClO4)2 and triethanolamine.
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3.3 Results and Discussion
3.3.1 Electrocatalytic Hydrogen Evolution Reaction

The effect of metal doping in nickel phosphide nanoparticles in
electrocatalytic HER was studied by measuring the linear sweep
voltammograms (LSVs) from 0 to -0.8 V (vs. RHE, unless stated otherwise)
in 1 M KOH aqueous solution (Figure 3.2). The overpotential for
electrocatalytic HER is determined as potential required to reach a current
density of 10 mA cm™. At this current density, HER is being catalyzed on a
considerable rate, which is relevant to compare with different catalysts. The
overpotential of pristine nickel phosphide (Ni2P) nanoparticle was measured
to be 0.71 V to reach a current density of 10 mA cm™. All the metal-doped
nickel phosphide (NiMP, where M = Co, Fe, Mn, and Mo) nanoparticles
showed the cathodic shifts of HER onset potential. The determined
overpotentials at 10 mA cm? for Fe, Co, Mn, and Mo-doped nickel
phosphide (abbreviated as NiFeP, NiCoP, NiMnP, and NiMoP) nanoparticles
are 0.69, 0.53, 0.49, and 0.4 V, respectively. These decreased overpotential
values indicate that the metal doping enhances the catalytic activity of
nickel phosphide by lowering the energy required to drive HER.

Especially, Mo-doping has lowered the overpotential by more than
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0.3V, suggesting NiMoP nanoparticle can be an active electrocatalyst for

HER.
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Figure 3.2. Linear sweep voltammograms of Ni;P and various NiMP
nanoparticles in 1 M KOH.

In order to gain more information on the kinetics, the corresponding
Tafel plots were constructed using the LSV data and shown in Figure 3.3. All
the samples investigated show relatively large Tafel slopes (>100 mV dec™).
These slopes indicate the rate determining step is associated with Volmer step
where the adsorption of hydrogen on catalyst surface is involved. The result
is consistent with the calculations using density functional theory (DFT) by

Liu and Rodriguez?’ in which the Ni,P nanoparticle has a positive value of
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Gibbs free energy of hydrogen adsorption (AGu = 0.31 eV), and its surface

intrinsically favors hydrogen desorption rather than adsorption.
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Figure 3.3. Tafel plots of Ni2P and various NiMP nanoparticles.

In addition to the overpotential and Tafel slope, the exchange current
density is also an important kinetic parameter to determine how active a
catalyst is. Exchange current density (jo) can be estimated from the Tafel plot
using the following equation:

n=b0%%) (®)
where n is overpotential, b is Tafel slope, j is current density, and j, is

exchange current density. Although Ni>P nanoparticle has the smallest Tafel
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slope which indicates more efficient hydrogen adsorption on catalyst surface
compared with NiMP nanoparticles, its lowest exchange current density
(1.3x10°° mA cm™) among studied samples explains a high overpotential is
required to drive HER (Table 3.1). NiFeP and NiCoP nanoparticles show
slightly better electrocatalytic properties than Ni>P nanoparticle in both
overpotential and exchange current density. NiMnP and NiMoP nanoparticles,
however, show much higher exchange current density, 0.08 and 0.03 mA cm™,
respectively. Even though their Tafel slopes are higher than Ni,P, the dramatic
increases in the exchange current densities by about five orders of magnitudes
make them better electrocatalysts. Based on the overpotential, Tafel slope,
and exchange current density, electrocatalytic activity of nickel phosphide-
based catalysts follows the order below:

NizP < NiFeP < NiCoP < NiMnP < NiMoP

Table 3.1. Summary of electrochemical parameters of Ni,P and various NiMP

nanoparticles
Overpotential at | Tafel Slope Exchange Current Density
10 mAcm? (V) | (mV dec) (mA cm)

Ni;P -0.71 (1) 103 (1) 1.3 (1) x 10
NiFeP -0.69 (2) 116 (3) 1.0 (1) x 107
NiMnP -0.49 (2) 237 (1) 8(1)x 102
NiCoP -0.53 (1) 116 (4) 2.5(1)x 10
NiMoP -0.40 (2) 163 (4) 3(1)x 1072
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From the above electrochemical analysis, Mo doping in nickel
phosphide crystal lattice largely improved the electrocatalytic property for
HER. Numerous researches have employed nickel-molybdenum alloy as
HER electrocatalysts.!* 195 198 The enhancement in catalytic property is
resulted by introducing foreign metals. Combination of metals can possibly
lead to changes in bonding strength as well as the electronic configuration.
Dramatic change can be achieved by alloying transition metal having empty
or half-filled d-orbital (such as Mo and W) and internally paired d-electrons
(such as Ni, Pd, and Pt).!6% 1% Through combining the two, d-electrons from
Ni can partially delocalize to d-electron deficient Mo. This results in
intermetallic property which is beneficial in electrocatalytic HER. Mo, as the
most d-electron deficient component among all samples, shows the largest
enhancement through incorporation in nickel phosphide crystal lattice. For
the other three first-row transition metals, it shows trend where the reactivity
increases with decreasing number of d-electrons in foreign metals (NioP <
NiFeP < NiCoP < NiMnP).

Platinum is known to be the best hydrogen-evolving catalyst, having an
extremely low Tafel slope (30 mV dec™!) and high exchange current density

(~1 x 107 A ecm™) in acidic medium. Meanwhile, detailed electrochemical
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measurements were carried out to study catalytic activity of noble metals
towards hydrogen evolution reaction in alkaline medium.!” Rate determining
step using Pt in electrochemical HER under alkaline medium is changed to
be Volmer step as rate determining step which will have a theoretical Tafel
slope of 120 mV dec™. Comparing the best electrocatalyst prepared (NiMoP),
activity is close to Pt where the exchange current densities of them are in the

same magnitude and a slightly higher Tafel slope (163 mV dec™!).

99



3.3.2 Dye-sensitized Photocatalytic Hydrogen Evolution Reaction

A catalytic system that can directly utilize sunlight to drive the HER is
considered to be renewable as there is unlimited supply of solar energy. In the
previous section, NiMP nanoparticles were proven to have excellent catalytic
properties for HER, and this can be considered to be constructed into a
photocatalytic system. However, since NiMP nanoparticles only possess
metallic property according to VB-XPS analysis, they cannot absorb photons
and utilize their energy for catalysis. To solve this problem, a dye-sensitized
photocatalytic HER system was constructed based on the NiMP nanoparticles
where either tris(2,2'-bipyridyl)ruthenium(II) perchlorate ([Ru(bpy)3](ClO4)2)
or eosin Y (Figure 3.4 and Figure 3.5, respectively) are engaged as a
photosensitizer. Tris(bipyridine)ruthenium(II) ions ([Ru(bpy);]*") has the

characteristic absorption in ultraviolet and visible region.
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Figure 3.4. Structure of tris(2,2’-bipyridyl)ruthenium(Il) perchlorate
Ru(bpy)s3(ClO4)>.
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Figure 3.5. Chemical structure of eosin Y.

Researchers have employed [Ru(bpy)s]** and its derivatives to carry out
photocatalytic HER.!"!"17> [Ru(bpy)3](ClO4)2 possesses different absorption
peaks, including ligand-centered transition (LC), d-d transition (MC) and
metal-to-ligand charge transfer (MLCT) (Figure 3.6). MLCT transition
occurs in the visible region (455 nm) with high extinction coefficient which
allows it to function as a photosensitizer in photocatalytic HER.!”® Similar to

[Ru(bpy)3](Cl04)2, eosin Y possesses a high absorptivity in visible region at
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516 nm that allows its wide application as photosensitizer (Figure 3.7).177-17°

In addition, it is more soluble than [Ru(bpy)3](ClO4). in water which allows
reaction to be carried out in water only, a greener reaction condition of

photocatalytic HER.
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Figure 3.6. Typical UV-visible spectrum of [Ru(bpy)3](ClO4)a.
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Figure 3.7. Typical UV-visible spectrum of eosin Y.
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3.3.2.1 Ru(bpy);**-sensitized Photocatalytic Hydrogen Evolution Reaction

Photocatalytic HER was carried out using [Ru(bpy)s;]**-sensitized
system. Triethanolamine (TEOA) was used as sacrificial agent to regenerate
the ground state of [Ru(bpy)s]** after excitation upon illumination as well as
a proton source.'®! Illumination of NiFeP nanoparticles in the presence of
[Ru(bpy)3](ClO4)2 in N,N’-dimethylformamide (DMF) using 450 W solar
simulator with air mass 1.5 filter for one hour resulted in the formation of 486
pmol of H»z. In the two control experiments conducted under the same
experimental conditions, only small amount of H> (24 pumol) was detected
with the presence of [Ru(bpy)s;](ClO4)2 only, while no Hz was detected with
NiFeP nanoparticles only (Figure 3.8). These results confirm that NiFeP
nanoparticles alone cannot carry out the photocatalytic HER, but they can
catalyze the HER with excellent reactivity with the assistance of a light
absorber, [Ru(bpy)3](ClO4)>. It demonstrates that the excitons generated in
[Ru(bpy);](Cl04), are effectively transferred to NiFeP nanoparticle, where

they are used to catalyze the HER.
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Figure 3.8. Comparison of the amount of H> generated in the presence of
[Ru(bpy)s](ClO4)2 only, NiFeP nanoparticle only, and both [Ru(bpy);](C1O4).
and NiFeP nanoparticle.

In order to understand the effect of metal doping in nickel phosphide
nanoparticles in photocatalytic HER, the reactivities of other NiMP
nanoparticles were also studied (Figure 3.9). In general, metal doping in
nickel phosphide nanoparticles shows a positive effect on the performance in
dye-sensitized photocatalytic HER. Ni,P nanoparticle produces H> at a rate of
174 mmol h! g, while NiFeP, NiCoP, NiMnP, and NiMoP nanoparticle all
show a higher hydrogen production rate of 189, 210, 259, and 268
mmol h'! g1, respectively. The rank of photocatalytic activity is as follow:

Niz2P < NiFeP < NiCoP < NiMnP < NiMoP
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The order of photocatalytic activity of Ni;P and different NiMP

nanoparticles is identical to the decreasing order of overpotential for

electrochemical hydrogen evolution. The identical trend in HER catalytic

activity is attributed to the active site on catalyst surface. NiIMP nanoparticles

in dye-sensitized photocatalytic system act as reaction center only. They

receive electrons from excitation of dye and conduct HER. Since NiMP

nanoparticles do not participate in other crucial steps for complete cycle of

photocatalytic HER, activity towards HER is primarily dependent on intrinsic

property of active site in catalyst which makes the trend in photocatalytic and

electrocatalytic HER the same.
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Figure 3.9. Photocatalytic activity of Ni2P and various NiMP nanoparticles.

In order to further investigate the effect of metal doping on
photocatalytic HER rate, the nickel-to-cobalt ratio has been varied. For
systematic study, the nickel-to-cobalt precursor ratio was varied from 3:1 to
1:2 during the synthesis of NiCoP nanoparticles and their corresponding
hydrogen production rates were measured (Figure 3.10). The optimal Ni:Co
precursor ratio was found to be 1:1 which showed the largest H, production
rate of 209 mmol h'! g'!. Lowering cobalt loading led to a decrease in Ha
producing ability. NiCoP nanoparticles synthesized under Ni:Co ratio 2:1 and
3:1 (abbreviated as NiCoP21 and NiCoP31) showed the H» production rate of
180 and 147 mmol h'! g'!, respectively. On the other hand, further increase in

cobalt loading more than 1:1 did not enhance the H, production anymore.
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NiCoP nanoparticle synthesized with 1:2 Ni:Co precursor ratio (NiCoP12)
has a H» production rate of 140 mmol h! g! which is lower than one
synthesized with 1:1 Ni:Co ratio. The hydrogen production rate is possibly
related to the degree of delocalization of d-electrons as discussed previously
in this chapter. NiCoP nanoparticle synthesized with 1:1 Ni:Co precursor ratio
(NiCoP11) is believed to have the largest degree of d-electron delocalization

and thus the highest H> production rate.
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Figure 3.10. Effect of nickel-to-cobalt precursor ratio on hydrogen

production.

The enhancement on photocatalytic HER by metal doping on nickel

phosphide can be explained by the degree of delocalization of d-electrons
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within metals. From the study of variation of nickel-to-cobalt ratio, it is

clearly that there is an optimal precursor ratio between two metals which can

maximize d-electron delocalization (1:1 in the case of NiCoP nanoparticle).

Moreover, extent of metal incorporation in nickel phosphide crystal lattice

through wet chemical method is highly dependent on similarity between

foreign metal ion and nickel ion.
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The photocatalytic system was further optimized using NiFeP
nanoparticle as the catalyst. Effect of [Ru(bpy);]** concentration on Ha
production rate was investigated (Figure 3.11). The H production rate
initially increased with [Ru(bpy)3]*" concentration and reached a plateau (189
mmol h! g?') at the [Ru(bpy)s]*" concentration of 4 mmol L. NiFeP
nanoparticle is not fully engaged for HER catalysis at the [Ru(bpy)s]**
concentration lower than 4 mmol L. Further increase in [Ru(bpy)s]*
concentration did not lead to the increase in H> production rate. Under such
conditions, the HER rate is no longer limited by the number of excited

electrons.

Hydrogen generation (mmol h' g-')

0 T I Ll | T I
0 2 4 6
Concentration of Ru(bpy),”* (mmol L)

Figure 3.11. Relation between photocatalytic activity and concentration of
Ru(bpy)s>* using NiFeP nanoparticle as catalyst.
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The solvent used in the [Ru(bpy);>*]-sensitized photocatalytic system is
DMF, which has drawbacks of insufficient number of protons for reduction
and environmental susceptibility. Water has been added in order to increase
the number of protons and reduce the volume of organic solvent used.
However, with water added into the system, the photocatalytic activity
dropped. Further increase in the amount of water added into the solvent
resulted in a continuous dropping in the rate of H» generation (Figure 3.12).
This is mainly due to the perchlorate, the counter ion of Ru(bpy)s*, which
makes photosensitizer not soluble in water. With increased addition of water,
the available photosensitizer in solution diminished and thus the catalytic Hz
generation dropped to zero.

Apart from solubility, the intrinsic photochemical property of
photosensitizer changes in different solvents.'®> Meyer and Caspar studied the
lifetime of excited Ru(bpy)3(PF¢)> in various solvents. The excited state of
Ru(bpy)s(PFs)2 has a lifetime of 0.912 ps in DMF which gets shortened to
0.630 ps in water. It clearly shows the effect of solvent on the excitation of
Ru(bpy)s** and the lifetimes in different solvents which can lead to reduction
of electron transfer from photosensitizer to catalyst for subsequent hydrogen

production.
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Figure 3.12. Photocatalysis in solvent with different water-to-DMF ratio

using NiFeP nanoparticle as catalyst.

In order to solve the solubility problems of the Ru photosensitizer in
water, the anion of [Ru(bpy):](ClO4)> was replaced with
trifluoromethanesulfonate (triflate, OTf) and chloride (Cl7) ions, both of
which have higher solubility in water. The catalytic performances of NiFeP
using different Ru photosensitizers in the presence of water were evaluated
by conducting the reaction in a 1:1 mixture of water and DMF (Figure 3.13).
Although both CI~ and OTf complexes have better water solubility than the
ClO4 complex, the rate of H, generation is much lower compared to the
reactions in DMF (13.4 mmol h'! g'!), which yielded 1.8 and 4.1 mmol h'! g!,
respectively. These results may be explained by the differences in the light

absorptivity of Ru complexes. From their UV-visible absorption spectra,
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[Ru(bpy)s3](ClO4)2 shows the highest absorption from MLCT transition band
following by triflate and chloride ions (Figure 3.14). The catalytic activity of
Ru complexes with different counter ions is closely correlated with
absorbance in UV-visible spectrum, which indicates that the light-capturing

ability depends upon the counter ions as well as solubility of photosensitizers.

15 =

Hydrogen generation (mmol h-' g')

Cr OTf Clo,
Anion of Ru(bpy),*

Figure 3.13. Photocatalytic HER performance of NiFeP nanoparticle using
Ru(bpy)s X2 (X = ClO4~, CF3S0;7, Cl7) as photosensitizers in a mixture of
H>O-DMF (1:1) using NiFeP nanoparticle as catalyst.
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Figure 3.14. UV-Visible absorption spectra of Ru(bpy): X2 (X =ClO4~, OTf",
CI") in H0O-DMF (1:1) solution.

In addition to efficiency and activity, stability is another important
parameter for evaluating a photocatalyst. Stability test for NiMoP
nanoparticle was carried out in the Ru(bpy)s;**-sensitized photocatalytic
system (Figure 3.15). The test was done in five separate runs of 5 h for the
total duration of 25 h. After each run, NiMoP nanoparticle was isolated and
photosensitizer and sacrificial agent were replenished. NiMoP nanoparticle
shows a good stability during the photocatalytic HER. The difference in
photogenerated hydrogen from the first and fifth runs are less than 500 mmol,
which indicates NiMoP nanoparticle retains nearly 80% of its activity over a

25-hour reaction.
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Figure 3.15. Stability test on NiMoP nanoparticle in Ru(bpy)s**-sensitized
photocatalytic HER. Catalysis was carried out for 5 h in each run. After a
single run, catalyst was collected by centrifugation and re-dispersed in
freshly-prepared TEOA-DMF solution with Ru(bpy)s*" photosensitizer.
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3.3.2.2 Eosin Y-sensitized Photocatalytic Hydrogen Evolution Reaction

Although the [Ru(bpy)s;]**-sensitized NiMP systems show excellent
performance in photocatalytic HER, Ru-based photosensitizers and DMF are
toxic and harmful to the environment. A series of more environmental friendly
photosensitizers have been tested to replace ruthenium complexes, including
eosin Y,'*>1% and fluorescein-based dyes.'®” Eosin Y contains carboxyl and
hydroxyl functional groups that can be easily deprotonated to form an anion,
and thus is highly soluble in water. Besides, it is cheaper, less toxic, and easier
to handle than Ru complexes, which makes it a preferable choice as a
photosensitizer.

Using the same experimental conditions except for eosin Y as a
photosensitizer, the photocatalytic performance of NiFeP nanoparticle
was studied and the results are shown in Figure 3.16. In the
control experiments where only eosin Y or NiFeP nanoparticle was
engaged, only trace amounts of Hz (< 1umol h'') were generated. In contrast,
in the presence of both eosin Y and NiFeP nanoparticle, the photocatalytic
system generated H» in a rate of 44 umol h™!, which is nearly 50 times higher
than the control experiments. This shows that there is an efficient

photo-excited electron transfer from eosin Y to NiFeP nanoparticle, giving
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rise to a good catalytic activity towards HER.
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Figure 3.16. Photocatalytic HER performance of NiFeP nanoparticle using
eosin Y as the photosensitizers in the system. The results of the solely
presence of eosin Y, and NiFeP nanoparticle in the system are also included

for comparison.

The photocatalytic performances in HER of other NiMP nanoparticles
were also studied with eosin Y and the results are compared in Figure 3.17.
NiCoP nanoparticle shows the best catalytic performance with the H»
production rate of 20.4 mmol h! g,

It is of interest to note that the trend of catalytic performance amongst
the NiMP nanoparticles is different from the results obtained with

[Ru(bpy)3](C104) as the photosensitizers. Ru complex and eosin Y-sensitized
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photocatalytic HER was carried out in DMF and water, respectively, where
the proton concentration as well as hydrogen coverage on catalyst surface are
different from each other. Studies were conducted on the effect of hydrogen
coverage on Gibbs free energy of hydrogen adsorption (AGn) show an
increase in AGu with increasing hydrogen coverage.'®'% AGpy is a
thermodynamic parameter describing the affinity towards hydrogen
adsorption. Since the adsorbed hydrogen on catalyst surface is the key
intermediate for HER, AGy is an indicator for activity estimation. HER is
most favorable on catalyst with moderate AGy value. The difference between
two dye-sensitized photocatalytic systems possibly arises from different
degree of hydrogen coverage on catalyst surface during catalysis. The change
to a suitable photosensitizer allowed the use of NiMP nanoparticles for the

photocatalytic hydrogen evolution reaction in aqueous medium.
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Figure 3.17. Photocatalytic HER performance of NizP and different NiMP

nanoparticles using eosin Y as the photosensitizer in H>O.
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3.4 Conclusion

The excellent catalytic performances of nickel phosphide nanoparticles
with various metal dopants in both electro- and photochemical HER were
demonstrated. In general, metal-doped nickel phosphide nanoparticles show
a higher catalytic activity than pristine nickel phosphide nanoparticle.
Molybdenum-doped nickel phosphide nanoparticle was found to have the
lowest overpotential of 0.34 V vs. RHE and a Tafel slope of 163 mV dec™! in
alkaline medium.

Metal-doped nickel phosphide nanoparticles also show promising
activity in the dye-sensitized photocatalytic hydrogen evolution reaction.
Molybdenum-doped nickel phosphide nanoparticle shows excellent activity
on hydrogen production with a rate of 268 mmol h™' g'! in the presence of
[Ru(bpy);](C104)2 in DMF. Photocatalytic hydrogen evolution reaction can
also be carried out in aqueous medium using eosin Y as a photosensitizer.
Cobalt-doped nickel phosphide nanoparticle exhibited the best hydrogen

1

production rate of 20.4 mmol h™! g! in eosin Y-sensitized photocatalytic

system among the samples studied.
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Chapter 4 Metal-doped Nickel Phosphide Nanoparticles in

Electrocatalytic Oxygen Evolution Reaction (OER)

4.1 Introduction

Water splitting provides an attractive pathway to produce renewable and
sustainable energy sources. Hydrogen and oxygen gases are produced by
water reduction and oxidation, respectively. Conventionally, this can be
achieved by alkaline water electrolysis where cathodic and anodic reactions
occur in the separate compartments divided by an ion-permeable
membrane.'®® Product gases, hydrogen and oxygen, are collected separately
for further use in different sectors in society. Therefore, not only hydrogen
evolution reaction, electrochemical oxygen evolution reaction (OER) is
worthwhile being studied as another half reaction to complete the entire cycle
in alkaline water electrolysis or water splitting reaction.

Electrochemical OER is a multistep reaction of which the mechanism is
pH-dependent. The oxygen gas can be formed by the oxidation of water
molecules and hydroxide ions in acidic and alkaline media, respectively,
following the equation below.

2H,0 — Oz +4H" + 4¢ E°=123VatpH=0 9)
40H - 2H 0+ O +4e” E°=04VatpH=14 (10)
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Under both acidic and alkaline conditions, the OER involves transfer of
four electrons. To accomplish this four-electron transfer, it is kinetically more
favorable to conduct the OER in multiple steps, with one electron being
transferred each time. From the thermodynamic aspects, these four sequential
electron transfer steps require substantial amount of energy, which needs a
large overpotential in electrochemical OER. Compared to the hydrogen
evolution reaction (HER), OER is both kinetically and thermodynamically
less favorable with sluggish kinetics and high overpotential required.!%1?

Researchers devoted much effort to develop robust OER electrocatalysts
with fast kinetics and low overpotential. The benchmark OER electrocatalysts
are ruthenium dioxide (RuQO) and iridium dioxide (IrO2).**®! These two
oxide materials provide low overpotential in electrochemical OER which
makes them suitable to be OER electrocatalysts. However, their scarcity and
high cost make them unfavorable for commercial uses. With the pioneering
works on RuO; and IrO», other oxide materials are explored as a class of
potential OER electrocatalysts, especially for the development of robust and
economic OER electrocatalysts based on transition metal oxides.!** Various
classes of oxygen-containing materials including perovskites,2284 spinel

family,%5-% and layered double hydroxides®®® are being investigated for their
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potency to carry out electrochemical OER. The search has been recently
extended to non-oxide materials, such as metal chalcogenides.®*°®

Recently, nickel phosphide nanoparticle has found to be an active
electrocatalyst for OER. Surface nickel phosphide is in situ converted into the
catalytically-active nickel oxyhydroxide species which shows good activity
towards electrochemical OER.?” This has opened a new era on employing
transition metal phosphides as OER electrocatalysts. Metal-doped nickel
phosphide nanoparticles have demonstrated their capability and excellent
catalytic activity in electrocatalytic and photocatalytic HER in the previous
chapter. With simple modification of catalyst surface, metal-doped nickel
phosphide nanoparticles were prepared to have different surface chemistry as
well as activities toward electrochemical OER. Herein, various metal-doped
nickel phosphide nanoparticles are investigated for their electrocatalytic

activity on OER in alkaline medium.
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4.2 Material and Experimental Procedures
4.2.1 Materials
Nafion solution (5 wt.%) and potassium hydroxide were purchased from

Aldrich. All chemicals were used as received.

4.2.2 General Procedure for Working Electrode Preparation

Catalyst ink was prepared by dissolving 2.5 mg metal-doped nickel
phosphide nanoparticles in a solution containing 460 pL ethanol-water
mixture (3:7) and 40 pL 5 wt.% Nafion solution. Working electrode was
prepared by drop-casting 10 pL of catalyst ink on glassy carbon electrode
(GCE, d = 3 mm, surface area = 0.0707 cm?). The catalyst ink was dried

naturally.

4.2.3 General Procedure for Electrocatalytic OER

Electrochemical measurements were performed using a CHI potentiostat
(CHIT030A). Electrocatalytic oxygen evolution reaction was conducted in a
typical three-electrode system, using Pt mesh and saturated calomel electrode
(SCE) as the counter and reference electrode, respectively, in 1 M potassium

hydroxide solution (pH = 13). The electrolyte solution was purged with Ar
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for 30 min before the electrochemical measurements to get rid of dissolved
oxygen and provide inert atmosphere. Linear sweep voltammetry (LSV) was
carried out in a potential range of 0.13 and 0.19 V with a scan rate of 5 mV/s.
The potentials measurement against saturated calomel electrode (SCE) were
converted with respect to the reverse hydrogen electrode (RHE) according to
the following equation:!'®

Erue = Esce + 0.244 + 0.0592(pH) (11)

4.2.4 General Procedure for Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) was carried out in 1 M
KOH aqueous solution that was purged with Ar prior to measurement.
Graphite rod and SCE were used as the counter and reference electrodes,
respectively. The EIS was measured in the frequency range of 10 mHz and 1

MHz with an amplitude of 5 mV.

4.2.5 Stability Test and Faraday Efficiency for Electrochemical OER
The working electrode was a carbon cloth (1 x 1 cm?) coated with NiFeP
nanoparticles. Platinum foil (1 x 1 cm?) and SCE were used as the counter

and reference electrodes, respectively. The electrochemical cell was a gas-
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sealed two-compartment cell connected with an anionic exchange membrane.
Current density was held at approximately 20 mA cm. Oxygen gas evolved
was collected by and inverted measuring cylinder under water. The stability

test was carried out for 10 h.
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4.3 Results and Discussion
4.3.1 Effect of Metal doping on Electrocatalytic OER

Pristine and metal-doped nickel phosphide nanoparticles were coated on
glassy carbon electrode and their linear sweep voltammograms (LSVs) were
obtained from 1.2 to 1.8 V (vs. RHE, unless stated otherwise) in 1 M
potassium hydroxide aqueous solution (Figure 4.1). Since there are
observable oxidation peaks in polarization plots, it would be misleading in
overpotential estimation to use current density at 10 mA cm™ which is a
common level for overpotential estimation. Instead, overpotential value
required to reach a current density of 20 mA cm™ has been chosen for
comparison to avoid any confusion with the pre-OER peak. The origin of pre-
OER peak will be discussed later in this chapter. Ideally, the oxygen evolution
from water occurs at 1.23 V with zero overpotential under acidic conditions.
The potential difference between 1.23 V and the measured potential to reach
20 mA cm? current density is the overpotential that indicates the excess
energy required for catalyst to conduct electrochemical OER at a considerable
rate. The overpotential of pristine nickel phosphide (Ni2P) nanoparticle at 20
mA cm? was determined to be 0.39 V. The as-synthesized NiMP

nanoparticles (where M = Co, Fe, Mn, and Mo) showed different changes in
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activity towards electrochemical OER. The onset potentials for OER shifted
in a cathodic direction in the case of Co, Mn, and Mo-doped nickel phosphide
(NiCoP, NiMnP, and NiMoP) nanoparticles, whereas the opposite shift of
onset potential was observed from Fe-doped nickel phosphide (NiFeP)
nanoparticle. Overpotential of NiCoP, NiMnP, and NiMoP nanoparticles at 20
mA cm are 0.41, 0.55, and 0.43 V, respectively, which are higher than that
of NioP nanoparticle. NiFeP nanoparticle shows a more promising activity
than Ni>P nanoparticle towards electrochemical OER, having an overpotential
0f0.33 V at 20 mA cm™. Despite the different effects of metal doping on OER
activity, NioP and all the NiMP nanoparticles exhibited low overpotentials to
drive OER electrochemically which are comparable to the benchmark OER

electrocatalysts (RuO; and IrOy).
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Figure 4.1. Linear sweep voltammograms of Ni2P and various NiMP
nanoparticles in 1 M KOH.

In addition to low overpotential for Ni,P and NiMP nanoparticles, there
are pre-OER oxidation peaks observed in polarization plots at potential
ranging from 1.3 to 1.55 V. These pre-OER peaks are typically observed from
the metal phosphide-based OER electrocatalyst under alkaline medium,
which are originated from the formation of metal oxyhydroxide species
(MOOH) on catalyst surface.”” ** With the predominant amount of nickel
from nickel phosphide-based system, all the pre-OER peak occurred at
potential covering 1.5 V in all polarization plots obtained from different
NiMP nanoparticles which is corresponding to conversion of surface nickel

hydroxide (Ni(OH)2) to nickel oxyhydroxide (NiOOH) species.!®®
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Ni(OH)2 + OH — NiOOH + H20 + ¢ (12)

Particularly, NiCoP nanoparticle has a broader oxidation peak in
comparison to NioP nanoparticle. The broader oxidation peak is attributed to
Co?'/Co*" oxidation which occurs at potential around 1.3 V.!°¢ With the
substantial amount of Co incorporated in NiCoP nanoparticle as determined
by EDX and has been discussed in Chapter 2, the corresponding oxidation
peak of Co?"/Co’" is significant and observable which merges with oxidation
peak arisen from Ni(OH)>/NiOOH oxidation reaction, resulting in a broad
oxidation peak observed in polarization plot of NiCoP nanoparticle.'”® The
pre-OER peak of NiFeP nanoparticle appears at 1.5V, which is similar to the
reported value for on nickel-iron alloy.!”” As the water oxidation peak starts
to arise at a similar potential, this pre-OER peak appears to merge with OER
current. NiMnP nanoparticles showed similar peak merging as in NiCoP
nanoparticles. Oxidation of Mn in NiMnP nanoparticle occurs at
approximately 1.5 V and merges with that of Ni, resulting a broad pre-OER
peak.!?81% For NiMoP nanoparticle, the pre-OER peak showed slight anodic
shift compared to Ni,P nanoparticle which indicates the oxidation of Mo in
NiMoP nanoparticle. In addition, the current densities of oxidation peak

decreases in both NiMnP and NiMoP nanoparticles indicate decrease in
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amount of nickel being oxidized as compared to Ni2P nanoparticle.

The corresponding Tafel slopes were calculated from the polarization
plots of Ni>P and various NiMP nanoparticles (Figure 4.2). NioP nanoparticle
has a Tafel slope of 58 mV dec™!. Tafel slope of NiFeP nanoparticle is 39 mV
dec! which is smaller than Ni,P nanoparticle and comparable to those of
benchmark OER electrocatalysts (approximately 40 mV dec™!). This change
in Tafel slope suggests the incorporation of iron altered the kinetics of
electrochemical OER to be more favorable. In contrast, NiCoP, NiMnP, and
NiMoP nanoparticles show the Tafel slopes of 52, 63, and 86 mV dec’,
respectively, which are similar to that of Ni2P nanoparticle. Based on the
comparisons of overpotentials and Tafel slopes among samples tested, NiFeP

nanoparticle showed the most potential as an OER electrocatalyst (Table 4.1).
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Figure 4.2. Tafel plots of Ni;P and various NiMP nanoparticles.

Table 4.1. Summary of electrochemical parameters of Ni,P and various NiMP

nanoparticles.
Overpotential at 20 mA cm™ (V) | Tafel slope (mV dec™)
NixP 0.39 (2) 58 (2)
NiFeP 0.33 (2) 39 (2)
NiCoP 0.41 (2) 52 (1)
NiMnP 0.55(3) 63 (1)
NiMoP 0.43 (3) 86 (3)
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The reaction order of hydroxide ion in the NiFeP nanoparticle-catalyzed
electrochemical OER was determined by carrying out cyclic voltammetry in
potassium hydroxide solution of different concentrations (0.1 to 1 M). Current
densities at 0.6 V vs. SCE obtained in KOH solution with different
concentration are used to estimate reaction order of hydroxide ion with the

following equation:>%

0 Inj

M= O] (13)

where m is the reaction order of hydroxide ion, and j is the current density at
potential at 0.6 V vs. SCE (Figure 4.3). The slope is estimated to be 0.98
indicating that the reaction order of hydroxide ion is close to unity in the rate

determining step.
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Figure 4.3. (a) Cyclic voltammograms of NiFeP nanoparticle in KOH
solution with different concentrations and (b) relationship between current
density at 0.6 V vs. SCE and concentration of hydroxide ion.
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The mechanism of electrochemical OER can be investigated by using
Tafel slope and reaction order of hydroxide ion. The Tafel slope and reaction
order of hydroxide ion is ~40 mV dec! and 1, respectively, with the
employment of NiFeP nanoparticle as OER electrocatalyst.

Numerous studies are conducted to elucidate the mechanism of
electrochemical OER and various mechanisms were proposed to fit different
kinetic parameters.?°-2°! With in situ formation of oxyhydroxide as an active
electrocatalyst for OER, the proposed mechanism for NiFeP nanoparticle-
catalyzed electrochemical OER closely follows other reported oxyhydroxide-
mediated mechanism and fits the estimated kinetic parameters discussed

(Scheme 4.1).2%2
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Scheme 4.1. Schematic diagram of proposed mechanism for electrochemical
OER.
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The reaction begins with the deprotonation of coordinating water
molecule since the reaction is carried out in a strongly alkaline medium where
water can be easily deprotonated. The hydroxide ion coordinated at the
reactive nickel center is subjected to undergo consecutive oxidations, leading
to the sequential formation of metal oxide (M-O") and metal oxo (M=0)
species. It is believed that one of these intermediate formation step is rate
determining. The formations of Ni-O™ and Ni=0 intermediates in nickel-based
materials are reported to give a theoretical Tafel slope of 60 and 40 mV dec!,
respectively.?’! In the case of NiFeP nanoparticle, the formation of Ni=O
species is the rate determining step where the presence of iron inhibit the
oxidation of nickel center as revealed by the shift of pre-OER peak in
polarization plot. Meanwhile for Ni2P and other NiMP nanoparticles, the rate
determining step is the formation of Ni-O~ species. After the formation of
Ni=0 species, subsequent oxidation occurs on oxygen moiety with addition
of another hydroxide ion and this eventually leads to the evolution of oxygen
molecules and completion the whole catalytic cycle.

The surface nickel oxyhydroxide in sifu generated from pre-OER
oxidation is believed to be the active electrocatalyst for OER. Early studies

of using nickel-related substances in electrochemical OER include the

137



employment of nickel oxides/hydroxides.?% 2% With similar mechanisms
mentioned above, both nickel oxide and hydroxide are found to be effective
electrocatalysts for OER. Nickel phosphide employed in other studies has
already shown a promising catalytic activity on electrochemical OER over
nickel oxide and hydroxide.”” Such good catalytic performance of nickel
phosphides can be attributed to their higher electrical conductivity which
retains certain degree of metallic property of nickel. Metallic property was
observed in both RuO; and IrO> which would be one of the key factors for
active OER electrocatalysts.?**

Iron incorporation is one of the common strategies for improving the
activity of nickel-based catalysts.?*>2% Incorporation of iron leads to the shift
of pre-OER peak position towards higher potential, indicating that the
oxidation of nickel is suppressed.'®> With the presence of Fe, a partial charge
transfer between Fe and Ni occurs which leads to the catalytic activity
enhancement.’”> The charge transfer from Fe may stabilize the negatively
charged Ni-O" species. This was further confirmed by well-matched
theoretical and experimental Tafel slopes (40 mV dec™!) where transformation

from Ni-OH to Ni-O" species is easier in NiFeP nanoparticle than other nickel

phosphide-base nanoparticles. Meanwhile, other NIMP nanoparticles showed
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similar Tafel slopes as Ni>P nanoparticle, indicating that the metal doping did

not affect their kinetics and the formation of Ni-O™ remained as the rate

determining step.
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Transition metal M as doper or as electron ligand can alter the band
position and its electron filling of the metallic nickel phosphide phase hence
affecting the OER activity.?> 2212 By plotting average activity (current
density) versus contributed d electron (both s and d electrons) of different
transition metals (Figure 4.4), it is clearly evident that Fe of group 8 gives the
proper balanced electron filling to antibonding and bonding bands of

modified nickel phosphide, giving the optimal bonding interaction with M-O

required for OER catalytic cycle as guided by theoretical calculations.%20%-212
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Figure 4.4 A plot of activity (current density) of NiMP versus total injected
d electrons of transition metal M (Mo =6, Mn =7, Fe = 8, Co =9 and Ni =
10) into the nickel phosphide bands (the slight higher activity of Mo with only
6 d-electrons contribution than expected is due to higher energy and more
effective 4-d bands overlap with O than that of 3-d bands in other transition

metals).
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Interestingly, the anticipated less or greater degree of electrons donation
of specific transition metals to the bands of nickel phosphide fall in the
predicted positions from either side of the volcano, which depicts a rational
approach to alter the electronic structure of this composite for OER. A small
discrepancy is the use of second row transition metal, Mo where the energy
of 4d and its ligand overlap are markedly different from that of the 3d
transition metals. Notice that inverse average Tafel slopes also match with
measured activities over different electron fillings. We have discounted any
major contribution from isomorphic or lattice distortion (strain effect) since
the transition metal is almost homogeneous substituted to the Ni
position.? 207219 We also note that from Figure 4.1 and 4.2 that the specific
activity and Tafel slope do not give the same values but dependent on the
applied voltage. The specific activity shows some degree of correlation with

fundamental M-O bond strength of transition metal.?!?

Using low applied
potential of 1.5 V where the higher concentration of OH™ and lower positive
charged electrode (low activity), the activity is actually dependent on the M-
O bonding formation as a principle rate determining step hence the stronger

nature of M-O such as Fe gives excellent activity compared to other transition

metals (Figure 4.5 (a)).
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Thus, Fe on surface of the composite NiFeP with strong Fe-O bond will
favor adsorption of OH™ with unit order as described in Figure 4.5 (a).
Conversely, using higher applied potential of 1.8 V where the depleting
concentration of OH™ and higher positive charged electrode (high activity) the
specific activity becomes to favor more dominated of M-O bond cleavage
hence the weaker nature of M-O such as Ni and Co give comparable activity
to Fe (Figure 4.5 (b)). Thus, there is an apparent synergetic effect for both
transition metal atoms on the surface of NiFeP to work cooperatively: the
formation of oxyhydroxide may be mainly taken place on Fe to form Fe-O
and then Ni catalyzes cleavage of Ni-O bond for O, formation to complete
the OER catalytic cycle, probably involving charge-transfer through their
oxygen-covered skin as that described in Ni—Fe mixed oxide.?!? Thus, the
proposed elementary mechanism for NiFeP nanoparticle follows
oxyhydroxide-mediated mechanism involving both M-O bond construction
and M’-O cleavage, see Scheme 4.1.!194195:205207 Hence, NiFeP with unique
tunable conductive band structure and homogeneous surface composition can

give optimal OER activity.
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Figure 4.5 (a) Correlation of the activity (current density) of composite NiMP
with M-O bond energy: low applied potential of 1.5 V where the higher
concentration of OH- and lower positive charged electrode (low activity)
favor the M-O bonding formation as a principle rate determining step hence
stronger nature of M-O i.e. Fe gives relatively good activity and (b) high
applied potential of 1.8 V where the depleting concentration of OH™ and
higher positive charged electrode (high activity) tends to favor the bond
cleavage of M-O hence the weaker nature of M-O i.e. Co, Ni gives relatively

high activity with reference to Fe.
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In addition, electrochemical impedance spectroscopy (EIS) was carried
out for both Ni;P and NiFeP nanoparticle to investigate the effect of Fe doping
on the conductivity of catalyst. The equivalent circuit was constructed to
compose of three components, which represent electrolyte, in situ formed
surface oxide layer, and phosphide layer underneath (Figure 4.6).2°! The
semicircle in Nyquist plot reveals the charge transfer resistance. Nyquist plot
of NiFeP nanoparticle has a smaller semicircle than that of Ni,P nanoparticle
which indicates a lower charge transfer resistance in NiFeP nanoparticle than

in Ni2P nanoparticle (Figure 4.7).
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Figure 4.6. Equivalent circuit model used for iron-doped and pristine nickel

phosphide nanoparticles.
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Figure 4.7. Nyquist plots obtained from -electrochemical impedance
spectroscopy of iron-doped and pristine nickel phosphide nanoparticles
recorded in 1 M KOH solution. Inset showed the equivalent circuit model as

in Figure 4.6.
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Stability is an essential criterion for development of OER electrocatalyst.
Therefore, the best OER electrocatalyst, NiFeP nanoparticle, is subjected to
test for stability. Oxygen evolution reaction was carried out with the current
density at approximately 20 mA cm™ in 1 M KOH for 10 h (Figure 4.8 (a)).
The current density was maintained for 10 h indicating NiFeP nanoparticle is
a stable electrocatalyst for OER. In addition, the amount of oxygen produced
every hour was determined and Faraday efficiency was calculated (Figure 4.8
(b)). The oxygen production rate is linear throughout the 10-h stability test
and the Faraday efficiency is close to 100% which indicates NiFeP

nanoparticle is a stable OER electrocatalyst.
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Figure 4.8. (a) Stability test of NiFeP nanoparticle at current density
approximately 20 mA cm for 10 h and (b) oxygen evolution during stability

test.
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4.3.2 Effect of Precursor Ratio

The effect of precursor ratio was studied using NiCoP nanoparticle as a
model. In Chapter 2, it was shown that the degree of cobalt incorporation in
nickel phosphide crystal lattice is related with the precursor ratio. Different
NiCoP nanoparticles were prepared under different nickel-to-cobalt precursor
ratio and tested for the electrochemical OER activity. Similar to previous
section, the LSVs were measured in the potential range of 1.2 and 1.8 V using
different NiCoP nanoparticles (Figure 4.9 (a)). The overpotentials of NiCoP
nanoparticle decrease initially with increasing nickel-to-cobalt precursor ratio,
from 0.54 V for NiCoP31 nanoparticle, 0.48 V for NiCoP21 nanoparticle, to
0.41 V for NiCoP1l nanoparticle. Further increase of nickel-to-cobalt
precursor ratio leads to the increase in overpotential, 0.47 V for NiCoP12
nanoparticle. In addition, Tafel slopes of various NiCoP nanoparticle showed
identical trend as in overpotentials (Figure 4.10). The Tafel slopes decrease
initially from 117, 98, to 51 mV dec™! for NiCoP31, NiCoP21, and NiCoP11
nanoparticles, respectively. NiCoP12 has a higher Tafel slope of 92 mV dec!
compared to NiCoP11 nanoparticle. From the overpotentials and Tafel slopes,
NiCoP11 nanoparticle exhibited the best OER performance among NiCoP

nanoparticles of various nickel-to-cobalt ratios. This can be related to the
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formation of NiOOH species which can be revealed by the pre-OER peaks in

polarization plots. The intensity of pre-OER peak increases with cobalt

loading, from NiCoP31, NiCoP21, to NiCoP11 nanoparticles (Figure 4.9 (b)).

The formation of NiOOH is suppressed upon further increase of cobalt

loading as revealed by small pre-OER peak in polarization plot of NiCoP12

nanoparticle. The activity on electrochemical OER is related to the intensity

of pre-OER peak as well as the amount of NiOOH species formed prior to

oxygen production. This further proves the formation of NiOOH species is

crucial to conduct OER. The amount of cobalt incorporated in nickel

phosphide affects the efficiency of the formation of NiOOH. Combining the

two sections, the intrinsic property and the amount on metal incorporated are

shown to significantly affect the formation of active species prior to OER.
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Figure 4.9. (a) Linear sweep voltammograms NiCoP nanoparticles

synthesized under different nickel-to-cobalt ratio and (b) the magnified region

of oxidation peaks.
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4.4 Conclusion

Pristine and metal-doped nickel phosphide nanoparticles are found to be
an effective electrocatalysts for OER. Iron-doped nickel phosphide
nanoparticle offers an excellent electrocatalytic activity with an overpotential
of 0.33 V at 20 mA cm™ and a low Tafel slope of 39 mV dec™!. Surface nickel
oxyhydroxide is formed prior to the oxygen evolution. Nickel oxyhydroxide
plays a crucial role in OER evolution. A redox couple of Ni*" and Ni** is
involved in the adsorption of hydroxides, which are subsequently
deprotonated and combined to form oxygen molecules. Phosphide phase
beneath surface oxyhydroxide layer provides electric conductivity with its
metallic property. This supports the transfer of electrons from surface
oxidized layer to electrode which facilitates successful consequential water
oxidation. In addition, charge transfer resistance is dramatically reduced by
the incorporation of iron as revealed by electrochemical impedance
spectroscopy.

Syntheses of cobalt-doped nickel phosphide nanoparticle with different
nickel-to-cobalt ratios are carried out. Intensity of pre-OER peak, an
indicative of MOOH formation, and catalytic performance of OER were

largely enhanced with increased loading of cobalt precursor. The optimal
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nickel-to-cobalt precursor ratio is 1:1 which showed the lowest overpotential
and Tafel slope. Further increase in the cobalt precursor ratio led to the
suppression of oxyhydroxide species formation and resulted in the decrease

of catalytic activity.
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Chapter 5 Catalytic Ammonia Synthesis

5.1 Introduction
Ammonia is one of the most useful chemicals in daily basis. It can be
used to produce polymers, fertilizers, and other useful chemicals including
urea and hydrazine.?!> With the versatile applications, ammonia is the most
produced inorganic compound among all chemical-producing industries.
Haber-Bosch process is used in industry which is developed by Fritz Haber
and Carl Bosch in early 1900s.2!® Fritz Haber recognized the exothermic
reaction between nitrogen and hydrogen gas is not favorable in high
temperature environments but under high pressure conditions. With the assist
of Carl Bosch, the reactor for ammonia synthesis was built to withstand high
pressure and successfully produced ammonia at a considerable rate.
1/yNy+3/,H, > NH;  AH=-46 kJ mol” (14)
In addition to high pressure conditions, iron-based catalysts are
employed to facilitate the production of ammonia. The iron-based catalysts
play a crucial role in cleaving N-N triple bond where iron atoms bind and
stabilize the adsorbed nitrogen atoms on the catalyst surface. This step is
believed to be the rate determining step in ammonia synthesis since this step

release much energy from iron-nitrogen bond formation, approximately 140
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kcal mol™.!% To overcome the rate-determining nitrogen adsorption step,
promoters are added to enhance the rate of nitrogen adsorption. Common
promoters are alkali metals, such as potassium, which can help the adsorption
of atomic nitrogen species by enhanced electron density at the Fe surface.!
217218 A5 they assist the nitrogen adsorption by enhancing charge transfer
from alkali metals to catalyst, they are called electronic promoters. In addition,
the activation energy for converting adsorbed nitrogen molecules to atomic
nitrogen is lowered in the presence of alkali metal promoters (Figure 5.1).1%
There are usually structural promoters present in the system. The common
structural promoters are stable oxides such as aluminum oxide and
magnesium oxide.?'”??! These oxides stabilized finely-divided particles from

sintering to preserve the surface area for reaction.

E
N

2N

—— Without promoter
----- With promoter

2N

ad

Figure 5.1. Potential energy diagram for conversion of adsorbed nitrogen

molecule to atomic nitrogen. This is adapted from reference 106.
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Active development is on-going by employing other materials for the
catalytic ammonia synthesis. The most popular one next to the iron-based
catalysts are the ruthenium-based catalysts.!” 2>2 Ruthenium offers better
bonding environments towards nitrogen adsorption than iron, which is
attributed to its optimal free energy of nitrogen adsorption (AGx).!? Despite
this advantage, ruthenium-based catalysts are facing the problems of high cost
and scarcity of ruthenium. Recently, a bimetallic system composing cobalt
and molybdenum has been constructed and employed in catalytic ammonia
synthesis.!!”> 120- 223 The two metals possess opposite properties towards
nitrogen adsorption, i.e., cobalt binds weakly and molybdenum binds strongly
with nitrogen atoms. The combination of these elements allowed an optimal
nitrogen adsorption energy which led to an effective catalysis towards
ammonia production. Apart from combination of cobalt and molybdenum,
cobalt and iron are combined and employed as an ammonia-producing
catalyst.'?! These combinations share the same idea that employ strongly and
weakly nitrogen-binding metals together to produce ammonia. Through the
analysis of descriptor for catalytic ammonia synthesis (AGn), rational
combination of elements possessing opposite property provides a way to look

for substitute to one with optimal descriptor value.
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In the previous chapters, different metal-doped nickel phosphide

nanoparticles are synthesized and showed promising activities in hydrogen

and oxygen evolution reactions. The same nickel phosphide nanoparticles

have been studied for the application in catalytic ammonia synthesis. Iron-

doped nickel phosphide nanoparticles are shown to be a potential candidate

for catalytic ammonia synthesis. Iron incorporated in nickel phosphide acts

as a reaction center in ammonia production similar to the conventional iron-

based catalysts.

158



5.2 Material and Experimental Procedures

Pre-treatment of NiFeP nanoparticle for ammonia synthesis was carried
out prior to catalysis. Barium promoter was incorporated with NiFeP
nanoparticle during the pre-treatment process. Barium nitrate and NiFeP
nanoparticle were mixed with a barium-to-nickel molar ratio of 1:1. The
mixed powder was put into a furnace and heated up to 500 °C for 6 h. Nitrogen
and hydrogen gas mixture with a ratio of 1:3 was blown into the furnace at
the same time with flow rate of approximately 50 mL min™.

After the pre-treatment of catalyst, the Ba-promoted NiFeP was
subjected to the analysis for ammonia synthesis. The catalysis was carried out
under high-pressure conditions in a specialized reactor as shown in the

schematic diagram below (Figure 5.2).

Mass flow controller

Heating component
+

Catalyst

Pressure guage ('\)

2 Back pressure regulator

2 mL 1 M sulfuric acid trap

Figure 5.2. Schematic diagram of reactor for catalytic ammonia synthesis.
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Nitrogen and hydrogen gases were fed into the reactor with a ratio of 1:3
at the flow rate of approximately 100 mL min™'. Reaction was carried out at
470 °C and 50 bar for 4 h. Ammonia produced was collected by 2 mL 1 M
sulfuric acid trap. Amount of ammonia was determined by titration using

sodium hydroxide solution.
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5.3 TIron-doped Nickel Phosphide Nanoparticle as Catalyst for

Ammonia Synthesis

Iron-doped nickel phosphide (NiFeP) nanoparticle is employed in
catalytic ammonia synthesis. The NiFeP nanoparticles were pre-treated with
a promoter which provides electronic and structural supports to facilitate
ammonia synthesis. Barium nitrate, with same number of moles with respect
to nickel, is mixed with NiFeP nanoparticle and the solid mixture was heated
up to 500 °C in a flow of the 1:3 nitrogen and hydrogen mixture. Under such
conditions, barium nitrate is readily decomposed, leading to the formation of
barium oxide (BaO) and possibly Ba® species.??*?* As both structural and
electronic promoters, these Ba species supports NiFeP nanoparticle in the
catalytic ammonia synthesis by preventing the nanoparticles from sintering
and facilitating the nitrogen adsorption. Ba’ is believed to be formed under
the reducing environments and acts similarly as conventional alkali-metal
promoters that provide electron density to facilitate nitrogen adsorption. BaO
provides structural support for catalyst to maintain its structure under the
reaction conditions.??* 2%

After the pre-treatment of NiFeP nanoparticle, a composite Ba-NiFeP

was prepared and employed in catalytic ammonia synthesis. Nitrogen and
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hydrogen gas were supplied with a ratio of 1:3 which is the stoichiometric
ratio for ammonia synthesis. Catalysis was carried out in the elevated
temperature (470 °C) and pressure (50 bar) for 4 hours. Exhausted gas was
purged in a sulfuric acid trap. Ammonia produced was collected and reacted
with 1 M sulfuric acid. Sodium hydroxide solution was used to determine
amount of acid left after 4-hour reaction as well as ammonia produced. The
rate of ammonia production by Ba-NiFeP was determined to be 7.35
mmol h! g through the back-titration of sulfuric acid trap (Figure 5.3).
NiFeP nanoparticle shows a better activity towards catalytic ammonia
synthesis as compared to other non-iron and non-ruthenium-based catalysts
including cesium promoted-cobalt molybdenum nitride (Cs-CosMo3N) and
cobalt-molybdenum alloy supported by cerium dioxide (Co-Mo/CeQO»).
These two materials offer an ammonia production rate of 0.986 and 0.783
mmol h' g!, respectively.?® ?** However, the performance of NiFeP

nanoparticle is far below that of ruthenium-based catalyst (Ba-Ruo 1/C).2¢
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Figure 5.3. Comparison of catalytic activity towards ammonia synthesis
between NiFeP nanoparticle, non-Fe and Ru-based catalysts, and typical Ru-

based catalyst. The catalytic activity is adapted from reference 120, 221, and
226.

A control experiment was carried out using pristine nickel phosphide
nanoparticle to elucidate the effect of iron doping in nickel phosphide crystal
lattice towards catalytic ammonia synthesis. Identical promoter (Ba) and
procedures were used in trial for pristine nickel phosphide nanoparticle. Ba-
NizP gives a rate of ammonia production with a value of 3.4 mmol h! g,
Compared to NiFeP nanoparticle, Ba-NiFeP system give a two-fold
enhancement on production of ammonia. Considering the small amount of
iron doping, the effect on the catalytic enhancement is considerably large.

However, other metal-doped nickel phosphide nanoparticles prepared, as
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discussed in previous chapters, showed no significant reactivity on catalytic
ammonia synthesis.

With the above preliminary results, further investigation is conducted on
employing NiFeP nanoparticle as ammonia-producing catalyst. Nickel
phosphide crystal lattice is hypothesized to not only allow iron incorporation
and act as a reaction center for ammonia synthesis, but also provide electron
density with metallic property of nickel phosphide base and be a support to
segregate iron moiety, mimicking an alkali metal-promoted system with oxide
support. To test this hypothesis, NiFeP nanoparticles were tested for catalytic
ammonia synthesis without the addition of Ba-promoter.

The same pre-treatment process was carried out without adding barium
nitrate salt to ensure the state of NiFeP nanoparticle is identical as in the Ba-
promoted system. Analysis was carried under the same experiment conditions
as before. The amount of ammonia formed was examined after the first, third
and fourth hour (Figure 5.4). The production rate of ammonia dropped rapidly
with time. In the first-hour reaction, the ammonia production rate is
comparable to the Ba-promoted NiFeP system (7.35 mmol h! g!). It shows
that the unpromoted NiFeP system possesses similar reactivity on ammonia

production. However, in the third and fourth-hour measurements, the rate of

164



ammonia production decreases to 3.5 mmol h! g'! and eventually to zero. It

indicates the instability of catalyst under such circumstances.
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Figure 5.4. A 4-hour ammonia production by NiFeP nanoparticle without

addition of promoters.

The possible reason for the unstable reactivity is due to the absence of
Ba-promoter. The Ba-promoter is used to assist Ru-based catalyst to facilitate
nitrogen adsorption.??” Ba-promoter is believed to be in a form of Ba’ and
BaO and acts as a bifunctional promoter, both electronic and structural, to
facilitate ammonia production. Under reaction conditions for ammonia
synthesis, nitrogen and hydrogen molecules are present and competing for

adsorption sites on catalyst surface. Ba’ provides a surface for hydrogen
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adsorption which can prevents a high hydrogen coverage on catalytic surface.
A high hydrogen coverage on catalyst surface is detrimental for ammonia
production since it prohibits nitrogen adsorption, the first elementary step for
ammonia synthesis. In addition, Ba-promoter in the form of BaO provides
structural support to maintain the dispersion of finely-divided Ru
particles.??> 2% In the case of NiFeP nanoparticle, Ba-promoter is believed to
act similarly as in Ru-based catalysts. Ba’ provides rooms for hydrogen
adsorption to prevent overwhelming hydrogen coverage on NiFeP
nanoparticle. Especially for nickel and iron, they possess a negative free
energy for hydrogen adsorption as discussed in Chapter 3, making them
highly favorable for having hydrogen adsorption.’ In addition, BaO from Ba-
promoter can act as structural promoter which prevent aggregation of NiFeP
nanoparticle upon elevated pressure and temperature during catalytic
ammonia synthesis. Aggregation of nanoparticle leads to decrease in surface
area of catalysts which would lead to the deterioration in catalytic activity.
Therefore, Ba-promoter is believed to act as a stabilizer to maintain the
nanostructure of NiFeP nanoparticle under elevated temperature and pressure
and prevent excess hydrogen adsorption, which are crucial to have sustainable

production rate of ammonia.
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Based on these results, a pre-treatment of NiFeP nanoparticle with Ba is
an essential step to apply it to the catalytic ammonia synthesis. The catalytic
enhancement could be achieved by doping Fe and this NiFeP nanoparticle
could be stabilized by Ba treatment. To understand the enhancement
mechanism, the effects of iron incorporation into nickel phosphide crystal
lattice have been investigated.

Pristine nickel phosphide has a hexagonal structure with a space group
of P62m (Figure 5.5). The crystal structure possesses the repeating NizP, and
NisP layers. Therefore, there are two types of terminal groups in (0001) lattice
plane of Ni2P, including Ni3P> and Ni3P plane (Figure 5.6 (a) and (b)). Ni3P»
is believed to be the dominant terminal plane for NioP (0001) lattice plane by
calculation using density functional theory (DFT).??® With the small amount
of iron incorporation, the nickel atom in Ni3P; is substituted with an iron atom
forming some FeNi>P, terminal planes. This is consistent with the EXAFS
measurement discussed in Chapter 2, where the bond lengths of Ni-Fe and
Ni-Ni are similar, indicating a substitution of Ni with Fe to form the FeNi,P»
terminal plane. The terminal plane reveals the presence of iron in the vicinity

of nickel which is important in carrying out ammonia synthesis.
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Figure 5.5. Crystal structure of Ni,P with a space group of P62m. Blue and
red atoms are nickel and phosphorus, respectively.

Figure 5.6. Terminal planes of NizP along (0001) lattice plane: (a) NizP2 and

(b) Ni3P. Blue and red atoms are nickel and phosphorus, respectively.

The reaction mechanism on iron surface is proposed by Ertl with
estimated potential energy (Figure 5.7).!° From the reaction profile,
ammonia synthesis is carried out in multiple steps: (1) adsorption of nitrogen

on catalyst surface, (2) cleavage of N-N triple bond and H-H bonds and the
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formation of adsorbed nitrogen and hydrogen species, (3) subsequent

hydrogen additions on adsorbed nitrogen atom, and (4) release of adsorbed

ammonia as final product. The most difficult step, according to the reaction

profile, is the first addition of hydrogen to nitrogen, which requires the largest

activation energy among all steps at low temperature due to its high activation

energy barrier. However, under the ordinary ammonia synthesis conditions

(approximately 200 atm and 450 °C), the dissociation of nitrogen is the rate

determining step due to its exothermic nature in the from formation of Fe-N

bond, making it not favored under high temperature conditions.

E (kJ mol)

N

3H

:
(ad) (ad)
Figure 5.7. Proposed reaction mechanism of catalytic ammonia synthesis.

This is adapted from reference 106. Numerical values are in unit of kJ mol™'.

Iron-doped nickel phosphide nanoparticle is believed to carry out
ammonia synthesis in a similar reaction mechanism as in iron-based catalysts.

The nitrogen molecule would adsorb on the metal center, forming a Ni-N» or
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Fe-N2 species (or collectively M-N» species). The formation of adsorbed
molecular nitrogen is a relatively fast and facile step, with sticking coefficient
of 0.7.2%
M* + N; 5 M-N; (15)
After the formation of M-N; species, the subsequent step is the
dissociation of N-N triple bond and the formation of adsorbed atomic nitrogen
species. This step happens in a much slower rate where the sticking
coefficient is in an order of magnitude of 107.?° Similar mechanism is
proposed by Zeinalipour-Yazdi and co-workers on CosMosN for ammonia
synthesis. The combination of Co and Mo is similar to that of Ni and Fe, in
that one component (Mo and Fe) strongly binds to nitrogen while the other
(Co and Ni) weakly binds. They proposed both dissociative (Langmuir-
Hinshelwood) and associative (Eley-Rideal/Mars-van Krevelen) mechanisms
based on the DFT calculations.?*° In dissociative mechanism, both Co and Mo
are involved in some elementary steps. Meanwhile, only Mo is involved in
associative mechanism. In the case of NiFeP nanoparticle, it is believed to be
carried out in dissociative mechanism since the incorporation of Fe is far less
than portion of Mo in CosMo3sN. Therefore, the dissociation of N-N triple

bond occurs after nitrogen adsorption, forming M-N intermediate.
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The subsequent steps in ammonia synthesis are three sequential

hydrogen additions on the adsorbed nitrogen atom. The most difficult step

among the three is the first hydrogen addition which has the largest activation

energy. Under conditions for catalysis carried in this chapter, adequate energy

is provided by elevated temperature to overcome high energy barrier.

Therefore, these consecutive hydrogen additions can proceed in a fast rate

compared to the formation of adsorbed nitrogen atoms.

M-N + Hd) — M-NH (16)
M-NH + Haq) — Fe-NH> (17)
M-NH: + Had) — Fe-NH3 (18)

After consecutive hydrogen addition, adsorbed ammonia is formed and

subsequently desorbed from the catalyst surface and released to complete the

whole synthesis process.

M-NH; — M* + NH3 (19)
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5.4 Conclusion

Iron-doped nickel phosphide nanoparticle is successfully employed as
catalyst in catalytic ammonia synthesis. To facilitate sustainable ammonia
production, barium is added as promoter to provide electron density and
structural support to iron-doped nickel phosphide nanoparticle. In addition,
barium promoter prevents formation of excess adsorbed hydrogen which may
inhibit production of ammonia. This can be revealed by conducting
experiment without addition of barium promoter. Barium-promoted iron-
doped nickel phosphide nanoparticle offers an ammonia production rate of
7.35mmol h'! g1,

Mechanism for ammonia synthesis on iron-doped nickel phosphide
nanoparticle is proposed. The production of ammonia goes through four steps:
(1) adsorption of nitrogen on catalyst surface, (2) cleavage of N-N triple bond
and H-H bonds and formation of adsorbed nitrogen and hydrogen species, (3)
subsequent hydrogen addition on nitrogen, and (4) release of adsorbed

ammonia as product.
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Chapter 6 Conclusion

6.1 Conclusion

Nickel phosphide nanoparticles have drawn much attention among

researchers due to their versatile reactivity on different catalytic reactions.

Especially, their robust physical and chemical properties extend the use in

various industrial applications. From conventional industrial applications on

hydroprocessing in oil refinery industry, nickel phosphide nanoparticles are

nowadays employed as catalysts for both hydrogen evolution reaction and

oxygen evolution reactions through electrochemical or photochemical

pathways. With the preliminary studies on successful employment of nickel

phosphide-based catalysts on various catalytic reactions, further

improvements have been made to achieve higher activity.

In this dissertation, the studies on preparation of nickel phosphide

nanoparticles doped with various transition metals are presented. The

prepared catalysts were thereby employed as catalysts in three important

energy conversion reactions; electro- and photochemical hydrogen evolution

reactions, electrochemical oxygen evolution reaction, and ammonia synthesis.

Metal doping in nickel phosphide nanoparticle was successfully carried

out with different metals including Co, Fe, Mn, and Mo. Analysis on their
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crystal structure, morphology, and bonding environments were conducted and
presented in Chapter 2. The crystal structure and morphology of nickel
phosphide nanoparticles do not alter extensively upon metal doping. NiMP
nanoparticles retained the hexagonal crystal structure and spherical shape as
NizP nanoparticle. Detailed studies were done to elucidate oxidation state and
local structure on the NiMP nanoparticles’ surface using XPS and EXAFS
measurement.

In Chapter 3, NiMP nanoparticles were employed as a catalyst in
electrochemical and photochemical HER. NiMoP nanoparticle was
determined as the best HER electro- and photocatalyst among all the samples
prepared. The overpotential required to reach 10 mA cm™ in alkaline medium
was 0.34 V vs. RHE. Tafel slope and exchange current density of NiMoP
nanoparticle were estimated as 163 mV dec™! and 0.08 mA cm™, respectively.
NiMoP nanoparticle was also active in dye-sensitized photocatalytic HER. In
the presence of Ru(bpy);*" and triethanolamine as photosensitizer and
sacrificial agent, respectively, NiMoP nanoparticle yielded a high hydrogen
production rate of 268 mmol h'! g1,

The OER is a complementary reaction to HER for completing overall

water splitting. In Chapter 4, the reactivity of NiMP nanoparticles towards the
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electrochemical OER was demonstrated. NiFeP nanoparticle was determined
as the best OER electrocatalyst. The overpotential require to reach a current
density of 20 mA cm and Tafel slope were estimated to be 0.33 V vs. RHE
and 39 mV dec’!, respectively. The high activity in electrochemical OER is
attributed to the iron doping that induced partial charge transfer.

Chapter 5 presents the application of NiFeP nanoparticle as a catalyst for
ammonia synthesis. With barium promoter, NiFeP nanoparticle was shown to
be an active catalyst for ammonia synthesis. The presence of Ba promoter was
critical to make NiFeP nanoparticle active for continuous production of

ammonia at the rate of 7.4 pmol mmol h'! g
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6.2 Future Research Directions

Nickel phosphide nanoparticles doped with various metals have been

successfully prepared and demonstrated their promising and diverse catalytic

properties on energy conversion reactions, including hydrogen and oxygen

evolution reactions, and ammonia synthesis. In photocatalytic hydrogen

evolution reaction, a dye-sensitized system is employed with the assist of

inorganic and organic dye. Both types of dyes undergo a photo-bleaching

process and eventually decompose, which make them not applicable for long

duration. To maximize the catalytic ability of metal-doped nickel phosphide

nanoparticles in photocatalytic HER, a stable and efficient light-absorbing

material is needed to activate and provide electrons to the catalytic sites in a

sustainable manner. In addition, anchoring dye molecules on the catalyst

surface is another possible way to enhance the catalytic performance. This

would shorten the distance of electron transfer between dye and catalyst,

thereby increasing the chance of successful transfer of photo-generated

electrons and eventually the catalytic performance.

NiMP nanoparticles offers an alternative pathway to catalyze the

ammonia synthesis. However, the activity is still far from the practical level

of conventional ammonia-producing catalysts. It is worthwhile finding the
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optimal support, both electronic and structural, to assist ammonia production.
In addition, it is important to elucidate the kinetic parameters and mechanism
in ammonia synthesis which would help designing and improving the
ammonia production catalysis. To obtain such information, theoretical
calculation using density functional theory (DFT) can be used to predict the

reaction pathway and guide the catalyst design.
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