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Abstract

The widespread use of fossil energy has been most convenient to the world,
while they also cause environmental pollution and global warming. Therefore, it
is necessary to develop clean and renewable energy sources, among which,
hydrogen is considered to be the most ideal choice, which forms the foundation of
the hydrogen energy economy, and the research on hydrogen production and fuel
cells involved in its production and utilization are naturally a vital research
endeavor in the world.

Electrocatalysts are one of the key materials for proton exchange member fuel
cells (PEMFCs) and water splitting. The use of electrocatalysts can effectively
reduce the reaction energy barriers and improve the energy conversion efficiency.
This thesis mainly focuses on development novel nanostructure electrocatalysts
with low-cost, high activity and good durability used for oxygen reduction
reaction (ORR) and hydrogen evolution.

(1) Nitrogen-doped PtNiMo ternary alloys were synthesized by impregnation
reduction followed by annealing at high temperatures. The introduction of acid-
resistant Mo atoms in the alloy not only stabilizes the near-surface Pt atoms,
enhancing the catalytic stability, but also changes the electronic structure of
adjacent Pt atoms and thus promote the desorption of oxide intermediates. The
doped N can form NisN with Ni at high temperature and is stabilized in the
electrocatalyst to thus improve stability. Meanwhile, the pyridine N and pyrrole N
also formed by annealing the carbon substrate in an NH3 atmosphere and possess
a promoting effect on oxygen reduction. By adjusting the near-surface Pt atom’s

content to balance the activity and stability, PtsNizMoN/C shows the best activity
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and stability. It showed mass activity of 900 mA mg ™ Pt at 0.90V vs. RHE in O.-
saturated 0.1 mol L' HCIO4 aqueous solutions, which is 3.75-fold higher
compared with the commercial Pt/C (240 mA mg* Pt). After 30k accelerated
durability tests, the mass activity of PtsNizMoN/C is still 690 mA mg™ Pt, which
activity remains ~75%, while the Pt/C merely retains ~44%.

(2) Fabrication of self-supported Cu.S-CusP NW arrays on cupper foam by
liquid-solid reaction and subsequent phosphidation at low temperature are used as
an integrated electrode for hydrogen evolution (HER). No binding agents are
needed to favor excellent catalytic activity for HER and it only requires a low
overpotential of 158 mV to achieve a current density of 10 mA cm™2 and it
displays a small Tafel slope of 45 mV dec™*. In addition, the activity decrease is
ignorable after holding at =500 mA cm~2for a period of 75 h which demonstrates
excellent stability, and the possible mechanisms are also discussed in the thesis.

(3) A two-step method was developed to fabricate a self-supported nanosheets
arrays Ni-Co-P/NF nanocomposite electrode for hydrogen evolution. It was displayed
that the bimetallic cobalt-nickel phosphide has great potential for HER at high current
densities. The as-prepared Ni-Co-P/NF electrode exhibits a very good HER activity
with overpotential of 85 mV and shows high stability for 24 h in 1.0 M KOH aqueous
solution, the reasons for such good performance are also discussed. This work
provides a mechanism for the synthesis of low-cost electrocatalyst with high
efficiency for hydrogen evolution, which also offers a promising opportunity for the
large-scale application of phosphides in alkaline electrolysis ascribed to their higher

current density and impressive low overpotential.
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CHAPTER 1

CHAPTER 1 Introduction

The widespread use of fossil energy has on the one hand been most convenient to
the world, while on the other hand also causes adverse consequences such as
environmental pollution and global warming. In order to achieve the sustainable
development of human society and not adversely affect the environment, it is
essential to develop clean and renewable energy sources, such as solar energy, wind
energy, tidal energy, and similar non-destructive processes. Hydrogen derived energy
is considered to be the most ideal choice, which forms the foundation of the
hydrogen energy economy, and the research on hydrogen production and fuel cells
involved in its production and utilization are naturally a vital research endeavor in
the world.

Electrocatalysts are one of the key materials for proton exchange member fuel
cells (PEMFCs) and water splitting. The use of electrocatalysts can effectively
reduce the reaction energy barriers and improve the corresponding energy conversion
efficiency.[1, 2]

Hydrogen with a high energy density has been widely investigated as an ideal
energy source for a sustainable development venture with the only by-product being
water without carbon dioxide production.[3] However, large-scale hydrogen
production currently arises from the steam reforming of fossil fuels. Accordingly, the
search for green methods to produce H: is crucial for the hydrogen energy economy.
Among the various methods, water electrolysis, which uses electricity obtained from
renewable energy sources (e.g., wind and solar), is an ideal method to produce H>
due to its high conversion efficiencies and zero carbon dioxide emission. Water
electrolysis is a promising approach for large-scale and sustainable hydrogen

production.[4] Presently, hydrogen produced by the electrolysis of water only
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CHAPTER 1

account for about 4% of the worldwide total hydrogen production. An important
reason for this is that the production of hydrogen and oxygen are affected by the cost
and energy conversion efficiency.[5]

For water splitting, two processes are involved, described as a) the hydrogen
evolution reaction (HER) at the cathode and b) the oxygen evolution reaction (OER)
at the anode. In practical applications, electrocatalysts are required for both anode
and cathode electrodes, because of the existence of overpotentials (the difference
between the practical potential and the thermodynamic potential). Commonly, the
electrocatalysts used for water splitting are mainly noble metals, and metal oxides,
alloys, and hydroxides, such as Pt, Rh, RuO2, RuzP, and IrO2.[6,7] Although the
noble metal electrocatalysts have excellent catalytic activity and stability for water
splitting, their high price and scarcity limits their general usage.[8]

For PEMFCs, there are also two processes involved, described as a) the hydrogen
oxidation reaction at the anode and b) the oxygen reduction reaction (ORR) at the
cathode. Compared with hydrogen oxidation, the oxygen reduction process is much
more difficult, which is the key step for the electrochemical reaction efficiency, and
thus significantly affects the efficiency output of PEMFCs.[9,10] At present, the
cathode electrocatalysts used in PEMFCs are mainly noble metal electrocatalysts
mainly composed of platinum group metal (PGM) based metals, such as Pt, Pd and
their alloys.[11] Presently, the Pt loading at the cathode is about 0.4 mg cm™2 while at
the anode it is about 0.05 mg cm, that means, a 100 KW fuel cell stack requires 100
g of platinum, and 0.5 billion fuel cell electric vehicles will require 150,000 tons of
platinum. One has to consider that the world's Pt resources are expected to be in the

range of 28,000 tons and thus will only be able to serve 20% of fuel cell electric
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vehicles. Therefore, the development of efficient, stable and inexpensive

electrocatalysts is essential for the large-scale water splitting and PEMFCs.

1.1 Introduction of PEMFCs

Fuel cell is an electrochemical device that converts chemical energy in fuels and
oxidants directly into electrical energy. In 1839, William Grove produced hydrogen
and oxygen by electrolyzing water and made the first fuel cell. Subsequently this
type of fuel cell has been improved for nearly 180 years. As a new type of chemical
power source, the fuel cell is known as the 4" generation power technology after
hydropower, thermal power and nuclear power. Compared with thermal power
generation, the fuel cell is environmental-friendly, not limited by the Carnot cycle,
and generates no emissions (or extremely low) of CO, CO2, SO2, NOx and unburned
harmful substances.[12]

Fuel cells can be divided into five categories according to their electrolyte
properties viz., a) alkaline fuel cells (AFCs), b) proton exchange membrane fuel cells
(PEMFCs), ¢) phosphate fuel cells (PAFCs), d) molten carbonate fuel cells (MCFCs),
and e) solid oxide fuel cells (SOFCs). Among them, PEMFCs use a sulfonic acid
proton exchange membrane as a solid electrolyte. It has the characteristics of high
energy conversion efficiency, being environmentally friendly, has a rapid start at
room temperature, and a long life and high power density. It could be fixed in a
power station, introduced in electric vehicles, and employed as special power

supplies and mobile power supplies.
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1.1.1 Principle of PEMFCs

The nature of PEMFCs is typified by the "reverse reaction™ of water splitting,
which is mainly composed of anode, cathode and proton exchange membrane, and

the electrocatalysts on the electrode are used to accelerate the catalytic reactions (Fig

1.1).
Load
e® e®
e® e®
Fuel H, & g % Air Flow
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Figure 1.1 Principle of a PEMFCs.

The working principle of PEMFC is as follows:

At the anode: H> reaches the anode through a pipe or a flow field plate. Under the
action of the anode electrocatalyst, the hydrogen molecule oxidizes and dissociates
into two protons, and releases two electrons. The anode electrode reaction is:

H, >2H" + 2e ¢’ =0V

At the Cathode: oxygen (or air) reaches the cathode through a pipe or a flow field
plate. Under the action of the cathode electrocatalyst, oxygen molecules react with

hydrogen ions that pass through the proton exchange membrane, produce water and

generate heat. The cathode electrode reaction is:

http://etd.uwc.ac.za/



CHAPTER 1

1/20,+ H* + 2e — H,0 ¢’ =1.23V

The general chemical reaction equation is:

H,+ 1/20, > H,0 E":(pf_(pf —1.23V

At the same time, the electrons move from anode to cathode, and work through the

load to produce electricity.
1.1.2 Components of PEMFCs

PEMFC single cell mainly include membrane electrodes, bipolar plates and
current collectors. The membrane electrode assembly (MEA) is the core component
of PEMFCs. It is a single component that combines an anode, a proton exchange
membrane, and a cathode into a sandwich structure.

The MEA is usually composed of 5 layers: an anode diffusion layer, an anode
electrocatalyst layer, a proton exchange membrane, a cathode electrocatalyst layer,

and a cathode diffusion layer (Fig 1.2).

Gas diffusion substrate

Flow field plate I I

Catalyst layer
Proton exchange membrane

Catalyst layer

Gas diffusion substrate
Flow field plate

Figure 1.2 Principle of MEA.
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Among them, the electrocatalyst is one of the key materials and it is the site where
the electrochemical reactions take place. Specifically, for the cathode electrocatalysts
which suffer from high oxygen concentration and especially in the electrochemical
environment, it is facile to be oxidized and thus reduce the catalytic activity or even
totally negate activity for oxygen reaction.[13-16]

Generally, under certain conditions, in order to satisfy the power output and
service life of PEMFCs, the minimum quantity of Pt used in the fuel cell is closely
related to the activity and stability of the electrocatalyst. It is common knowledge
that, the electrocatalysts combined with the metal particles and carriers, the latter
also described as support materials, possess physical and chemical structures that
could also affect interactions between the metal particles and the support materials.
Consequently, significant corresponding catalytic activity and stability of the
prepared electrocatalysts may be adversely or favorably affected.[17-22] Therefore,
the development of electrocatalysts with low cost, high catalytic activity and stability

is important for the commercialization of PEMFCs.

1.2 Oxygen Reduction Reaction

Platinum is currently the most effective monometallic electrocatalyst for oxygen
reduction and it is thus critical for PEMFCs. Platinum is mainly used at the cathode,
accounting for about 90% of the total Pt consumption in PEMFCs. It is thus expected
that the limited availability and ever-growing demand for Pt in the automotive
industry will inevitably result in an increase in the price of Pt. Therefore, improving
the activity and stability of the cathode electrocatalysts to reduce the amount of Pt is
significant for the commercialization of PEMFCs. Furthermore, due to the slow

kinetics reaction of oxygen reduction, which is the key step of the chemical reaction,
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this limits the output of powder, and further increases the importance of cathode
electrocatalysts.[23]

In fact, only understanding of the principle of oxygen reduction process may not
enough mainly due to the following reasons:

(1) Both in acidic and alkaline solutions, the ORR process is a multi-electron
electrochemical reaction involving 4 electrons compared to the hydrogen oxidation
reaction at the anode electrode which only has 2 electrons that participate, the ORR
process is much more difficult and involves many complicated intermediate steps.

(2) The electrochemical window of the ORR process involves a region with a
positive potential, especially in an acidic electrolyte, and the surface of the electrode
is covered by adsorbed oxygen or oxygen-containing species, and even forms oxides.
What is more, the physical surface states of such oxide layer changes constantly with
the potential and thus makes any investigation into the mechanism for oxygen

reduction an extremely difficult and arduous one.[17]
1.2.1 Principle of Oxygen Reduction Reaction

The oxygen reduction reaction is a complicated process, although many theoretical
and experimental investigations have been undertaken,[24,25] the mechanism
remains unclear.

Generally, it is accepted that oxygen reduction mainly follows two paths ways: a)
a direct four-electron process, in which the oxygen is directly converted into water
under the catalytic action of electrocatalyst, b) a two-electron process, in which

oxygen is converted to H>O> and then further into water (Fig 1.3).
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Figure 1.3 The mechanisms of oxygen reduction reaction.

For example, for PEMFCs, in acid media, the main steps involved in the

conversion of oxygen into water by a direct four-electron reaction are as follows:

0,+*>0,*

O,*+*—20*

20*+4H" + 2 —20H*

20H*+2H" +2e” —>2*+H,0
or

0,+*->0,*

0, *+H* — OOH*

OOH*+*+e > O*+OH*

O*+H"+e” > OH*

20H*+2H" +2e” - 2H,0+2*
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In acidic medium, the reaction steps for conversion of oxygen by direct 2 electron

process into hydrogen peroxide are mainly as follows:
0,+*->0,*
0, *+H" — OOH*
OOH*+H* —H,0, *
H,O,*+* —20H*
20H*+2H* —2H,0+2*

Theoretical and experimental studies found that ORR has a higher efficiency since
it involves a direct 4 electron process, which could also avoid the influence of H20>
on proton exchange membrane produced by indirect two-electron process, which is
also harmful to the MEA, including the proton exchange membrane, gas diffusion
layer, and the electrocatalyst.[26] Therefore, the four-electronic process is considered
to be a most efficient reaction for ORR, and thus catalytic materials that favor 4
electron processes should be selected.

According to the Sabatier principle,[27] if the electrocatalyst is strongly combined
with oxygen, the rate-limiting step of ORR is the removal of the oxides or anions
from the electrocatalysts’ surface. Conversely, if the binding to oxygen is too weak,
the rate-limiting step of ORR is the removal of oxides or anions that absorbed on the
surface of electrocatalysts. In other words, the rate-limiting step of ORR is the
transfer of electrons and protons to the oxygen adsorbed on the electrocatalysts’
surface. Thus, a good ORR electrocatalyst should have a moderate oxygen binding

energy that favors oxygen absorption and desorption (Figs 1.4 and 1.5)[28, 29]

http://etd.uwc.ac.za/



CHAPTER 1

0.0

-0.5 F

1.0F

Activity

“15F

-2.5

-3 -2 -1 0 1 2 3 4
AEQ (eV)

Figure 1.4 Trends in oxygen reduction activity plotted as a function of the oxygen binding
energy.[27]
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Figure 1.5 Trends in oxygen reduction activity plotted as a function of both the O and the
OH binding energy.[27]
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1.2.2 Development of ORR Electrocatalysts

Platinum group metal (PGM) based materials are the most important
electrocatalysts for ORR due to their superior catalytic properties. While, their
scarcity and high cost mitigate against their continued usage, there is a great need to
improve their utilization and reduce the dosage. One such development has been in
the area of Pt nanoparticles being highly dispersed on carbon supports with high
specific surface area, such as XC-72, CNTs, and graphene.[30-36] However even
such highly dispersed electrocatalysts still suffer from in-sufficient activity and poor
stability under the PEMFCs operating conditions.[35]

Generally, the electrochemically active surface area (ESCAS) and the catalytic
active sites of Pt gradually decrease during the harsh working process, which is
mainly due to the following reasons:[37-39]

(1) Migration and agglomeration of Pt particles. Since the surface energy of Pt
nanoparticles is high and unstable, it is facile for these particles to migrate and
agglomerate with each other. Meanwhile, there is a huge difference in the electronic
structure between the metal Pt and the carbon support with their weak interactions
making the metal particles relatively easy to move and agglomerate on the surface of
the carrier.

(2) Dissolution and re-deposition of Pt particles. The Pt particles will inevitably be
oxidized during the long-term operation, resulting in dissolution, and the Pt ions thus
being dissolved at high potential will be deposited again on other Pt nanoparticles at
a lower potential during the potential cycles, thus changing the morphology and
structure of the entire electrocatalyst surface, and decrease the corresponding

catalytic activity of the catalytic materials.

11
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(3) Poisoning of Pt particles. If air is used instead of pure oxygen as fuel for
PEMFCs, it usually contains traces of SOx, NOx and hydrocarbons, which are easily
adsorbed on the surface of the electrocatalyst, covering the active site of Pt, and thus
poisoning the platinum-based catalytic materials.

(4) Corrosion of carbon supports. Commonly, the electrocatalyst support is
amorphous carbon with a high specific surface area, and its surface contains a large
number of defects and unsaturated bonds. At a low potential, about 0.207 V (vs.
NHE), an intermediate oxide is formed on the surface of the carbon support. At high
potentials (0.6~0.9 V vs. NHE) and in the presence of water, new defect sites will be
formed, which will increase the content of surface oxygen functional groups such as
-COOH and -OH and thus increase the hydrophilicity and impedance of the electrode,
increase the gas transfer resistance, reduce the diffusion efficiency and consequently
decline the performance of the electrode.

Therefore, optimizing the structure, morphology and composition of the Pt-based
electrocatalyst to ensure maximum platinum activity and stability is significant for
the development of PEMFCs.

In recent decades, great achievements were achieved for ORR electrocatalysts.
Generally, these improvements can be divided into several parts, low-Pt
electrocatalysts, non-PGM based electrocatalysts, and metal-free electrocatalysts to
name just a few.

Low-Pt electrocatalysts, alloy electrocatalysts, single-layer electrocatalysts,
morphology-controllable alloy electrocatalysts, nano-film Pt-based electrocatalysts,
monoatomic electrocatalysts, core-shell electrocatalysts, high crystal surface index

framework electrocatalysts have been widely reported.[30, 40-42]

12
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Non-PGM based electrocatalysts, such as Fe-N-C, Co-N-C, Ni-N-C have been
intensively studied, which also display interesting properties for oxygen reduction.
Some electrocatalysts even displayed Pt-like catalytic activity for oxygen reduction,
but it is still cannot be used for practical applications.[43-45]

For metal-free electrocatalysts, mainly carbon based materials doped by
heterogeneous atoms, such as nitrogen, phosphorus, sulfur, and boron is a hot point
for the development of electrocatalysts for oxygen reduction.[46-50]

In addition, researchers are also passionate to develop new nanostructured carbon
supports and non-carbon carriers which are expected to enhance the activity and
stability of the electrocatalyst by virtue of the positive interaction and the synergistic
catalytic effect between the support and the active materials.[51,52]

Although the commercialization of Pt-based ORR electrocatalysts has accelerated
in recent years, development of high-efficiency and low-Pt electrocatalysts is still the
most practical way to achieve large-scale commercialization of PEMFCs. However,
from the perspective of long-term development of new energy hydrogen-powered
fuel vehicles and the limited platinum resources, development of highly active, non-
precious metal electrocatalysts that completely replace Pt are more imperative.

Fortunately, in the past two decades, with the rapid development of materials
science and nanotechnology, by regulating the chemical and/or physical properties of
the electrocatalyst at the molecular or atomic levels (such as DFT simulation
calculation)[28, 53], combined with advanced in situ characterization techniques,
such as environmental spherical aberration transmission electron microscope (E-
TEM),[54] high temperature XRD, in-situ Raman, in-situ electrochemical
characterizations, large numbers of new concepts and new syntheses of ORR

electrocatalysts and their corresponding ORR catalytic mechanism have been
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proposed.[53] At the same time, some significant progress has been made in the

rational design and preparation of highly efficient ORR electrocatalysts (Fig 1.6).

Catalyst development strategies
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Figure 1.6 Schematic of various electrocatalyst development strategies, which aim to
increase the number of active sites and/or increase the intrinsic activity of each active
site.[53]

1.3 Introduction of Water Splitting

Hydrogen energy is a secondary energy source produced by using other energy
sources. At present, hydrogen energy is mostly obtained by fossil fuels. While, with
the adjustment of the world's energy structure, the use of renewable energy to
produce hydrogen is an idea choice of mankind.

The United Nations has predicted that in 2050, 40% of global energy and 60% of
electricity will be provided by renewable energy. However, the development and
utilization of renewable energy is affected by its intermittent and unpredictable
nature, leading to serious energy waste and thus restricting its development.

Hydrogen energy is an excellent energy carrier, which could be produced by

14
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electrolysis of water from renewable energy, such as solar energy, wind energy,

water energy, ocean energy and geothermal energy (Fig 1.7).[55-57]

Thermal + W
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— Photovoltaic electrolysis — Photocatalysis — Artificial photosynthesis

Figure 1.7 Various energy driven water splitting routes by using thermal, electrical,
biochemical and photonic energy or their combinations.[56]

Water splitting could increase the usage and utilize efficiency of renewable energy
by hydrogen production and thus alleviate the global energy crisis. Hydrogen energy
is an ideal renewable energy source, and its advantages may be ascribed to the
following: 1) Hydrogen may be stored not only in its pure form but in the form of
compounds, and is widely distributed in nature. 2) It has the highest energy density, 1
mole H> could produce 286 KJ of heat, and the heat that is produced by hydrogen
combustion is three times higher than the same mass of oil. 3) It is clean and
environmentally-friendly, and the only by-product is pure water. 4) It has a variety of
different forms of utilization. It can be used directly to generate heat energy by

combustion, or as an energy source for engines or fuel cells. 5) As a raw material for
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the clean utilization of fossil fuels, such as oil and coal-based energy, which has a
huge demand of hydrogen and used for hydrogenation processes.

The realization of hydrogen energy has three requirements: a) hydrogen
production, b) storage and c) utilization. Among them, large-scale and inexpensive
industrial hydrogen production is our primary concern. At present, there are many
methods for preparing hydrogen. The most important industrial method is the use of
fossil energy to produce hydrogen, followed by a variety of chemical processes such
as the chlor-alkali industry, fermentation industry, synthetic ammonia industry, and
refining industry, all of which generate a large amount of by-products.

Compared with the above mentioned methods, electrolysis of water offers an
alternative promising method to produce hydrogen with high purity, which could use
electricity produced by some renewable energy source. Compared to natural gas,
petroleum and other fossil fuels used for hydrogen production, there are still many
challenges in preparing hydrogen from renewable energy sources, the most important

being reduction of costs.
1.3.1 Electrolytic Water Devices

Water splitting is the process of using electricity to electrolyze water to produce
hydrogen and oxygen. The purity of hydrogen obtained by water splitting is as high
as 99.99%. To date, it is one of the most effective methods for producing hydrogen.

Electrolyzed water is mainly divided into three types: the alkaline electrolyzer, the
proton exchange membrane (PEM) electrolyzer, and the solid-oxide electrolyzer
(SOE) to produce hydrogen, among them, the first two are widely used in industry.

(1) The alkaline electrolyzer is the earliest method to produce hydrogen; the

efficiency is about 65-80%, which is the lowest among the three types of electrolytic
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cells. It consists of a numbers of single cells, each of which consists of a cathode, an
anode, a separator and an electrolyte. The principle of the alkaline electrolyzer (Fig

1.8) is shown as below.

02 HZ
0, H;
0, H,
0, H,
OH
OH- K]
OH
Giaphragm
Anode: Cathode:

40H — O, + 2H,0 + 4e-  4H,0 + 4e- —> 2H, + 40H"

Figure 1.8 The principle of alkaline electrolyte water electrolysis.

The electrolyte is usually a sodium hydroxide or potassium hydroxide solution, a
nickel-cobalt-iron composite material is used as an anode, a nickel-based material is
used as a cathode, and asbestos as a separator. Water molecules on the surface of the
cathode get electrons to form hydrogen and hydroxide ions (OH"), after which the
OH- passes through the membrane to the anode, where electrons are lost on the
surface of the anode to generate oxygen and water molecules.

The key issue for the alkaline electrolyzer is the high energy consumption. The
actual decomposition voltage is generally between 1.8 and 2.6 V, and the electricity
consumption per cubic meter of H> is about 4.5 to 5.5 kW-h.[58] In fact, the water
molecules on the surface of the cathode receive electrons to form hydrogen and OH"

which is the rate determining step. Therefore, improving the dissociation of water
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molecules and rapidly forming hydrogen intermediates are fundamental problems in
solving the problem of energy consumption.[59]

(2) The PEM water electrolyzer is mainly an integrated structure consisting of two
electrodes and a proton exchange membrane, usually a Nafion membrane as proton
exchange membrane, with electrocatalytic powders (electrocatalysts) being adhered

on both sides of the membrane (Fig 1.9).

H,0 ,\ H,
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0, 'f H V‘

| | | |
) 1T
Anode: Cathode:
2H,0—> 0, + 4H* + 4e-  4H* +de — 2H,

Figure 1.9 Principle of proton exchange membrane water electrolyzer.

The principle of the PEM water electrolyzer is illustrated as follows: Pure water
enters the system through the anode, and the electrons are oxidized at the anode to
generate Oz and H*. The proton diffuses through the proton exchange membrane to
the surface of the cathode to obtain an electron and been reduced to form H. The
proton conduction in the proton exchange membrane is achieved by the transfer of
H* from a sulfonic acid group to another one in the form of OH". The efficiency of
the PEM water electrolyzer is >85% and also has a higher working current density

(generally 0.6~2.0 A cm?), thus it has greater capacity for hydrogen production.
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Since the Nafion membrane is strongly acidic in water, the PEM electrolyzer
actually works in an acidic environment. Thus, its electrode material needs to work
in an environment that satisfies an acidic medium and a high working current for a
long time. That means, the development of an electrocatalyst with low-cost and high
efficiency that could be used to replace precious metals is highly significant for the
commercialization of the PEM water electrolyzer.

(3) Solid oxide water electrolysis is a technology using Y203 stabilized ZrO; as
electrolyte and electrolysis of water vapor at high temperature (600~1000 °C).[60]
Generally, a mixed sintered product of nickel and ceramic is used as a cathode, and a

calcium-titanium composite oxide is used as an anode (Fig 1.10).

H,0 H,

Porous cathod———— T

2H,0 + 4e —> 2H, + 20%

Gastight electrolyte ——— é —
ssi33s 02 + 4¢- +

Porous anode ——»

Figure 1.10 Principle of solid oxide water electrolyzer.

The advantage of the SOE electrolyzer is that it can directly utilize the thermal
energy of high-temperature heat sources (such as nuclear energy, geothermal heat,
and other heat sources) and thus improve the energy utilization efficiency. However,
the cost of such an electrolyzer is so high that further investigations are needed to

decrease the high cost for hydrogen production.
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1.3.2 Basic Mechanisms for Water Splitting

Generally, the water electrolyzer consists of four components: a) the electrolyte, b)
the cathode, c¢) the anode and d) the power supply, in which the cathode obtains
electrons from the external power supply for HER and the anode simultaneously
loses electrons for OER. In fact, it is difficult to electrolyse water at 1.23 V
(thermodynamic voltage at 25 °C and 1.0 atm) due to the intrinsic activation barriers
of both electrodes and the resistances of the solution and contact points.[5]

However, the solution and contact resistances can be reduced by optimizing the
design of electrolytic cells. In addition, the water splitting voltage can be reduced by
coating electrocatalysts onto the both electrodes to reduce the intrinsic barriers for
water splitting. Based on different electrolytes, water splitting can be expressed in
different forms:

In acidic solutions

Cathode 2H" +2e” > H,
Anode H,0-2e" —2H" Jr%o2

In neutral and alkaline solutions

Cathode 2H,0+2e" —20H +H,

Anode 20H -2 — H20+%o2

As noted from the half-reaction of water splitting, hydrogen evolution involves
two mechanisms with three possible reaction steps in acidic electrolyte, in which the
dominant reaction mechanism of the HER process can be determined by the Tafel
slope from experimental data.[61-63] Generally, under acidic conditions in the first

reaction step, the proton in the electrolyte receives an electron and subsequently
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forms an absorbed hydrogen atom (Hags) on the active site of the electrocatalyst,

which is usually called as the VVolmer reaction.

H" +e” - H_. (\Volmer)

_ 2.3RT

by aF

In this equation b is the Tafel slope, R is the ideal gas constant, T is the absolute
temperature, o is the symmetry coefficient with a value of 0.5, and F is the Faraday
constant.

The following desorption process has two different pathways to produce hydrogen.
In the one, since the Hags coverage is relatively low, it prefers to react with a H* and
electron to generate Hy. This process is electrochemical desorption and named as the

Heyrovsky reaction.

H,. +H’+e” — H, (Heyrovsky)

_2.3RT
’  (+a)F

However, in the other process, an increasing Hads COverage leads to a change of the
dominant desorption process from the above electrochemical desorption to
recombination between the adjacent Hags, which is a Tafel reaction and it is also a

chemical desorption process.

H., +H. —H, (Tafel)

b, = 2.3RT
2F

At 25 °C, the calculated Tafel slopes of the above three reactions are 116, 38, and
29 mV dec* for by, bz and bs, respectively. Unlike in the acid condition, the Hags in

alkaline solution comes from the electrochemical reduction of H>O, which is more
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sluggish than the reduction of H* in acid solution because the H-O—H bond needs to
be broken before absorbing hydrogen.[64] Therefore, it is more facile to evolve
hydrogen in acid solution than in alkaline solution. However, most of the
electrocatalysts are unstable in acid solution due to their poor corrosion resistance,
especially among non-noble metals. Therefore, in order to enhance the stability of
hydrogen evolution electrocatalysts, some strategies such as metal hybrids or carbon-

coated structures have been developed.[4,65]
1.3.3 Evaluation the Activity of HER Electrocatalysts

To evaluate the performances of HER electrocatalysts, some crucial experimental
and theoretical parameters, such as onset potential, overpotential, Tafel slope,
exchange current density, stability, impedance and hydrogen bonding energy should
be measured or calculated.

(1) Onset potential and overpotential.

The onset potential and overpotential at a certain current density (10 mA cm2) are
used to compare the activities between different electrocatalysts. While, in fact, is
difficult to get a precise value of the onset potential due to the high surface areas of
electrocatalysts inevitably cause the capacitive current during the electrochemical
test. Usually, a relatively low sweep rate, such as 2 or 5 mV s2, is set to reduce the
capacitive current in linear sweep voltammetry. The overpotential at current density
of —0.5 to —2 mA cm~2 is usually recognized as the onset potential in some papers. In
addition, the overpotential at current density of —10 mA cm is regarded as an
important reference to compare the catalytic activities for different electrocatalysts,

which is the current density expected for a 12.3% efficient solar water-splitting
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device.[5] Generally, the lower the overpotential it means the better the HER activity
of the electrocatalyst will be.

In practical measurement, the overpotential can be mainly divided into activity
overpotential, concentration overpotential, and resistance overpotential. In order to
eliminate the influence of these resistances, iR compensation is used to get accurate
overpotential of electrocatalysts at a certain current density. Here, the value of R is
the real part of the Nyquist curve at high frequencies.

(2) Tafel slope and exchange current density.

In electrochemical kinetics, the reaction rate mainly depends on overpotential, and

the relationship can be expressed by the Butler—\Volmer equation.[66]

a)nFIRT e—m]F/RT )

i=Jo "
where j is the current density, jo is the exchange current density, and # is the
overpotential. When 7 is higher than 50 mV, the equation can be simplified to the
Tafel equation.[67]
n=a+blog j
From this equation, two important parameters (b and jo, which is j when # equals
to zero) can be obtained. According to the value of b, the dominant reaction
mechanism of the HER process can be revealed. When b is ~ 29 mV dec™?, it means
the first step, the adsorption of hydrogen is fast and chemical desorption process is
the rate determining step. When b is ~ 38 mV dec™, it indicates that the adsorption of
hydrogen is fast. However, the hydrogen desorption rate is relatively slow and
therefore H> is evolved by the rate determining step, namely the electrochemical

desorption reaction. When b is ~ 116 mV dec™, the first step is slow, regardless of
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whether hydrogen is generated by the electrochemical desorption reaction or
chemical desorption reaction.

Another important parameter to evaluate the intrinsic activity of electrocatalysts is
Jo. It describes the electrochemical reaction rate under reversible conditions. A small
b and large jo are desirable for an ideal electrocatalyst for hydrogen evolution.

(3) Hydrogen bonding energy.

From these two reaction mechanisms of hydrogen evolution, it is clearly that the
hydrogen absorption/desorption process are the key steps for water splitting.
Therefore, to a certain extent, the hydrogen bonding strength on an electrocatalyst
surface can be used to determine and predict the intrinsic activity for hydrogen
evolution.

Specifically, a weak bonding strength between the active sites and hydrogen atoms
will favor desorption of hydrogen, but it slows the absorption of hydrogen in the first
step. A strong bonding strength between them will be facile for hydrogen absorption,
while it has difficulty in releasing the produced hydrogen in the second or third step.
Accordingly, an ideal electrocatalyst should have a moderate hydrogen bonding
strength.[53,68,69]

In 1958, Parson firstly pointed out the relationship between the Gibbs free energy
of hydrogen adsorption value (AGh=) and jo.[70] A famous volcano-shaped curve,
calculated AGH~ on different transition metals as X axis and experimental jo as Y axis,
was plotted by Norskov and co-workers (Fig 1.11).[69] It indicates that AGn= is a
good descriptor for HER activity, an optimal HER electrocatalyst has the AGn~ close
to zero. Therefore, it is useful to optimize the catalytic activity to modify the AGn=

by changing the compositions and structures.
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Figure 1.11 A volcano plot of experimentally measured exchange current density as a
function of the DFT-calculated Gibbs free energy of hydrogen adsorption on pure metals.[69]

1.3.4 Development of HER Electrocatalysts

The HER electrocatalysts are generally used to reduce the activation energy for
water splitting, thereby reducing the overpotential and energy consumption. The
catalytic activity and stability of the electrocatalyst will determine the total voltage
required and the conversion efficiency for water splitting. Therefore, it is significant
to develop new electrocatalysts with high catalytic activity to increase the energy
conversion efficiency for water splitting.[71]

In an acidic environment, Pt is an ideal electrocatalyst for the hydrogen evolution
reaction. The overpotential is close to zero and the Tafel slope is also small.[72-75]
Due to the high price and scarcity of the current electrocatalysts, it is necessary to
develop other alternatives with high performance and low-cost catalytic materials,
such as transition metal sulfides,[76] carbides[71,77] and phosphides,[78]
nitrides,[79] and selenides,[80,81]. On the other hand, IrO> is a good electrocatalyst

for the oxygen evolution reaction.[82] However, due to the harsh requirements of
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catalytic materials under the acidic environment and high potential conditions, it is
very difficult for the electrocatalyst to exhibit high oxygen evolution catalytic
activity and stability at the same time. No anode electrocatalyst has been found to
date that could completely replace the precious metal.

In alkaline environments, precious metals and their oxides are still excellent
electrocatalysts, but due to the stability of the oxides in alkaline environments, there
are more choices of transition metal compounds. It has been found that, in an
alkaline solution, the overpotential is generated in the hydrogen evolution process,
because the hydrogen atoms need to be adsorbed on the surface of metals and the rate
for formation of hydrogen intermediate is slow, in the process of water splitting.

At present, there are mainly three types of elements constituting the hydrogen
evolution electrocatalysts: (1) The noble metals (such as Pt, Ir, Ru, Rh) currently
being the most active HER electrocatalysts although easily being inactivated by
poisoning. These metals also suffer from their scarcity and high price thus mitigating
their use on large scale; (2) The transition metal elements: Fe, Co, Ni, Cu, Mo, W,
Mn, and V, which are commonly used to form a non-precious metal electrocatalysts
for hydrogen evolution; (3) Non-metallic elements: B, C, N, P, S, and Se, which are
commonly used as doping elements to form non-precious metal electrocatalysts for
hydrogen evolution.

At present, some effective non-precious metal electrocatalysts for HER have been
synthesized. The presence of these transition metal elements increases sequentially:
W = Mo < Co < Cu < Ni < Fe. However, the cost is inversely proportional to the
presence in the earth, and the larger the availability, the lower the price. Therefore, in
the past decade, a large number of studies have been carried out on these transition

metals, to develop heterogeneous electrocatalysts or synthesize defective structure
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electrocatalysts,[83-85] in the hope of finding an ideal HER electrocatalyst to replace

precious metals (Figs 1.12 and 1.13).
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Figure 1.12 Elements that are used for constructing HER electrocatalysts.[86]
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Figure 1.13 Crustal abundance of metals that are used for constructing HER
electrocatalysts.[86]
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1.4 Significance and Novelty of this work

1.4.1 Significance

For ORR electrocatalysts, the relatively low efficiency for oxygen reduction is the
main obstacle for the commercialization of PEMFCs resulting in numerous studies
over the last decade. Due to the slow kinetics of oxygen reduction, Pt is currently the
most effective monometallic electrocatalyst for ORR and it is thus essential for
hydrogen-feed PEMFCs. The limited abundance and ever-growing demand for Pt in
automotive industry will inevitably increase its price. Although tremendous
investigations to address this issue have been made, further reduction of costs through
the synthesis of new electrocatalysts with high performance at a lower price remains a
serious challenge.

For water splitting, the theoretical voltage is 1.23 V, but the actual working
voltage is often as high as 1.8 to 2.6 V. The electrode material has an important
influence on the reaction mechanism of the electrode and the reaction rate. Therefore,
production and maintenance of an electrolyzer, especially for improving the
efficiency of energy conversion and reducing the cost is an imperative.

For hydrogen evolution electrocatalysis in acidic medium, one should firstly select
a catalytic material with a potential hydrogen evolution activity (transition metal or
non-metal) to confirm the inherent active sites. Subsequently, one needs to optimize
the composition ratios, construct a stable structure that exerts its activity most
efficiently, and maximize the exposure of active sites. Finally, regulation of the
morphology of the electrocatalyst will lead to improving the conductivity and the

channel for gas diffusion. The efficient transmission of electrons and the facile
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diffusion of gas are also important for reducing the overpotential and increasing the
activity for hydrogen evolution.

However, in an alkaline medium, hydrogen evolution at the cathode is due to the
charge-induced water molecule dissociation into active hydrogen atoms, which is
then adsorbed on the surface of the electrocatalyst and subsequent desorbed to form
hydrogen molecules. In acidic medium, the protons are transferred to the cathode to
receive electrons adsorbed to the surface of the electrode, and then desorbed to form
hydrogen molecules. In alkaline media, the dissociation of water molecules is usually
a rate determining step that requires more energy. This is also the reason for the HER
efficiency being lower in alkaline media than in acidic media.

Therefore, for HER electrocatalyst, one should consider the ability for absorption
and/or desorption of the active hydrogen atoms, and the dissociation efficiency of
water molecules. This could be realized by adjusting the composition, structure,
morphology and other factors of the electrocatalyst. An ideal electrocatalyst should
be beneficial to the dissociation of water molecules and also be facile to the
absorption and/or desorption of hydrogen atoms, which are significant to improve the

efficiency for water splitting.
1.4.2 Novelty

In this thesis, a new exploration of electrocatalysts for oxygen reduction and
hydrogen evolution were carried out with good activity and stability.

(1) PtNiMo ternary alloy electrocatalysts with different atomic ratios were
prepared, which demonstrated an alloy structure and high ORR activity in an Oa-
saturated 0.1 mol L' HCIO4 aqueous solution. PtsNisMoN/C has the highest mass

activity of 539.41 mA mg? Pt, which is 3.49 times higher than that of the
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commercial Pt/C (154.46 mA mg* Pt) and also exhibits excellent stability during the
accelerated durability tests. The corresponding mechanism is discussed.

(2) Self-supported S, P co-doped Cu nanowire (Cu.S-CusP NW) arrays on
commercial copper foam were prepared. These acted as HER electrocatalysts in
KOH electrolyte, and only required a low overpotential of 150 mV to achieve a
current density of 10 mA cm™2 and displayed a small Tafel slope of 45 mV dec™.
The activity decrease is ignorable after holding at —20 mA cm2for 90 h which thus
demonstrates excellent stability. This could be due to the nanowire arrays structure
and co-doping effects of S and P, which could increase the specific surface area,
reduce the charge transfer resistance, facile for mass and electron transfers, and
increase the active sites.

(3) Ni-Co-P/NF electrocatalysts are synthesized through two steps, which exhibit
remarkably catalytic performance for HER compared to other as-prepared
electrocatalysts. It was found that they ensure a large current density of —300 and —1,500
mMA cm? that require small over potentials of ~300 and —400 mV, respectively, Tafel

slopes of 53 mV dec?, and also exhibiting excellent stability for HER.
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CHAPTER 2 Physico-Chemical Characterization
This chapter focuses on interpreting the methods and equipment employed for the

physico-chemical characterization of the as-prepared electrocatalysts.

2.1 X-ray Powder Diffraction (XRD)

X-ray powder diffraction (XRD) spectra are used to qualitatively analyze samples
whereby the X-ray diffraction phenomenon characterizes the structure of the as-
prepared materials. The position and intensity of the diffraction peak can be used to
analyze the phase composition, content, lattice parameters, and alloy degree. All of
which are simple and effective.

Herein, XRD measurements were carried out using a D8 Advance X-ray
diffractometer (BRUKER AXS, Germany), using Cu Ka radiation (Aka = 0.15406 nm),
operating at 40 kV and 30 mA. The 2qg angular regions between 20° and 90° were
finely scanned at 5° min to obtain crystal sizes and lattice parameters according to

the Scherrer equation and Vegard's law.[1,2]

D 0.94 1)
Bcoséd

afcc = @ (2)
sin@

Where D is the crystal size, a is the lattice parameter, /ka is 0.15406 nm, & is the angle
of the diffraction peak, and B is the half-width of the diffraction peak of the

corresponding crystal plane.
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2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an advanced analytical technique used
in microscopic analysis of electronic materials and components on a material’s
surface. It can be used to measure the inner electron binding energy of atoms and their
chemical shift, and provide information on the molecular structure and valence state.
as well as information on the elemental composition, content of the compound,
chemical state, molecular structure, and chemical bond. It can provide general
chemical information, and give information on surfaces, micro-areas and depth
distribution as well.

Therefore, XPS was used to analyze the composition and surface chemical states of
various elements in different electrocatalysts, which could provide more information
for us to further understand the mechanism of improving catalytic performance. XPS
measurements were obtained using an ESCALAB 250 Xi (Thermo Fisher Scientific,
USA) with an Al X-ray source operated at 150 W. Survey spectra were collected at a

pass energy (PE) of 100.0 eV over the binding energy range of 0 to 1350 eV.

2.3 BET Specific Surface Area

BET is an abbreviation for the BET specific surface area test method, which is
named after the famous BET theory. BET is an acronym for three scientists (Brunauer,
Emmett, and Teller), who derived the multi-molecular-layer adsorption formula from

the classical statistical theory. The BET equation has become the theoretical basis for
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particle surface adsorption science. It is widely used in particle surface adsorption and
data processing of related testing instruments.

The BET specific surface area test can be used to measure the specific surface area,
pore volume, pore size distribution and nitrogen adsorption/desorption curve of the
investigated particles. It plays an important role in studying the properties of the
particle samples. The specific surface area and pore size distribution of the substrates
were obtained using an ASAP 2420 (Micrometeritics Co., USA), by analyzing N>

adsorption/desorption data at 77 K.

2.4 Scanning Electron Microscope (SEM)

Field emission scanning electron microscopy (FESEM) is a type of electron
microscope. It has ultra-high resolution and can be used to perform the secondary
electron image, reflection electron image observation and image processing of various
solid sample’s surface morphology. It has a high-performance x-ray energy
spectrometer, which can simultaneously perform qualitative and semi-quantitative
analysis of micro-area line and/or mapping elements on the surface of the samples,
and analyze the morphology and chemical compositions. Scanning electron
microscopy (SEM) measurements and elemental mapping analysis (EDS) were
performed by a FE-SEM SU8220 (Hitachi Corp., Japan) to characterize the

morphologies and compositions of the as-prepared materials.
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2.5 Transmission Electron Microscope (TEM)

Transmission electron microscopy (TEM) functions by using electron beams and to
project these into a sample. The different density components in the sample will emit
corresponding electrons, which will display different images, thus distinguishing
different components of the investigated samples. Scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy (EDX) measurements
were carried out using a TITAN ETEM G2 80-300 (FEI Co., USA) microscope at an
accelerating voltage of 200 kV to obtain information on the structure and particle size
distribution of the as-prepared electrocatalysts. High-resolution STEM and electron
energy-loss spectroscopy (EELS) mapping were performed using a FEI TITAN 80—
300 electron microscope (300 kV) equipped with a probe corrector (CEOS) and a
high-angle annular dark field (HAADF) detector.

The samples for TEM characterization were prepared as follows, a small amount of
electrocatalyst was placed in a centrifuge tube followed by adding a few milliliters of
ethanol, and the suspension of a known concentration was ultrasonically dispersed
after which the suspension was dropped onto the copper mesh containing a carbon

film, and then allowed to dry naturally for further characterization.
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CHAPTER 3 Enhancement of ORR via the Introduction of the Acid-
Resistant Refractory Mo and Regulating the Near-Surface Pt
Content

This work focuses on the study of the Mo regulating PtNiMo ternary alloys as
efficient electrocatalysts for the oxygen reduction reaction and the corresponding
mechanism for oxygen reduction is discussed. Results described in this section come

from the submitted article for publication.

3.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) have the advantages of high
efficiency and environmental benignity for hydrogen and oxygen conversion.
However their commercialization is hindered by the high cost and poor stability of
electrocatalysts.[1-3] In particular, the oxygen reduction reaction (ORR) at the
cathode is critical for PEMFCs due to the sluggish oxygen reduction Kinetics.[4-7]
Although fruitful developments have been achieved, the development of more active
and stable electrocatalysts remains a major challenge.

In order to address these problems, researchers have developed low platinum
containing electrocatalysts,[8] non-noble metal electrocatalysts,[9] and non-metallic
electrocatalysts.[10] In terms of structure, they can be divided into nanoframes,[11-13]
core-shell structures,[14-16] and alloy structures.[17] Compared with other structures,
the lattice shrinkage effect and surface electron coordination effect in the alloy

structure reduces the Pt-Pt atomic spacing and increases the overlap of electron states
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on Pt. This has the net effect to thus down shift the d-band center of Pt and further
reduce the over strong binding to oxygenated intermediate species and thereby
improving the ORR activity.[18; 19] Furthermore, the alloy structure is easier to
synthesize and can be produced on a large scale.

It is found that Fe, Co, Ni and Pd as well as modified Pt alloys have good oxygen
reduction activity, due to the influence of the lattice shrinkage effect and surface
electron coordination effect in the alloy electrocatalyst.[20] The reaction activation
energy is reduced and the atomic spacing of Pt-Pt is also reduced, to thus improve the
oxygen reduction activity.[21] However, Fe, Co, Ni and other metals in the alloy will
inevitably dissolve in the acidic solution, thus deteriorating the stability. In particular,
the dissolved Fe?* will adversely affect the proton exchange membrane under the
action of H>O, an intermediate product of oxygen reduction.[22; 23] Based on the
above reasons, Adzic et al. synthesized a kind of NiIN@Pt core-shell structure
electrocatalyst and evaluated it for oxygen reduction. The results show that the
introduced nitrogen element can form covalent bonds with Ni, and the NisN nuclear
nanoparticles generated by the reaction between NHz and Ni at high temperature have
stable structures. In addition, this core-shell can also regulate the oxygen reduction
activity of platinum on the surface layer.[24] Huang et al. found that the Mo doped
PtNi octahedron displayed a relatively higher activity and stability. This is believed to
be due to the introduction of Mo atoms which not only forms ultra-high oxygen
reduction active sites on the electrocatalyst’s surface, but also stabilizes the surface

atoms. The oxide of Mo on the surface can stabilize the adjacent Pt sites and prevent
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loss of Ni under the platinum layer, thus improving the stability.[25; 26] However, the
thermodynamics of the Mo-doped PtNi octahedron structure is unstable since
molybdenum doping can only modify the surface atoms, and has limited influence on
the inner layer atoms. During long-term testing, once the Pt and Ni atoms modified by
Mo on the surface are dissolved or migrated, the unmodified nickel atoms on the inner
layer will inevitably be destroyed, resulting in the disappearance of high index crystal
planes in the octahedron and the formation of spherical particles. This in turn leads to
the decline of catalytic activity. Therefore, it is vitally important to balance the
activity and stability of the synthesized catalytic materials.

Herein we describe the synthesis of nitrogen-doped PtNiMo alloy electrocatalysts
(PtNiMoN) with different atomic ratios by impregnation reduction followed by
annealing in a NHs atmosphere (Figure 3.1). Electrochemical tests showed that the
alloy formed by Mo and PtNi has higher activity and stability than the traditional PtNi
alloy electrocatalyst. In addition, the content of Pt in PtNiMoN/C alloy nanoparticles
was adjusted to further optimize catalytic performance. The results indicate that the
electrocatalyst with a Pt:Ni:Mo atomic ratio of 3:3:1, named as Pt3NizMoN/C,
possessed the optimal performance, considering the balance between activity and
stability. Specifically, it showed mass activity of 900 mA mg*Pt at 0.90 V vs. RHE
in Og-saturated 0.1 mol L HCIO4 aqueous solutions, which is 3.75-fold higher
compared with the commercial Pt/C electrocatalyst (240 mA mg™ Pt). After 30k
accelerated durability tests (ADTSs), the mass activity (MA) of PtsNisMoN/C is still

690 mA mg! Pt, which activity remains ~75%, while the Pt/C merely retains ~44%.
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This is attributed to the fact that the acid-resistant refractory Mo or its oxide in alloy
electrocatalysts can effectively prevent the migration and dissolution of Pt and Ni
atoms, thus reducing the loss of highly active sites. Moreover, the NiN formed by
nitrogen doping can slow down the corrosion of nickel in acid solution and thus be

conducive to maintain catalytic activity.

> Hz/Ar
Vulcan XC-72 NH 235 mm—
—_— — =
. E 3
Impregnation Annealing

reduction

(NH,)s M0,0,4.4H,0

Pt @ nNi ® Mo &N

Figure 3.1 Schematic diagram for the synthesis of PtNiMo alloy electrocatalysts.

3.2 Experimental

3.2.1 Electrocatalysts Preparation

Ternary PtNiMo alloy electrocatalysts (40wt% of total metal loading with different
atomic ratios) were prepared by reducing the Pt, Ni and Mo precursors with NaBHa4 in
the presence of the carbon support, followed by calcination at high temperature. In a
typical synthesis of PtNiMoN/C electrocatalysts: i) Chloroplatinic acid
(H2PtCle*6H20), ii) nickel acetate (CsHsNiO4+4H20), iii) Ammonium molydate
tetrahydrate ((NHs)s M07024°4H,0) and iv) Vulcan XC-72 were added to deionized

water, and then untrasonicated and stirred to form a uniform slurry. Afterwards, the
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reducing agent NaBH4 is added to the slurry drop by drop. After several hours, the
product was filtered, washed and dried, using a vacuum oven (70 °C for 24 h) and
then ground into a powder. This sample was heated to 380 °C (heating rate: 10 °C
min) in a tubular furnace oven under Hu/Ar (5% H,). After holding at this
temperature for 30 min, the material was heated to 500 °C (heating rate: 10 °C min™?)
under a flow of NHs and kept for 2 h. The obtained products are denoted as
PtsNisMoN/C, PtsNisMoN/C, PtsNiMoN/C and PtNiN/C, respectively. In addition,
the benchmark electrocatalyst is the commercial Pt/C (TKK) with Pt content of 46.7

wit%.

3.2.2 Electrocatalysts Characterization

The crystal structure of the synthesized ternary PtNiMo alloy was confirmed by
XRD using a D8 Advance X-ray diffract meter (BRUKER AXS, Germany), equipped
with Cu Ka radiation (4 = 15406 nm). Accelerating voltage and the applied current
were 40 kV and 30 mA. The 26 scanning range is from 30° to 90° with a speed of 5°
min? to obtain lattice parameters according to the Vagary’s law. Scanning
transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDS) measurements were characterized by an environmental spherical aberration
corrected scanning transmission electron microscope (Titan ETEM G2 80-300, FEI
Company, and America) to obtain information about structure and particle size
distribution of the as-prepared electrocatalysts. The elemental content was quantified

by inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermo
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Fisher iCAP 7400, USA). X-ray photoelectron spectroscopy (XPS) data was recorded
by an ESCALAB-250i instrument (Thermo Fisher, USA), using a monochromatic Al-
Ka radiation source. Survey spectra were collected at a pass energy (PE) of 100.0 eV
over the binding energy range of 0~1350 eV.

Electrochemical measurements were conducted using a bipotentiostat WD-20
BASIC (Pine Research Instrumentation, USA) in a thermostatically-controlled
standard three-electrode cell at 25 °C, employing a platinum foil and Ag/AgCl as the
counter electrode and reference electrode, respectively. The Ag/AgCl was calibrated
against a reversible hydrogen electrode (RHE) as reported.[27] A rotating disk
electrode (RDE) with a surface area of 0.196 cm? was used as the substrate for the
electrocatalyst thin films in the electrochemical measurements. The thin film
electrocatalyst layer was prepared as the working electrode as follows: A mixture
containing 5.0 mg electrocatalyst, 1.96 mL ethanol and 0.04 mL Nafion® solution
(5.0 wt%) was dispersed in an ultrasonic bath for 15 min to obtain a uniform
dispersion ink. Then, 10 pL of this ink was placed on a glassy carbon electrode and
dried by a rotary drying method. The estimated electrocatalyst’s loading for the home-
made electrocatalysts and commercial Pt/C are the same (0.127 mg cm™) in this work.
The prepared electrocatalysts were activated by cyclic voltammetry (CV) experiments
in N2-saturated 0.1 mol Lt HCIO,4 aqueous solutions with the scan rate of 50 mV s,
ORR activities for all the electrocatalysts were measured by the linear sweep
voltammetry (LSV) method in O-saturated 0.1 mol L™* HCIO4 aqueous solutions

scanned from 0 to 1.1 V vs. RHE at a rotating speed of 1,600 rpm with a scan rate of 5
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mV s, To eliminate any capacitive current contribution, the background current was

also measured by the LSV program under the same condition in Nz-saturated 0.1 mol

Lt HCIO4 aqueous solutions. In addition, the uncompensated resistance of the system

was about 30 Q, measured via high frequencies AC impedance in O-saturated 0.1

mol L™t HCIO; aqueous solutions. The result was similar to some reports in the same

type of electrolyte. The potentials were corrected by using the following equation:

EiRr-correction = Eapplied -iR

)

Where i is the ORR measured current and R is the uncompensated resistance of

system. The accelerated durability tests (ADT) were conducted by the CV method

between 0 and 1.1 V vs. RHE in Oz-saturated 0.1mol L= HCIO, aqueous solutions.

3.3 Results and Discussions

3.3.1 Physico-Chemical Characterization
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Figure 3.2 (a) XRD curves of the as-prepared samples with a scan rate of 5 min*. (b) Curve

fitting for (220) diffraction peaks in part (a).
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As shown in Figure 3.2a, the 26 values of 39.763°(111), 46.243°(200),
67.469°(220), 81.264°(311) and 85.712° (222) indicate the characteristic diffraction
peaks of polycrystalline Pt (PDF#70-2057). Compared with the Pt/C, the
characteristic diffraction peaks of other electrocatalysts offset to a higher angle,
indicating the shrinkage of lattice spacing. This could be due to the incorporation of
the smaller atomic radius of Ni and Mo atoms into the Pt lattice. The 26 values of
41.784°(111), 48.650°(200), 71.401°(220), 81.503°(310) and 85.948° (311) are
assigned to the NisN (PDF#36-1300), which confirms that Ni forms NisN
nanoparticles with NHz at high temperature.[24] To precisely obtain the degree of
shrinkage, the Gauss function was employed to fit the Pt(220) diffraction peaks in
Figure 3.2b. From the fitted curves, the peak maximum (6max) position can be
identified and the lattice parameters (o) of the samples can be further calculated by
Vagary’s law:[28]

JREL

sing, ., @)

Where ke = 0.15406 nm (Cu Ka radiation). The lattice parameters of
PtsNisMoN/C, PtsNisMoN/C, PtsNiMoN/C and PtNiN/C are 3.90, 3.89, 3.88 and
3.89 A, respectively, which are smaller to the commercial Pt/C (3.92 A). The
difference of lattice shrinkages is believed to be caused by the different ratios of Ni
and Mo in the lattice. It will increase the overlap of Pt electronic states, giving rise

to decrease the d-band center of Pt that weakness the over strong binding to

oxygenated intermediate species and it is facile for re-freshing the active sites.[29;
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30] The structural parameters of the as-prepared samples obtained from XRD are
summarized in Table 3.1.

Table 3.1 Structural parameters of the samples extracted from X-ray powder diffraction.

Name 2-theta (degree) Lattice parameter
(220) faced (A) a

PtsNisMoN/C 67.91 3.90

PtsNisMoN/C 68.19 3.89

PtsNiMoN/C 68.32 3.88

PtNiN/C 68.15 3.89

Pt/C 67.45 3.92

A TEM image (Figures 3.3a and 3.4a) shows that the spherical PtsNizMoN
nanoparticles at about 6.58 nm are evenly distributed on the carbon carriers. The
0.225 and 0.196 nm of interplanar spacing in Figures 3.3b and 3.3c correspond to the
(111) and (200) crystal facets of Pt alloys. In addition, EDS mappings (Figures 3.3d-j)
and line profiles (Figure 3.5) are effective tools for elucidating the composition and
structure of nanoparticles. It can be seen from Figures 3.3f-j that the Pt, Ni and Mo
atoms are uniformly dispersed over the alloy, and indeed, the nitrogen atoms can also
be observed. The possible reason for this is that the metal nitride is formed by heating
under the NHs atmosphere.[31] Furthermore, combined with XRD and XPS patterns
(Figure 3.6), it is safe to infer that the metal nitride is nickel nitride. The line profiles
of PtsNisMoN/C, PtsNisMoN/C, and PtsNiMoN/C nanoparticles further proves the

compositions of nanoparticles, indicating a typical platinum-rich alloy structure.
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Figure 3.3 (a-c) TEM and HRTEM images of PtsNisMoN/C, (d) HAADF-STEM image, (e)
HRTEM image of a Pt;NisMoN alloy nanoparticle, (f) Overlapped mapping image of (g) Pt,
(h) Ni, (i) Mo and (j) N elements.

Figure 3.4 (a) A TEM image of Pt;NisMoN/C and the corresponding distribution map of
particle size before testing, (b) A TEM image of PtsNisMoN/C and the corresponding
distribution map of particle size after 30k CV cycles testing.
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Figure 3.5 (a—c) Line profiles of Pt, Ni and Mo for PtsNisMoN/C, PtsNisMoN/C, and
PtsNiMoN/C nanoparticles. The red arrows indicate the directions of the line profiles.
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Figure 3.6 (a-c) XPS peaks of N1s in PtzNisMoN/C, PtsNisMoN/C, and PtsNiMoN/C
nanoparticles, respectively.

The surface composition and micro-structure of the synthesized electrocatalysts are
characterized by XPS. As shown in Figure 3.7a, the O1s peaks for all the prepared
electrocatalysts and Pt/C can be observed. This phenomenon is due to the nature of
the metal nanoparticles, which are easily oxidized by oxygen in the air. Moreover, the
peaks of Pt4f and Ni2p can be seen in Figure 3.7a, while the peaks of N1s and Mo3d
are inconspicuous, which may be due to the lower content of N and Mo elements than

that of Pt and Ni in the electrocatalysts. Another reason is that Mo is deeply
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embedded in the core due to the different adsorption enthalpy of Hy in the process of

metal segregation.
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Figure 3.7 (a) XPS spectra of the investigated materials: (b) Ni2p, (c) Pt4f, and (d) Mo3d.

These peaks at 853.18 and 856.72 eV in Figure 3.7b correspond to Ni and Ni?* and
the latter could be an oxide. As displayed in Figure 3.7c, the Pts orbit of PtNiMo
ternary alloys moves to a higher binding energy compared with Pt/C, which will
lower the d-band center of Pt and thus improve the catalytic activity for ORR.[32]
Furthermore, as illustrated in Figure 3.7d, it can be detected that even the peak

intensity of Mo is weaker than that of Pt and Ni elements, it further confirms that the
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Mo atoms are successfully introduced into the alloy. Figures 3.6a-c are N1s peaks of
PtsNisMoN/C, PtsNisMoN/C, and PtsNiMoN/C. Clearly, the nitrogen element in the
synthesized samples exists in the form of Ni-N, pyridine N and pyrrole N, and the
pyridine N is the main component. As reported, the pyridine N has a positive effect on
improving the oxygen reduction activity, which could also enhance the interactions
between the nanoparticles and the support materials.[33]

The atomic ratios of each component in the prepared electrocatalysts were
quantified by ICP-OES. As shown in Table 3.2, the atomic ratios of Pt:Ni:Mo are
different from the nominal ratios in the as-prepared electrocatalysts, which may be
due to the fact that during the filtration step, it will inevitably loose parts of metals

and supports, thus affecting the real atomic ratios in the obtained samples.
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Table 3.2 Contents and atomic ratios of Pt to Ni to Mo in all the investigated samples.

Pt:Ni:Mo
nr/ot%  Qni/ot%  gvo/ot% . . nr/ot% nni/ot%  npvo/ot%  Pt:Ni:Mo
] . ] Atomic ratios ] .
Name (nominal) (nominal) (nominal) ) (real) (real) (real) Atomic ratios (real)
(nominal)
PtsNisMoN/C 24% 12% 4% 3:5:1 21% 11% 1.1% 1:2:0.2
PtsNisMoN/C 27% 8% 5% 3:3:1 28.5% 8.8% 1.4% 1:1:0.2
PtsNiMoN/C 31.5% 3% 5.5% 3:1:1 33% 3.5% 1.5% 2.5:1:0.5
PtNiN/C 30.6% 9.4% 1:1 31.2% 9.3% 1:1
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3.3.2 The Effect of Mo on the ORR Kinetics
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Figure 3.8 (a) ORR polarization curves of PtsNisMoN/C and PtNiN/C in O-saturated 0.1
mol L* HCIO4 aqueous solutions before and after ADT, 25°C, scan rate 5 mV s, rotating
rate 1,600 rpm; (b) Comparison of MA before and after 30k cycles; (c) Comparison of MA
during the ADT at 0.90 V; (d) Comparison of ECSA during the ADT.

To investigate the effect of Mo on improving the ORR activity and stability, we
synthesized PtsNisMoN/C and PtNiN/C ternary alloy electrocatalysts and evaluated
their performance for the ORR. In general, the PtsNisMoN/C showed better ORR
activity and stability than the PtNiN/C. As show in Figure 3.8a, the half wave
potential E1> of PtsNisMoN/C is 0.95 V, higher than PtNiN/C (0.93 V). It indicates
that the introduction of Mo could enhance the ORR activity. After 30k cycles, its E12

reduces to 0.93 V. The variation of E12 (20 mV) is smaller than that of PtNiN/C (30
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mV), proving the Mo plays an important role in improving the ORR stability. The
kinetic current (l) for the ORR on the electrode is further analyzed by the aid of

Koutecky-Levich equation:[34]

=—+|— 3)

Where | is the measured current and lg is the diffusion limited current. The mass
activities (MA) of PtzNisMoN/C and PtNiN/C at 0.90 V are 900 and 480 mA mg Pt
(Figures 3.8b-c). After 30k potential sweeping cycles, the MA of PtsNisMoN/C still
remains at 670 mA mg Pt, only a 25% drop compared with the initial activity. The
MA of PtNiIN/C is 170 mA mg* Pt after 30k cycles, representing attenuation up to
64%. By comparing the above evaluation parameters before and after ADT, it can be
inferred that the introduction of the Mo does improve the catalytic activity and
stability.

ECSA is one of the important criteria to evaluate the catalytic activity and stability.
As shown in Figure 3.8d, the PtsNisMoN/C has little change in ECSA calculated by
CO-stripping voltammograms (Figure 3.10), while PtNiN/C has a large change in
ECSA in the stability test, which further proves that the PtsNisMoN alloy possesses
better stability than the electrocatalysts without Mo. The Mo element plays a
significant role in enhancing the catalytic activity and stability for ORR. Possible
reasons are as follows:

1) When Mo atoms are embedded into the PtNi alloy system, the electron density

of Pt will further increase because of the weaker electronegativity of Mo (2.16) than
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that of Pt (2.28). As a result, the d-band center of the Pt downshift is facile to the
desorption of oxygenated intermediate species, re-exposing the adsorbed active sites
and improving the ORR catalytic activity.[35]

ii) Considering that Mo itself has highly unsaturated 4d orbitals and it is combined
with Pt with strong electronegativity, the unsaturated 4d orbitals of Mo will further
increase, which is in favor of the adsorption of O2 on Mo atoms. It also makes up the
decreased adsorption of O on Pt atoms.[36]

iii) The acid-resistant refractory Mo or its oxide in alloy electrocatalysts can
effectively prevent the migration and dissolution of Pt and Ni atoms, reducing the loss

of highly active sites.[37]

3.3.3 The Regulation of Near-Surface Pt Content in PtNiMoN Alloy

(b) &

70
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A 10k cycles 10k cycles

20k cycles E 60 - 20k cycles
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Pt,Ni,MoN/C Pt,Ni,MoN/C PtNiMoN/C TKK PY/C

Figure 3.9 (a) Comparison of MA during ADT at 0.90 V; (b) Comparison of ECSA during
ADT.

In order to further optimize the ORR catalytic performance and balance the catalytic
activity and stability, the near-surface Pt content is regulated and the corresponding

electrochemical results are shown in Figure 3.11. As shown in Table 3.3, the half-

59

http://etd.uwc.ac.za/



CHAPTER 3

wave potentials (E12) of PtsNisMoN/C, PtsNizsMoN/C, PtsNiMoN/C, and Pt/C are
0.96, 0.95, 0.95 and 0.94 V before the ADT test. After 30k cycles, their E1» decrease
t0 0.93, 0.93, 0.94 and 0.90 V, respectively. It means that the stability of PtNiMoN
alloy is better than that of the commercial Pt/C. The MAs during the ADT for
PtsNisMoN/C, PtzNizsMoN/C, PtsNiMoN/C and Pt/C are summarized in Table 3.4 and
shown in Figure 3.9a. Their initial MAs are 1,700, 900, 450 and 240 mA mg Pt,
while their MAs become 750, 670, 356 and 105 mA mg* Pt after 30k cycles, declines

56%,25%,20% and 66%, respectively.
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Figure 3.10 (a-d) CO stripping before and after ADT, by maintaining the potential at 0.15 V
for 15 min in CO and 30 min in aqueous solutions saturated with N and acidified with HCIO,
(0.10 mol L), 20 mV s,
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Figure 3.11 (a-d) ORR polarization curves of PtsNisMoN/C, PtsNizMoN/C, PtzNiMoN/C and
TKK Pt/C in Oz-saturated 0.1 mol L HCIO4 aqueous solutions before and after ADT, 25°C,
scan rate 5 mV s, rotating rate 1,600 rpm. (e-h) MAs for PtsNisMoN/C, PtsNisMoN/C,
PtsNiMoN/C compared with Pt/C before and after 30k cycles.

61

http://etd.uwc.ac.za/



CHAPTER 3

Table 3.3 Half-wave potentials (E12) of PtsNisMoN/C, PtsNisMoN/C, PtsNiMoN/C, and TKK
Pt/C.

Name Initial E12 (V) After 30k cycles Ei2 (V)
PtsNisMoN/C 0.960 0.930
PtsNisMoN/C 0.950 0.930
PtsNiMoN/C 0.945 0.935
TKK Pt/C 0.94 0.900

Table 3.4 Mass activities for the prepared samples at 0.9 V.

Name Initial 10k cycles 20k cycles 30k cycles
(mA.mg*Pt) (mA.mg'Pt) (MA.mg'Pt) (MmA.mg1Pt)
PtsNisMoN/C 1700 980 850 750
PtsNizsMoN/C 900 750 690 670
PtsNiMoN/C 450 430 370 356
TKK Pt/C 240 200 170 105

Clearly, the catalytic activity improved with the decrease of Pt content in a certain
range, while their stability sharply decreases. In general, the fast degradation of
catalytic activity occurs in the initial stage at the ADT, mainly due to the high surface
energy of the small alloy nanoparticles, facile to causing the Ostwald ripening and
agglomeration (Figure 3.4b).[34] In addition, during the long-term test of the
electrocatalyst, especially after the 30k CV cycles test, the Ni atoms and/or its nitrides
are inevitably dissolved in acidic solution, especially in electrochemical
environmental conditions. These behaviors will lead to the decrease of ECSA (Figure
3.9b) and a change of electronic structure of metal particles, and thus affect the
catalytic activity. Specifically, the initial MA of PtsNisMoN/C is up to 1,700 mA mg*
Pt, while decreased by 56% after 30k cycles durability tests. It is possible that a small

amount of platinum cannot protect nickel in the alloy during the long-term stability
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test, which tends to dissolve in acids. Although PtzNiMoN/C decays only by 20%
after 30k cycles, the lower atomic utilization of Pt leads to the poor catalytic activity.
Consequently, an appropriate Pt content in the nanoparticles can not only prevent Ni
atoms losing in the long-term activity of the electrocatalyst, but also improve the

utilization rate of platinum atoms and thus improve the catalytic performance.

3.4 Conclusion

In this work, nitrogen-doped PtNiMo ternary alloys were synthesized by
impregnation reduction followed by annealing at high temperatures. The introduction
of acid-resistant Mo atoms in the alloy not only stabilizes the near-surface Pt atoms,
enhancing the catalytic stability, but also changes the electronic structure of adjacent
Pt atoms and thus promote the desorption of oxide intermediates. The doped N can
form NisN with Ni at high temperature and is stabilized in the electrocatalyst to thus
improve stability. Furthermore, the pyridine N and pyrrole N can also be treated by
annealing the carbon substrate in an NH3 atmosphere. It has been confirmed that they
possess a promoting effect on oxygen reduction. By adjusting the near-surface Pt
atom’s content to balance the activity and stability, PtaNisMoN/C shows the best
activity and stability. Its initial activity is 3.75 times than that of commercial Pt/C. In
addition, after 30k accelerated durability tests the activity still remains 75%. This
electrocatalyst with good activity and stability is simple to manufacture and can be
produced on large scale, thus providing a new potential possibility for the

commercialization of PEMFCs.
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CHAPTER 4 Investigation of Cu»S-CusP Nanowire Arrays Self-
Supported on Copper Foam for HER

This chapter focuses on the studying of the Cu>S-CusP nanowire arrays self-supported
on copper foam as efficient electrocatalysts for hydrogen evolution, and the
corresponding mechanism for hydrogen evolution discussed. The work in this chapter
comes from an article from the author entitled “S, P co-doped Cu nanowire arrays as
boosting electrocatalysts for hydrogen evolution, Energy Technology, 2019, 1800993,

DOI: 10.1002/ente.201800993”.

4.1 Introduction

Hydrogen with clean and sustainable properties is an ideal source of energy and is
not considered to produce any greenhouse gases.[1] Conventional industrial hydrogen
steam reforming processes still consume fossil fuels and produce low purity
hydrogen.[2] In contrast, electrolyzed water is considered to be a simple and effective
method for hydrogen production.[3] Noble metals (e.g. platinum group) with high
activity for hydrogen evolution, suffer from their relative rarity and high cost of
production, limits their wider application.[4, 5] Many efforts have been undertaken to
search for more low-cost and efficient non-precious metal electrocatalysts.[6]

Cu is one of the most abundant elements found in the earth. In recent years, Cu-based
electrocatalysts have emerged as potentially low-cost and efficient candidates for hydrogen
evolution reaction (HER). Transition metal chalcogenides (TMCs) have been

extensively studied as HER electrocatalysts for their lower prices and noble-metal-
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like electronic structures.[7] Copper sulfides have been additionally found to possess
potential applications in water splitting.[8] It has subsequently been proved that the
unsaturated sulfur atoms on the edges of the exposed surface, possessed more rapid
electron transfer pathways, smaller optical band gaps and thus had better redox
reactions which play a crucial role in HER.[9] In addition, copper sulfide has a unique
anisotropic structure that provides a large number of permeation channels for the
diffusion of electrolytes.[10] Due to these intrinsic superior attributes, copper sulfides
may thus be considered suitable for hydrogen evolution.

On the other hand, transition-metal phosphides (TMPs), including NizP,[11]
CoP,[12] and FeP[13] are also important for their low electrical resistance and have
been intensively studied as electrocatalysts. As a semiconducting (p-type)
material,[14] CusP nanowires and nanotubes possessing good conductivity, have been
successfully applied in electrocatalytic H. generation. Hou et al. reported on the
cedar-like CuzP nanoarrays, which possessing a large roughness factor which resulted
in a high electrochemical active surface area, while the CusP core character facilitated
charge transfer.[15] However, further investigations are required to improve its
performance in order to meet the needs for practical applications. In the past, double
element doped material has proved to be more competitive than single element doped
material in terms of electrocatalysts. Patel et al. proved that P and S heteroatom
synergism of carbon could lower the activation energy for the benzyl alcohol
oxidation reaction and showed better catalytic performance than the only P-doped

carbon electrocatalyst.[16] Dou et al. found that S and P co-doped atoms not only
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destroyed the electron permeability of sp? carbon in graphene and enhanced the
electrocatalytic activity for oxygen reduction, but also interacted with each other to
provide favorable synergetic effects of S and P.[17]

Furthermore, during the electrochemical measurements and practical applications,
binders such as Nafion and PTFE are needed to immobilize the electrocatalysts on the
surface of electrodes. This in turn, may block the active sites and thereby inhibit mass
diffusion which would result in a decrease in catalytic efficiency. The self-supported
nanowire arrays electrode without any binder will favor the active material to grow
directly on the current collector which might address this problem. In addition, the
nanoarray structures with a large specific surface area will expose more active sites
and promote mass diffusion which is beneficial for the adsorption and transport of
reactive substances and products.[18] Furthermore, the self-supported structure will
prevent the electrocatalysts dissolving during the long-term electrocatalysis, which
would improve the electrochemical stability of active substances. In combination with
the self-supported electrode strategy, the synergistic effect of S and P will potentially
be more advantageous in electrocatalytic activity. To date, Cu>S-CuzP nanowire
arrays with self-supported structure have seldom been reported.

This work describes the fabrication of self-supported Cu2S-CusP nanowire (CuzS-
CusP NW) arrays on commercial copper foam to form Cu(OH)2 NW arrays by liquid-
solid reaction and subsequent phosphidation at low temperature. Subsequently, the
optimized CuS-CusP NW arrays electrode was investigated for HER, where it

demonstrated excellent HER catalytic performance in 1.0 M KOH solution
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comparable or even superior to the other reported non-noble metal-based HER

electrocatalysts under similar conditions.

4.2 Experimental

4.2.1 Materials

All chemicals are analytical grade and used without further purification. NaH2PO»,
NaOH, (NH4)2S20s, Na,S-9H-0, copper foam (CF, 1.6 mm) were purchased from
Shanghai Macklin Biochemical Co., Ltd. The Cu>S-CusP NW arrays on copper foam
are fabricated by a simple liquid-solid reaction and subsequent phosphidation at low

temperature and are illustrated in Scheme 4.1.
4.2.2 Synthesis of Cu(OH)2 NW Arrays

First, Cu(OH), NW arrays are prepared by a simple liquid-solid reaction.[19]
Typically, copper foam (1 cm x 2 cm) was washed with acetone and deionized water
several times, then immersed in an aqueous solution of NaOH (5.0 M), (NH4)2S20g
(0.13 M), and H20O (50 mL). After being maintained at 25 °C for 40 min in a water
bath, it was rinsed with water, dried in air and produced a light-blue film, described as

Cu(OH)2 NW arrays.
4.2.3 Synthesis of CuzS-CusP NW Arrays

The Cu(OH)2 NW arrays were immersed in 5.0 M aqueous NaS solution at 25 °C
for 2 h. Following on this, the arrays were washed several times with water and

ethanol respectively and dried in a vacuum oven at 60 °C for 6 h to obtain CuS NW
71

http://etd.uwc.ac.za/



CHAPTER 4

arrays. The CuzS NW arrays and NaH2PO2 (0.04 g) were placed at the center of a tube
furnace and heated to 300 °C with a ramping rate of 2 °C min~* and kept for 60 min
under N2. After natural cooling to room temperature, the resulting black Cu,S-CusP
NW arrays were obtained. Similarly, the separate Cu,S NW arrays and CusP NW
arrays were synthesized under similar conditions. Specifically, the Cu,S NW arrays
were prepared without phosphidation, and CusP NW arrays were prepared without

sulfuration.

Chemical
Oxidation

Sulfuration+Phosphating

£

N _
osDbatllI C 1 7o ‘ e
o ‘u,S-Cu;P NWs Arrays

Cu(OH), NWs Arrays Cu;P NWs Al;rays

Scheme 4.1 Schematic illustration of the synthesis of Cu,S-CusP NW arrays on copper foam.

4.2.4 Physico-Chemical Characterization

X-ray powder diffraction (XRD) spectra were obtained using a SmartLab X-ray
diffractometer (Rigaku Corp., Japan) employing Cu Ka (1.5406 A) radiation at 40 kV
and 30 mA with a scan rate of 10° min. X-ray photoelectron spectroscopy (XPS)

measurements were performed on an ESCALAB 250 Xi (ThermoFisher Scientific,
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USA) using Al as the exciting source. Scanning electron microscopy (SEM) and X-
ray (EDX) images were obtained with a FESEM SU8220 (Hitachi Corp., Japan)
operated at 5.0 kV and 10 kV respectively. Transmission electron microscopy (TEM)
and HRTEM images were obtained on a Titan ETEM G2 80-300 (FEI Co., USA) with
an accelerating voltage of 200 kV.

All the electrochemical measurements were executed through a standard three-
electrode setup (Zahner IM6e, Germany) in 1.0 M KOH aqueous solution. The as-
prepared samples were used as working electrodes; a reversible hydrogen electrode (RHE)
and a graphite rod were used as reference electrode and counter electrode, respectively.
The electrochemical tests were performed by the cyclic voltammetry (CV) method at a
scan rate of 10 mV s (degassed continuously by N to maintain saturation) after initial
stabilization of activities. The electrochemical impedance spectroscopy (EIS)
measurements were obtained at frequencies ranging from 100 KHz to 100 Mz. The
long-term stability of CuxS-CusP  NW arrays were determined by the
chronoamperometry (CA) method at —10 mA cm~2 in 1.0 M KOH aqueous solutions
for 75 h. The Tafel plots were calculated by using the Tafel equation: » = a + b log(j),
where j is the current density, a is the Tafel constant, and b is the Tafel slope. All
electrochemical measurements were carried out at 25 °C, and the current density was

normalized by geometric area in this work.
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4.3 Results and Discussions

XRD curves of CuzS-CusP NW arrays shown in Figure 4.1 illustrate curves of
contrasting samples. The peaks at 43.3°, 50.4°, and 74.1° can be ascribed to the
copper foam substrate (JCPDS No0.70-3039). The patterns illustrate that the Cu(OH):
NW arrays have five distinct diffraction peaks, which are (020), (021), (002), (130)
and (132) for the orthorhombic phase of Cu(OH)2 (Figure 4.1b). After sulfuration, the
characteristic peaks can be readily identified into the CuzS samples (JCPDS No.89-
2670) in Figure 4.1c. As the Cu(OH)> NW arrays precursor is phosphated (Figure
4.1d), the peaks at 36.0°, 39.0°, 41.5°, 45.1° and 46.1°, corresponding to the (112),
(202), (211), (300), and (113) of CusP, represents the hexagonal phase CusP (JCPDS
No. 71-2261). In Figure 4.1a, obviously, the Cu.S-CusP NW arrays display the
characteristic diffraction peaks of CuzS and CusP, indicating the obtained products are

co-doped by sulfur and phosphor.
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Figure 4.1 XRD curves of the samples with a scan rate of 10° min-t. (a) Cu,S-CusP NW
arrays. (b) Cu(OH)2 NW arrays, (¢) CuS NW arrays, (d) CusP NW arrays.

XPS was conducted to further characterize the compositions and surface states of
these samples. Clearly, the XPS for Cu>S illustrates the signals of Cu, S, C, and O
elements without impurities (Figure 4.2a). Oxygen appears in all the samples due to
the nature of nanomaterials which are easily oxidized when exposed in air.[20] For
Cu2p (Figure 4.2b), the peaks at 932.6 and 952.5 eV are ascribed to the Cu2ps> and
Cu2p1p.[21] Two satellite peaks centered at 941.2 and 944.2 eV indicates the
presence of the paramagnetic chemical state of Cu?*.[22] There are two characteristic
peaks of S2p at 161.85 and 163 eV (Figure 4.2c). Specifically, the peak at 161.85 eV
is due to the single sulfur atom bonded with copper while the second peak at 163 eV

indicates the binding energy of S2p in the S-S bond.[23] These two peaks of S2pss
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proved that there are two types of sulfur atoms in the Cu.S crystals, further
confirming the successful synthesis of the CuS compound.

After phosphation, the Cu2ps. and Cu2p2 peaks shift to 932.75 and 952.55 eV,
respectively, which are consistent with the appearance of CusP NW arrays (Figure
4.2d, e). The P2p region (Figure 4.2f) shows two peaks at 129.3 and 130.95 eV,
reflecting the binding energy of P2ps; and P2p12. The binding energy of 129.3 eV
(P2p3r2) is due to CusP, the peak at 130.95 eV can be assigned to the phosphorus
signal that emanates from the P-Cu bond, while the peak at 133.25 eV is ascribed to

oxidized phosphorus species.[24]
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Figure 4.2 (a) XPS summary of Cu,S NW arrays, the corresponding (b) Cu2p and (c) S2p; (d)
XPS summary of CusP NW arrays, the corresponding (e) Cu2p and (f) P2p.
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Figure 4.3 (a) XPS summary of Cu.S-CusP NW arrays, the corresponding (b) Cu2p, (c) S2p
and (d) P2p.

The spectra of the Cu>S-CusP NW arrays show two resolved peaks at 162.2 and
130.95 eV which are assigned to S-Cu and P-Cu species, respectively (Figure 4.3a).
For CuxS-CusP NW arrays, as compared with Cu.S and CuzP NW arrays, the Cu2ps.
and Cu2p1, peaks shift to 932.65 and 952.55 eV; the S2p and S-S peaks shift to 162.2
and 163.05 eV; the P2pap, P2p12 and P-O peaks shift to 129.75, 130.95 and 134.65
eV, respectively (Figures 4.3b, ¢, d). Comparison of these results with literatures,
allows one to conclude that the positively shifted Cu2p, S2p and P2p represents an
electron transfer, indicating that the presence of sulfur and phosphor can greatly

promote the water dissociation kinetics of the catalyst.[24] It furthermore suggests
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that Cu has a partial positive charge and the S and P have a partial negative charge,
thereby implying a transfer of electron density from Cu to S and P.[25] The Cu and
basic P, S can thus be considered to act as the hydride-acceptor and proton-acceptor
centers, respectively, thus facilitating the hydrogen evolution.[26] Evidently, these
results are consistent in confirming that the peaks of CuzS and CusP are indeed due to

co-doping with phosphide and sulfide.

Figure 4.4 (a-e) SEM and EDS images of Cu(OH). NW arrays, (f-j) SEM and EDS maps of
Cu,S-CusP NW arrays.

The morphology and structure of the as-prepared samples were investigated by
SEM. Apparently, the entire CF surfaces are uniformly covered with Cu(OH):

nanowires (Figure 4.4a), having a smooth morphology and growing almost vertically
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on CF with diameters of about 300~400 nm and thereby demonstrating a self-
supported nanostructure. Hou et al. concluded that the interaction stress in the twisted
octahedral Cu(OH)s layer causes the lamellar to form Cu(OH). nanoribbons under
alkaline conditions.[27] In this study, the formation of Cu(OH). NW arrays on CF

may follow a similar growth mechanism.

Figure 4.6 SEM and EDS pictures of CusP NW arrays.

Figures 4.4 f-j shows the SEM images of Cu(OH). NW arrays after phosphation
and sulfuration. The energy dispersive X-ray (EDX) spectra of CuzS-CuzP NW arrays

show that Cu, S and P are uniformly distributed. After co-doping with phosphide and
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sulphide, the Cu>S-CusP NW arrays show no obvious morphological changes, but
form a relatively rougher surface with a coarser top similar to the sulfurated or
phosphated samples (Figures 4.5, 4.6). The rough structures possibly result from the
phosphide and sulphide doping effect as reported,[16] which will increase the specific
surface area, facilitate mass transfer and consequently enhance the electrocatalytic
activity. After sulfuration, the morphology is still very well preserved (Figures 4.5a,
b). On the other hand, sulfuration causes the NW arrays to become slightly deformed
with diameters being gradually increased to 0.3~1 um, and a clear signal of sulfur can
be detected in the EDX spectra of Cu>S NW arrays (Figures 4.5c, e). This suggests
that the morphology change occurs through an ion exchange between S and OH".
During the sulfuration process, the tips of needle-like Cu(OH)2 nanowires react with
newly supplied S*, while the bottoms of the nanowires react with diffusion-controlled
S at a relatively low concentration to form inverted cone-shaped padded
nanowires.[28] The essential structure of the nanowires remained after phosphation
(Figures 4.6a, c, d). All the nanowire arrays appear to be curled; the heads become
larger formed self-assembled chains. The process of changing the Cu(OH)> NW
arrays to CusP NW arrays could be due to the thermal decomposition of NaH2PO3, the
reduction of Cu(OH)2 NW arrays by PH3 gas to Cu NW arrays, then Cu catalyzed PH3
decomposed into elemental phosphorous which reacted with Cu NW arrays to form
the CusP NW arrays.[29]

The TEM is used to further observe the morphological and structural properties of
CuS-CusP NW arrays. As illustrated in Figure 4.7, the samples with a rough
nanowire structure and having the Cu, S, and P evenly distributed in the entire
nanowire (Figures 4.7e, f, g), confirm formation of Cu,S and CusP. High-resolution

TEM images of Cu>S-CusP NW arrays (Figures 4.7b, c), illustrate a lattice spacing of
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0.24 and 0.198 nm, corresponding to the (102) and (103) lattice planes of Cu.S. The
lattices with the d-spacing of 0.20, 0.217 and 0.292 nm are ascribed to the (300), (211)
and (112) planes of CusP,[25] respectively, and confirms the existence of CusP. For
transition metal sulfides and phosphides, the active sites of electrocatalysts depend on
the quantity of S and P atoms on the exposed surface. Therefore, Cu2S and CusP on
the highly exposed nanowire arrays can provide sufficient electrocatalytic active sites.
Meanwhile, the Cu.S-CusP NW arrays are also favorable for mass diffusion and

enhancing the electrocatalytic activity for hydrogen evolution.[30]

Figure 4.7 (a-c) TEM and HRTEM images of Cu,S-CusP NW arrays. (d-g) Dark field image
and element mapping images of Cu, S and P.

The HER performance of the as-prepared catalysts and that of commercial 20 wt%
Pt/C (JM) catalysts were comparatively evaluated in 1.0 M KOH at a scan rate of 10
mV s 1. As seen in Figure 4.8a, Pt/C exhibits the lowest overpotential (710=33 mV,

7100=91 mV) in all the samples. In the remaining five samples, the Cu,S-CusP NW
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arrays exhibit the best catalytic activity for HER, with a small onset potential of 86
mV in alkaline solution. This value is smaller than that of CF (315 mV), Cu(OH):
(203 mV), Cu2S (185 mV) and CusP (170 mV). Furthermore, the overpotential at a

current density of 10 mA cm2 is another important parameter for water splitting.
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Figure 4.8 Electrochemical measurements of the samples for hydrogen evolution in 1.0 M
KOH aqueous solution. (a, b) Polarization curves and the corresponding Tafel plots. (c)
Nyquist plots in frequency values from 100 kHz to 100 mHz. (d) The chronopotentiometry
curve of Cu,S-CusP NW arrays holding at -500 mA cmfor lasting 75 h.

This is ascribed to the fact that 10~20 mA cm2 is usually operated by solar-light
coupled HER apparatuses under standard conditions.[5] To achieve this current
density, Cu>S-CusP requires an overpotential of 158 mV, while CusP, CuzS, Cu(OH)z,

and CF require an overpotential of 217, 300, 361, 437 mV, respectively. Meanwhile,
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the cathodic current density increases rapidly with a more negative potential.

Interestingly, the Cu>S-CusP NW arrays can produce a current density of 500 mA

cm~2 with a potential of 355 mV, which means it possesses the best catalytic activity

for hydrogen evolution. This value is much better than the recently reported non-

noble metal based HER electrocatalysts, including some Cu-based sulfides and

phosphates (Table 4.1).

Table 4.1 Comparison HER activities in 1.0 M KOH aqueous solution for Cu,S-CusP NW
arrays with literatures recently reported.

Mass loading | Overpotential at Tafel slope | Reference
(mg cm-?) 10 mA cm? (mV dec?) |s
Electrocatalysts (mV)
HER HER

CuzS-CusPNW/CF — 158 45 This work
MoS,/CuS 0.471 290 63 [1]
CusP 0.64 266 107 [31]
graphene-coated Cu NWs — 252 67 [32]
CusP/CF — 222 148 [33]
CusP@C — 203 83 [34]
Ag>S/CuS — 200 75 [35]
v-CuzS/CF — 190 98.9 [36]
CusP/CC 2.05 189 96 [37]
CuS-Au — 179 75 [38]
CuCo@NC 182 145 79 [39]
CusP-450 — 130 83 [40]
NC/CuCo/CuCoOx 15 112 55 [41]

Tafel plots were investigated (Figure 4.8b) to further characterize the HER activity.

It was found that the linear portions of the polarization curves fitted well according to

the Tafel equation. In line with the linear sweep voltammetry results, the Cu,S-CusP

NW arrays electrode shows the lowest Tafel slope of 45 mV dec among all the
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samples and is thus close to 20% commercial Pt/C (about 40 mV dec™* in Figure 4.8b).
The values for CusP, Cu.S, Cu(OH),, and CF are 79, 124, 213, and 293 mV dec?,
respectively.

To further study the intrinsic properties of these samples, electrochemical
impedance spectroscopy (EIS) was recorded in 0.1 M KOH to examine the catalytic
kinetics. Nyquist plots of experimental and fitted data for all catalysts at —0.15 V, by
the one-time constant model equivalent circuit, are illustrated in Figure 4.8c. The
charge transfer resistance Rct can be acquired by the semicircle of EIS and its lower
value corresponds to faster kinetics.[42] Compared with the Rt values of Pt/C (3.60
Q), CF has the biggest charge transfer resistance of Ret ~812.9 Q, while Rt for
Cu(OH)2 NW arrays is ~187.1 Q. This is ascribed to its larger surface area as
compared with bare CF. After sulfuration and phosphidation, Cu2S NW arrays and
CuzP NW arrays have Rct values of ~33.6 and ~18.86 Q respectively compared to that
of CuzS-CusP NW arrays which is 14.56 Q, representing the smallest charge of
resistance. This finding is thought to be due to the higher conductive surface resulting
from co-doping by phosphor and sulfur which has a synergetic effect in Cu»S-CusP
NW arrays that decreases the charge-transfer resistance at the
electrocatalyst/electrolyte interface, fast electron-transfer rate which enhances the
corresponding HER activity. In Figure 4.8c, the solution resistances used for iR-
corrected are 4.98, 4.82, 4.01, 3.99, 4.23, and 4.93 Q, respectively, corresponding to
the Pt/C, CuxS-CusP NW arrays, CusP NW arrays, CuS NW arrays, Cu(OH). NW

arrays and bare CF.
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Figure 4.9 (a-e) Double-layer capacitance measurements for determining the

electrochemically active surface area for all the electrocatalysts from voltammetry in 1.0 M
KOH with different scan rates. (f) The capacitive currents at 0.20 V against the scan rate. (g)
HER activities (current density) of the samples are normalized by their ESCA.
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To estimate the effective electrochemical surface areas (ECSA) of as-prepared
samples, the capacitances of the double layer at the solid/liquid interface of both
electrodes were measured. ECSA is proportional to the double-layer capacitance (Cai),
which can be calculated from different scan rate cyclic voltammogrames (CVs). In
this work, CVs were determined in the region of 0.15~0.25 V, where the current
response should be only due to the charging of the double layer (Figures 4.9 a-f). The
capacitance of CuS-CusP NW arrays, CusP NW arrays, CuS NW arrays, Cu(OH):
NW arrays and CF is 44.1, 27.9, 23.7, 16.74 and 1.6 mF cm, respectively, thus
indicating Cu>S-CuzP NW arrays have a much higher surface roughness than
others.[43,44] The electrochemically active surface area of CusP was approximately
evaluated by using the electrochemical double-layer capacitance method. Moreover,
according to the nitrogen adsorption/desorption isotherms (Figure 4.99), the Brunauer—
Emmett-Teller (BET) specific surface areas are found to be 5.83, 10.52 and 3.72 m? g*
of the prepared samples viz., Cu(OH)2, CuzS, CusP and Cu>S-CuzP respectively, which is
furthermore consistent with the capacitance. Combined with the atomic contents of P and
S obtained from XPS (Table 4.2), the percentage of sulfur and phosphorus obtained from
the XPS was multiplied by the total surface atomic density to give the active site density
(active atom g 1) on the catalyst surface, compared with HER activity (Table 4.2). These
results indicate that the high surface area can facilitate exposure of a large fraction of

active edge sites, enlarging the contact area with the electrolyte and thus accelerating its
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diffusion. These properties will favor excellent activity for electrocatalytic hydrogen

evolution.[45]

Table 4.2 HER activity of different electrocatalysts.

Electrocatalysts Onset potential Tafel slope CoL ECSA
(mVv) (mV dec™) (mF) (cm?)

CupS-CusP NW arrays 86 45 0.441 11.025
CusP NW arrays 170 79 0.279 6.975

Stability is also significant for any good HER electrocatalyst. Figure 4.8d illustrates
the chronopotentiometry curve at a constant current density of —-500 mA ¢cm in 1.0
M KOH aqueous solution. After 75 h of the accelerated durability test, no obvious
decrease in the current density was observed in the HER performance. However, there
was a slight degradation which could be due to the consumption of protons in the
system and the hindrance of the reaction by hydrogen bubbles remaining on the self-
supported structure of CuxS-CusP NW arrays.[46] SEM characterization further
shows that the Cu.S-CusP NW arrays were retained on the surface of CF without any
detachment after the durability test. In addition, all the elements are homogeneously
distributed on the prepared sample indicating an excellent structural stability in an

alkaline environment (Figure 4.10).
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Figure 4.10 SEM and EDS pictures of Cu,S-CusP NW arrays after the stability test.

The excellent HER catalytic activity and stability of Cu>S-CusP NW arrays could
be attributed to one or more of the following: a) direct integration of Cu2S-CuzP NW
arrays onto CF which reflects good mechanical adhesion and high conductivity and
thus avoids use of a polymer binder to occupy the catalytic active sites, b) nanowires
arrays not only allow fast electron transport (the good intrinsic electrical conductivity
of CuzS, CusP NW arrays favors fast electron transport along the nanowire), but also
increases the catalyst load to further improve the catalytic efficiency, which could
efficiently reduce the resistance of the electrode and provide more active sites, enlarge
the specific surface area, facilitate mass diffusion and prevent the migration of active
materials,[47-49] c) self-supported structures helps prevent dissolution during the
long-term electrocatalysis and the synergetic effect between S and P could provide

better stability.
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4.4 Conclusions

Fabrication of self-supported Cu»S-CusP NW arrays on CF by liquid-solid reaction
and subsequent phosphidation at low temperature can be used directly as an integrated
electrode for HER. No binding agents are needed to favor excellent catalytic activity
for HER and it only requires a low overpotential of 158 mV to achieve a current
density of 10 mA cm™2 and furthermore displays a small Tafel slope of 45 mV dec ™.
In addition, the activity decrease is ignorable after holding at -500 mA cm for a
period of 75 h which demonstrates excellent stability.

Possible mechanisms include the unique CuzS-CusP NW arrays structures which
could efficiently reduce the resistance of the electrode, provide more active sites,
enlarge the specific surface area, facilitate mass diffusion and transfer of electrons and
prevent the migration of active materials. Considered together with the coexistence of
S and P, a synergistic effect might result to further improve the electrochemical
performance for hydrogen evolution in alkaline solutions. These results indicate that
the as-prepared Cu-based nanowires arrays is a promising non-noble-metal
electrocatalyst for hydrogen evolution and hopefully inspire a strong interest by others
to develop analogous self-supported nanowires arrays with heteroatomic co-doped

molecules as efficient electrocatalysts for hydrogen evolution.
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CHAPTER 5

CHAPTER 5 Bimetallic Ni-Co Phosphide Nanosheets Self-Supported
on Nickel Foam as High-Performance Electrocatalyst for Hydrogen
Evolution Reaction

This chapter focuses on studying the bimetallic Ni-Co phosphide nanosheets self-
supported on nickel foam which were used as efficient electrocatalysts for the hydrogen
evolution reaction, and the corresponding mechanism for hydrogen evolution is presented.
The work in this chapter comes from an article from the author entitled “Bimetallic
Ni—Co phosphide nanosheets self-supported on nickel foam as high-performance
electrocatalyst for hydrogen evolution reaction, Electrochimica Acta, 2019, 317, 191-

198”.

5.1 Introduction

The issues concerning the energy crisis and environmental pollution caused by fossil
fuels are becoming increasingly serious and thus it is important to search for clean and
renewable energy sources as alternatives to fossil fuels. Hydrogen (H>) is recognized as
one of the more environmentally friendly and earth abundant source of energy and is
not associated greenhouse gas emissions.[1] To realize commercial utilization of Hz, a
renewable pathway to produce H: in a cost-effective route is of great importance, since
this would have a profound influence on the energy consumption in the future.
Electrochemical water splitting driven by an external renewable source of power such
as intermittent solar and wind energy, is a sustainable and ideal way for producing Ha.

The process of electrochemical water splitting (2H.0 — Oz + 2H2) consists of the
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hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction
(OER) at the anode for hydrogen (H2) and oxygen (O) production, respectively.[2] To
achieve a high water splitting efficiency, an optimal electrocatalyst to minimize the
overpotential to drive HER and OER is required. The platinum group metals (PGMs)
(e.g., Pt, Rh, Ir, Ru and Pd) are the most active benchmark electrocatalysts for HER.
However, the relatively high cost and scarcity, seriously hinder their further large-scale
application.[3] Therefore, significant efforts have been devoted over the last decade to
synthesize highly efficient and stable HER electrocatalysts with inexpensive and earth-
abundant elements. Among these are the transition metal (e.g. Cu, Fe, Ni, Co, W and
Mo) compounds, including carbides,[4,5] borides,[6] selenides,[7,8] nitrides,[9,10]
phosphides,[11] oxides[12,13] and sulfides.[14,15] These have been extensively studied
and possess tremendous potential as promising HER electrocatalysts. Specifically,
transition metal phosphides show high HER catalytic activity, such as cobalt
phosphides (CoP, CozP),[16] nickel phosphides (NiP, Ni2P),[17] iron phosphides
(FeP),[18] molybdenum phosphides (MoP),[19] and copper phosphides (CusP).[20]
Feng et al.[21] fabricated Co.P nanocrystals as efficient HER electrocatalysts, which
exhibited an overpotential of 150 mV at —10 mA cm™2, a Tafel slope of 55 mV dec™ in
0.5 M H,SO4 media. Liu et al. [22] synthesized CP@Ni-P as HER electrocatalyst with
an overpotential of 117 mV at —10 mA cm2 and a Tafel slope of 85.4 mV dec? in 1.0
M KOH alkaline solution.

As is well known, most of the electrocatalysts in the initial stage are in powder form. In

order to fabricate the HER electrode, they need to be coated onto a conductive substrate
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with Nafion, PTFE or other polymeric binders. These binders are able to bury parts of
active sites and thus decrease the catalytic activity. Meanwhile, the H> bubbles generated
during the hydrogen evolution process on the surface of electrocatalysts are able to easily
detach part of the electrocatalyst on the substrate surface, thus lowering the catalytic
activity.[23-25] Thus, in order to improve the stability and activity as well as reduce the
use of binders, current collectors such as nickel foam, carbon paper and titanium plate are
used. The 3D nickel foam (NF) with a large surface area, high conductivity and stability
is being considered as a promising candidate to act as supporting substrate. Zhang et al.
[26] fabricated Ni-Co-P/NF as HER electrocatalyst via electrodeposition. They found that
Ni-Co-P/NF required a small overpotential of 107 mV to achieve a current density of —10
mA cm~ in 1.0 M KOH media, and it exhibited a large Tafel slope (62 mV dec™). They
ascribe their results to the fact that the tested material presented amorphous film
morphology with low specific surface area, thus exposing a reduced amount of active
sites. Wang et al. [27] also synthesized Ni-Co-P/NF via hydrothermal and calcination
methods that led to a novel nanobrushed structure, containing only the NiCoP (JCPDS no.
71-2336) phase which could explain the required large overpotential of 156 mV at —10
mA cm toward HER in 1.0 M KOH alkaline media. Shen et al. [28] fabricated Ni-Co-
P/NF by electrodeposition, having a dense-packed spheres morphology and it required
overpotentials of about 110 mV to achieve a current density of —-10 mA cm™2in 1.0 M
KOH and exhibiting a large Tafel slope (62 mV dec™). All data were obtained at a low
current density (less than —40 mA cm™). Lu et al. [29] obtained Ni-Co—P/Cgo powder by

the solvothermal and phosphatizing method which had an overpotential of 97 mV at —10
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mA cm? and fast charge-transfer kinetics (about 50 Z'/ohm). While, the Ni—-Co—P/Csgo
powder has an agglomeration and with a big size (=100 nm). This has the advantage to
reduce exposure of active sites and decrease the HER activity which in our view might be
the reason it only displayed activity at low current density (less than —50 mA cm™). In
practical applications, HER or OER performance, it is more important that these operate
at large current density values.

Hence, considering the excellent catalytic potential of bimetallic Ni—-Co phosphides,
highly HER performing bimetallic Ni-Co phosphides self-supported on NF with a
novel morphology were synthesized. Firstly, the bimetallic Ni-Co/NF electrode was
fabricated using the electrodeposition method at room-temperature. Then, the
bimetallic phosphide Ni-Co-P/INF was synthetized by low-temperature
phosphorization, which lead to a unique structure of nanosheets randomly dispersed
on a villiform 3D integrated framework. Impressively, it exhibited a low overpotential
of 85 mV (to deliver a current density of =10 mA cm 2 in 1.0 M KOH medium) and
with excellent durability. Moreover, this assembly also exhibits low overpotential values
of 210 and 350 mV to deliver large current densities of =500 and —1,500 mA cm 2, and
with a low Tafel slop of 46 mV dec. The synergistic effect between the active
phases and the unique morphology of Ni-Co-P/NF electrode could overwhelmingly
strengthen the catalytic activity toward HER in alkaline media, as compared with

other non-noble metal electrocatalysts.
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5.2 Experimental

5.2.1 Materials

Potassium hydroxide (KOH), hydrochloric acid (HCI), cobalt acetate tetrahydrate
(C4HsC004-4H20), nickel chloride hexahydrate (NiCl.-6H20), ammonium chloride
(NH4CI), sodium hypophosphite (NaHPO2-H20), and anhydrous ethanol (C2HsOH)
were obtained from Macklin reagents Co., Ltd. All chemicals were used directly
without further purification, and deionized water was lab-made. Ni foams (1.0 cm x
1.0 cm) were cleaned by sonication successively in 20% HCI, CoHsOH, and deionized

water (15 min each) to remove the surface oxides.

5.2.2 Preparation of Ni-Co/NF, Co/NF and Ni/NF

1.5 mM C4HsC004-4H20, 1.5 mM NiCl2:6H.0 and 0.10 g NH4ClI were dissolved
in 250 mL of deionized water under vigorous stirring for 30 min and the as obtained
solution was transferred to a 500 mL electrolytic cell. Experiments were carried out
under a constant current density of —10 mA cm= for 30 min, using a standard
electrochemical workstation equipped with a three-electrode system. A piece of Ni
foam (1.0 cm x 1.0 cm) was used as the working electrode, and graphite rod and
reversible hydrogen electrode (RHE) were used as the counter and reference electrode,
respectively and were immersed in the electrolyte kept at 25 °C in a water bath.
Finally, the as-obtained Ni-Co/NF electrocatalyst was washed with deionized water

and C2HsOH (ethanol) several times, and then dried at 60 °C in a vacuum drying oven
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for 6 h. For comparison, the Co/NF and Ni/NF precursors were also prepared by the

same procedure without NiCl2:6H20 and C4HeC004-4H20.

5.2.3 Preparation of Ni-Co-P/NF, Co-P/NF and Ni-P/NF

To obtain the Ni-Co-P/NF bimetallic phosphides electrode, the Ni-Co/NF precursor
and NaH2PO2-H20 were placed at two separate positions in a porcelain boat, which
was put at the center of a tubular furnace. The weight ratio of Ni-Co/NF and
NaH2PO,-H>O was 1:10, and the porcelain boat located at the upstream side of the
furnace. Subsequently, the furnace was purged with nitrogen (N2 99.999%) for 15 min,
then heated to 300 °C at a ramping rate of 5 °C min* and maintained at 300 °C for 2 h.
After natural cooling to room temperature, the obtained sample was denoted as Ni-

Co-P/NF. The Co-P/NF and Ni-P/NF were prepared by following the same procedure.

5.2.4 Physico-Chemical Characterization

The crystalline structure of the samples was characterized by X-ray powder
diffraction (XRD, Rigaku Corp., Japan) equipped with Cu-Ka radiation (1=0.15406
nm), operating at a voltage of 40 kV and a current of 30 mA. The microstructure and
element composition distribution were characterized by field emission scanning
electron microscopy (SEM) and elemental mapping analysis (EDS) (FE-SEM,
SU8220, Hitachi Corp., Japan). The electronic structures, surface chemical
compositions and states of the samples were studied by X-ray photoelectron
spectroscopy (ESCALab 250Xi, ThermoFisher Scientific, USA) with Al K« radiation.

Scanning transmission electron microscopy (STEM), energy dispersive X-ray
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spectroscopy (EDX) investigation, high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) were also performed (Titan
ETEM G2 80-300-FEI Co., USA) at an accelerating voltage of 200 kV, providing
information of the particle size distribution, structure and composition of the
electrocatalysts. Contact angles with 1.0 M KOH in deionized water were measured
with the sessile drop method using tensiometer (Attension Theta Lite TL-100, Biolin
Scientific, Sweden).

The electrochemical tests were performed in a typical computer controlled
electrochemical workstation (Zahner IM6e, Germany). The chronopotentiometry (CP)
curves were recorded by an electrochemical workstation (PINE, USA) under a constant
current of —10 mA cm in 1.0 M KOH. The Ni-Co-P grown on NF can be directly used
as a working electrode, without employing extra substrates or binders. The geometric area
of the working electrode was 1.0 cm? (1.0 cm x 1.0 cm). A Pt/C electrocatalyst (mass
loading of Pt was 0.05 mg cm2) was coated on a glassy carbon disk by the aid of Nafion,
which was used as the benchmark of HER. It should be noted that, commercial Pt/C is
facile to detach from the Ni foam’s surface. For this reason, the glassy carbon disk
electrode is employed to test the corresponding HER catalytic performance. During the
LSV tests, the scan rate was kept at 10 mV s™*. In addition, electrochemical impedance
spectroscopy (EIS) measurements were taken with amplitude of 5 mV in a frequency
range from 100 kHz to 100 mHz. According to the measurements of high-frequency AC
impedance, all potentials were IR compensated; where | and R denote the current and

uncompensated ohmic electrolyte resistance. The HER kinetic behavior, of the as-
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prepared electrocatalysts, was taken using the plots resulted from the Tafel equation (y =
blog (j) + a; where # denotes the overpotential, b the Tafel slope, and j the current
density).[1] The electrochemical active surface areas (ECSAs) were evaluated through the
electrochemical double-layer capacitance (Cal) in the potential range from 0.15 to 0.25 V

(vs. RHE).

5.3 Results and Discussions

The detailed procedure of Ni-Co-P/NF synthesis is schematically represented in

Figure 5.1.

Ni Foam (NF)

Ni-Co-P/NI

Electrodeposition . L Phosphorizatio
Electrolyte Tube furnace
25°C 30min 300°C 2h

Figure 5.1 Schematic illustration for the synthesis of Ni-Co-P/NF.

In a typical synthesis, the Ni-Co-P/NF electrocatalyst was prepared by
electrodeposition followed by low-temperature phosphorylation in a quartz tube
furnace, and heated at 300 °C for 2 h with a ramp rate of 10 °C mint in a N2

atmosphere.
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The crystal structures of the as-synthesized samples were confirmed by XRD, as
shown in Figures 5.2-5.5. Obviously, the peaks at 26 of 44.53° (111), 51.88° (200)
and 76.48° (220) can be assigned to the metallic Ni foam (PDF No.# 70-0989) in all
the as-obtained materials. The XRD data (Figure 5.2) shows that Ni-Co-P/NF has
three crystal phases, including NiCoP, NiP and Co2P, respectively. The characteristic
peaks of hexagonal-close packed (hcp) NiCoP (PDF No.# 71-2336) [30] appeared at
260 of 40.99°, 47.58°, 54.44°, 54.74°, 55.34°, which indexed to the diffractions of
(111), (210), (300), (002) and (211) planes, respectively. Besides, the diffraction
peaks at 41.98°, 48.06°, 49.75°, 53.13°, 53.45° indexed to the planes (121), (122),
(221), (004) and (213) of NiP (PDF No.# 74-1382) phase. The three obvious peaks
appeared at 26 of 40.96°, 42.06° and 48.76° are deemed as the (210), (202) and (013)

planes of Co.P (PDF No.# 89-3030).

—— Ni-Co-P/NF & Ni Foam
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Figure 5.2 XRD pattern of Ni-Co-P/NF electrocatalyst.
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The XRD results of Ni-Co/NF and Co/NF precursor (Figures 5.3 & 5.4) indicate that
the Ni-Co/NF form a Ni—Co alloy phase, due to the right deviation of the (100) crystal
plane in Ni-Co/NF (Figure 5.3b).[31] The XRD result (Figure 5.3a) shows the Ni—Co

alloy electrode is constructed with Ni (PDF No.# 70-0989) and Co (PDF No.# 05-0727).

(a) = —— Ni-Co/NF (b)
——ColINF
: (1000 _
S = &8 o Ni-CoINF
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2 Theta / degree 2 Theta / degree

Figure 5.3 (a) XRD pattern of Ni-Co/NF, Co/NF; (b) curve fittings of (100) diffraction peaks
in (a) that marked as black frame.

The selected area electron diffraction (SAED) of Ni-Co/NF shown in Figure 5.4a,
illustrates that the Ni-Co/NF has a polycrystalline nature. Due to the strong peaks of NF,
we replaced the base with a Ti sheet since this assists with the Ni—Co coating being easily
peeled off form this base for the XRD test. The (111) and (220) peaks are fitted to a
Gaussian line shape (Figure 5.4b), and the position of the peaks can be precisely obtained.
The both peaks are between PDF No.# 05-0727 (Co) and PDF No.# 70-0989 (Ni),
indicating an alloy structure.[32] The atomic percentage of Ni and Co elements at the
surface of Ni-Co/NF are 10.31% and 18.67% respectively, verified by XPS, while the
atomic ratio of Ni/Co is about 1:2. Therefore, the Co metal precursor is a significant

player for the formation of Ni-Co-P/NF. Meanwhile, Zhang et al. [33] showed that the
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free Co atom cannot enter the NiCoP crystallite, facile to form a separate CozP phase,
which agrees with the above XRD results of Ni-Co-P/NF which form mixture phases.
Kim et al. [34] proved that with an increase of Co , the NiCoP exhibited a better
performance than NiogCoz2P which clearly demonstrates that the synergy between the
three phases (NiCoP, NiP and Co.P) could be favorable for improving the HER
performance of Ni-Co-P/NF. By comparing Figures 5.2-5.4, one can conclude that after
phosphorization, the Ni—Co alloy precursor is completely transformed to the NiCoP, NiP

and Co2P phases.
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Figure 5.4 (a) SAED pattern and (b) XRD curves for Ni-Co/NF; the XRD with a scan rate of
5° min~t, and the insert picture is shows curve fittings for (111) and (220) diffraction peaks.

For the Co/NF precursors, the Ni foam has also undergone phosphorization as
illustrated in Figure 5.5a which shows the Co-P/NF composed of Co,P (PDF No.# 89-
3030) and NizP (PDF No.# 65-9706). For the pure Ni-P/NF composite (Figure 5.5b), six

diffraction peaks at 26 values of 40.84°, 47.44°, 54.49°, 55.14°, 72.89° and 75.09° can be
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indexed to diffractions of (111), (210), (002), (211), (311) and (212) planes of standard

Ni-P (PDF No.# 65-9706), indicating the existence of the Ni2P phase.
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Figure 5.5 (a) XRD pattern of Co-P/NF, Co/NF; (b) XRD pattern of Ni-P/NF, Ni/NF and NF.

The XPS measurements were made to confirm the surface compositions and states of
Ni-Co-P/NF and Ni-Co/NF. Figure 5.6a shows the XPS survey spectra confirming the
Ni-Co/NF phosphorylation into Ni-Co-P/NF, and the existence of Ni, Co, O and P
elements in Ni-Co-P/NF. Figures 5.6(b—f) display the fine scans of Ni2p, Co2p, P2p and
O1s, respectively. All XPS data were corrected by C1s peak at 284.8 eV. Similarly, the
Co2pzr and Co2py2 peaks are centered at 780.83 and 796.59 eV, accompanied by two
shake-up satellite peaks (785.70 and 803.35 eV) (displayed in Figure 5.6b),[35] Peaks at
780.83 eV could be ascribed to Co—POx with its shakeup satellite peak at 785.70 eV.[36]
For Ni2p of Ni-Co-P/NF (Figure 5.6c), the binding energies (BEs) at 855.86 and 873.55
eV belong to Ni2ps and Ni2p12.[37] The fitted Ni*2ps2 main peak and its satellites are
at 855.85 eV and 861.55 eV, while the main Ni?*2p1;, peak and its satellites are at 873.5
and 879.85 eV. The peak at 855.86 eV could be attributed to Ni—POx with its shakeup

satellite (identified as “Sat.”) peak at 861.58 e¢V.[38] As displayed in Figures 5.6(b & c),
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the main peaks of Co2p and Ni2p in Ni-Co-P/NF shift toward lower binding energies,
thus the binding energy of Co2psz, Co2pie, Ni2psz and Ni2py, in the Co2p and Ni2p
spectra of Ni-Co-P/NF is lower than the ones of Ni-Co/NF. This means that the

interaction between nickel-cobalt phosphide is lower than in nickel-cobalt alloy.[27]
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Figure 5.6 (a) XPS summary of Ni-Co-P/NF and Ni-Co/NF, (b) Co2p, (c) Ni2p, (d) P2p and
O1s of (e) Ni-Co/NF and (f) Ni-Co-P/NF.
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In the high-resolution XPS spectrum of P2p (Figure 5.6d), peaks at 129.00 and
130.18 eV represent P2ps; and P2py2 in Ni-Co-P/NF.[39] The binding energy at
129.00 eV corresponds to the formation of metal phosphides, slightly lower than that
of P (130.0 eV), which suggests that the P atom is partially negatively charged
(P¥).[40] Furthermore, the other peak at 133.38 eV is attributed to the phosphate
species (PO4>"), probably due to the partial oxidation after long-term exposure to the
air.[38]

From the high resolution O1s XPS spectra, Figure 5.6(e) the O1s of Ni-Co/NF can
be divided into three peaks. The peak at ~529.8 eV is ascribed to the metal-oxygen
bond, the one at ~532.2 eV is due to some oxygen physico/chemisorbed water at the
surface and the peak at ~531.8 eV represents the hydroxyl group. However, the O1s
XPS spectrum of Ni-Co-P/NF (Figure 5.6f) is divided into two peaks. The peak at
~531.8 eV is ascribed to the hydroxyl group, formed by the thermal decomposition of
NaH2PO2+H>0 into H.O vapor during calcination. The peak at ~533.3 eV could be
attributed to the P-O bond, formed by the decomposition of NaH2PO2+H>0 into
phosphine (PHz) vapor during calcination.[41] From the O1s XPS spectrum, it can be
concluded that Ni-Co-P/NF is formed by the synergy interaction between NiCo
hydroxide and NiCo phosphate. From EIS and LSV results, Ni-Co-P/NF has better
activity and conductivity than Ni-Co/NF, which may be attributed to the role of P-O

bond of the oxygen inclusion. All the XRD and XPS characterizations demonstrate
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formation of bimetallic phosphides and show the successful synthesis of Ni-Co-P/NF
electrodes.

In order to further investigate the surface morphology and the hierarchical structure
of the as-synthesized samples, SEM images with different magnifications were
performed (Figures 5.7-5.12). In Figures 5.7(a—), the Ni-Co/NF with the villiform 3D
integrated framework structure can be clearly noted. After phosphorization, the
nanosheets are formed and homogeneously distributed in the framework (Figures

5.82-5.8¢).

Figure 5.7 SEM (a—) and EDS (d—f) images of Ni-Co/NF precursor.
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Figure 5.8 SEM (a—) and EDS (d—g) images of Ni-Co-P/NF.

The above SEM results indicate that the Ni-Co-P/NF electrode is comprised of
nanosheet structures, uniformly growing on the villiform 3D integrated framework, which
could favor the promotion of catalytic activity. The elemental mapping analysis (EDS)
spectra (Figures 5.8d—5.8¢g) indicate the homogeneous distribution of Ni, Co, O and P in
Ni-Co-P/NF. The uniform dispersion of Co, Ni and O elements are also seen in Figures

5.7(d-9).
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Figure 5.10 SEM (a—) and EDS (d—g) images of Co-P/NF electrocatalyst.
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Furthermore, the surface morphology and hierarchical structure of Co-P/NF, Co/NF,
Ni-P/NF and Ni/NF were also characterized by SEM (Figures 5.9-5.12). As displayed
in Figures 5.9(a—c) & 5.10(a—c), it can be seen that the Co/NF with amorphous
flower-like nanosheets, and after phosphatization is transformed into Co-P/NF, having
a fluffy flower-like nanosheet structure. Figures 5.11(a—) & 5.12(a—c) show that the
Ni/NF is comprised of large nanospheres structures assembled from numerous small

villous nanoparticles.

Figure 5.11 SEM (a—) and EDS (d—e) images of Ni/NF electrocatalyst.
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Figure 5.12 SEM (a—c) and EDS (d—f) images of Ni-P/NF electrocatalyst.

For Ni-P/NF, after phosphatizing, forms a wormlike nanosphere morphology which
is different from that of Ni/NF. From the above SEM results, reasons for the
formation of this particular Ni-Co-P/NF morphology may be due to i) that the
villiform 3D integrated framework structure is formed by the interaction of Ni and Co,
and ii) the formation of newborn nanosheets after phosphatizing due to Co2P. The
SEM-EDS results of Co/NF, Co-P/NF, Ni/NF and Ni-P/NF (Figures 5.9(d-f) &
5.10(d—g) & 5.11(d—e) & 5.12(d—f)) further confirm the co-existence of (Ni, Co, O),
(Ni, Co, P, O), (Ni, O) and (Ni, P, O) elements, respectively, with uniform
distribution in the prepared samples.

The morphology and structure of Ni-Co-P/NF were further characterized by TEM
(Figure 5.13). The SAED (Figure 5.13b) illustrates the polycrystalline nature of Ni-

Co-P/NF. As shown in the high resolution TEM (HRTEM), the lattice fringe of
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~0.214 nm corresponds to the (202) facet of the Co.P phase (Figure 5.13c). Besides,
the clear lattice fringe of ~0.22 nm corresponds to the (210) facet of the NiCoP phase
(Figure 5.13d), while the lattice fringe of ~0.172 nm corresponds to the (004) facet of
NiP phase (Figure 5.13e). Figure 5.13f demonstrate that the lattice fringes of ~0.191,
~0.189 and ~0.186 nm correspond to the (210), (122) and (013) facets of NiCoP, NiP

and Co2P phases, respectively.

. | .“‘ .‘- ‘I‘ \i
AN ‘“\-\‘}‘ AN
e L ASEA)

Figure 5.13 (a) TEM image of Ni-Co-P/NF, (b) the corresponding SAED pattern taken from
(@), (c—f) HRTEM images, (g—j) the corresponding EDX mappings of Co, Ni, P and O
elements.
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Obviously, Figures 5.13(a—f) indicate that Ni-Co-P/NF is formed with NiCoP, NiP
and CozP phases. EDX analysis (Figures 5.13g—5.13j) of Ni-Co-P/NF confirms the
uniform distribution of Ni, Co, O and P in Ni-Co-P/NF and the complete formation of
bimetallic phosphide compounds. These results are also consistent with the XRD
characterization.

Figure 5.14 depicts the hydrogen evolution reaction activity of the as-prepared
samples. In order to eliminate the effect of ohmic resistance, all the polarization
curves are corrected by IR compensation to investigate the intrinsic catalytic behavior.
The overpotentials (vs. RHE) to deliver current densities of —10, =300, —1500 mA
cm 2 are labeled as 10, 7300, 71500, respectively. The catalytic current density of 710 is

adopted as a benchmark for comparison.[42]
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Figure 5.14 Electrochemical measurements of the as-prepared samples for hydrogen
evolution in 1.0 M KOH aqueous solution. (a) Polarization curves, (b) corresponding Tafel
plots, (c) comparison of the HER activity in 1.0 M KOH aqueous solution for newly reported
non-noble metal-based electrocatalysts, (d) chronopotentiometry curve with a constant current
at—10 mA cm™.

The polarization curve recorded for Ni-Co-P/NF (Figure 5.14a) shows 85 mV (710)
of overpotential, which is slightly higher than the observed overpotential for
commercial Pt/C (close to zero). On the contrary, the Co-P/NF, Ni-P/NF, Ni-Co/NF,
Co/NF, Ni/NF and NF exhibit relatively poor catalytic activity, requiring
overpotentials of 96, 107, 144, 185, 224, 253 mV (to deliver —10 mA cm™),
respectively. Remarkably, Ni-Co-P/NF displays a large current density of —500 mA
cm=2 at 210 mV, while for —1,500 mA cm™2 it requires an overpotential of 350 mV.
For commercial Pt/C, with an overpotential of 150 mV is required to achieve a current

density of =500 mA cm2. Figure 5.14a indicates that the Ni-Co/NF precursor was
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successfully transformed into the bimetallic phosphides (Ni-Co-P/NF), which can
significantly improve the HER activity as widely reported. As shown in Figure 5.14b,
the catalytic kinetics for HER was evaluated by the Tafel plots, derived according to the
Tafel equation. The Ni-Co-P/NF exhibits a Tafel slope of 46 mV dec?, slightly higher
than that of Pt/C (41 mV dec ™), and superior to Co-P/NF (75 mV dec?), Ni-P/NF (117
mV dec?), Ni-Co/NF (105 mV dec™?), Co/NF (112 mV dec™), Ni/NF (113 mV dec™?)
and NF (174 mV dec™?). It can be concluded that the bimetallic Ni-Co alloy has better
HER activity than single Ni or Co metals, and that the catalytic activity could be
improved after phosphatization. More impressively, the optimized Ni-Co-P/NF achieved
an unexpectedly low Tafel slop and overpotential, which is much better than those reported
for Pt-free phosphate electrocatalysts at 710 (Figure 5.14c & Table 5.1; the specific data of
Figure 5.14c are listed in Table 5.1). The durability of Ni-Co-P/NF was carried out by
keeping the current at —10 mA ecm2, which shows a slight increase in overpotential after

working for 24 h (Figure 5.14d), and thus displays good stability.

119

http://etd.uwc.ac.za/



CHAPTER 5

Table 5.1 Comparison of the HER activity in 1.0 M KOH aqueous solution for several reported
non-noble metal-based electrocatalysts (GCE means glassy carbon electrode, CFP means carbon
fiber paper, CF means carbon fiber, CNS means carbon nanosheets).

Tafel slope

Catalysts Substrates  #i0 (MV) (mVdec™) references
Ni-Co-P/NF Ni Foam 85 46 This work
Ni-Fe-P i [43]

Ni Foam 142 84.24

nanosheets

Ni—P nanorods Ni foam 158 75 [44]
Ni/NiP Ni foam 130 58.5 [45]
CoNiP@NF Ni foam 155 113 [46]
Ni2P/NF Ni foam 150 93 [47]
Pt/C (wt 20%) GCE 75 111 [48]
Co/CoP-5 GCE 253 73.8 [49]
CoP/NCNHP GCE 115 66 [50]
CoP/NCP GCE 148 86 [50]
NiCoP Nanocubes GCE 167 71.2 [51]
Co2P nanocrystals GCE 150 55 [21]
Co.P@NPG GCE 170 96 [52]
CoP nanosheets GCE 111 60 [53]
CoP NS GCE 207 70.9 [53]
CP@Ni-P CFP 117 60 [22]
NiCoP/rGO CFP 209 124 [54]
CosNiP NTs GCE 129 52 [55]
CoP/Ti Ti foil 128 78 [56]
Ni-P-DF Copper foil 98 80 [57]
Co-P-DF Copper foil 227 66 [57]
CF@NPC-CoP CF 104 61.7 [58]
Ni2P/CNS CNS 315 64 [59]

The EIS (Figure 5.15) that fitted with the equivalent circuit was conducted to study the
electrode kinetics during the electrocatalytic process. As shown in Figure 5.15, Ni-Co-P/NF
provides a charge transfer resistance (about 3.3 Z'/ohm) smaller than Ni-Co/NF and NF,
indicating the fastest charge transfer. Besides, the charge-transfer resistance (Rc)

corresponds to the diameter of semicircle plotted, and the smaller diameter shows a faster

120

http://etd.uwc.ac.za/



CHAPTER 5

electron transfer.[60] Figure 5.15 demonstrates an ultrafast Faradaic process, intrinsic
metallic behavior and high conductivity of metal phosphides of Ni-Co-P/NF. The XPS data
shows that the surface of Ni-Co-P/NF is dominated by phosphate groups, which will affect

the surface wettability.[41]
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Figure 5.15 Nyquist plots in frequency from 10° to 102 Hz with a single modulated in 1.0 M
KOH aqueous solution for hydrogen evolution reaction.

Moreover, the effective surface areas of the as-prepared samples were estimated by
ECSAs, which is positively related to Ca.[61] In Figure 5.16(h), Ni-Co-P/NF exhibits the
largest ECSA of 0.402 mF compared with NF (0.020 mF), Ni/NF (0.026 mF), Co/NF
(0.043 mF), Ni-Co/NF (0.095 mF), Ni-P/NF (0.131 mF) and Co-P/NF (0.216 mF). The
detailed calculation results of ECSA values for all the as-prepared samples are listed in
Table 5.2. This result confirms that Ni-Co-P/NF possesses the largest electrochemical
surface area among all the electrocatalysts. The large ECSA of Ni-Co-P/NF may be

attributed to the Ni—Co phosphides containing abundant active sites for HER.
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Figure 5.16 (a—g) Double-layer capacitance measurements for determining the ECSAs of all
the electrocatalysts from voltammetry curves in 1.0 M KOH with different scan rates. (h) The
capacitive currents at 0.20 V against the scan rates.
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Table 5.2 The ECSAS, 710 and Tafel slopes of all samples.

Cal Cs ECSA H10 Tafel
Sample mF mF cm2 cm? (mV) mV dec?!

NF 0.020 0.04 0.5 297 230
Ni/NF 0.026 0.04 0.65 276 194
Co/NF 0.043 0.04 1.075 250 175
Ni-Co/NF 0.095 0.04 2.375 238 123
Ni-P/NF 0.131 0.04 3.275 227 107
Co-P/NF 0.216 0.04 5.40 214 87
Ni-Co-P/NF 0.402 0.04 10.05 178 60

According to the formula: j = I/ECSA,[61] HER activities (current density) and
corresponding Tafel slope of the samples are normalized by their ECSAs (Figure 5.17). As
shown in Figure 5.17(a), the normalized HER activity is consistent with the original data.
The results show that the Ni-Co-P/NF has a larger current at the same electrochemical

surface area, indicating better intrinsic activity.
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Figure 5.17 (a) The normalized HER activities (current density) by their ESCAs; (b) the
corresponding Tafel slopes.

(b)

Ni—-Co/NF Ni—Co-P/NF

Figure 5.18 The Contact angles of (a) Ni-Co/NF and (b) Ni-Co-P/NF.
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Figures 5.18 (@ & b) are show the contact angles of Ni-Co/NF and Ni-Co-P/NF
electrocatalyst. The Ni-Co-P/NF has much smaller contact angle 34 + 3° than the Ni-Co/NF
(138 £ 3°), indicating an enhanced compatibility and affinity to water after phosphorylation,
thus leading to an improvement in its catalytic activity towards HER. Furthermore, in order
to prove the binding strength of the self-supported Ni-Co-P/NF (Figure 5.19), it was put
into deionized water for ultrasonication 30 min at a frequency of 42 kHz/s and a power
of 300 W. Almost no powder was noted to fall off from the nickel foam substrate,

demonstrating good binding strength.

Figure 5.19 (a) Before and (b) after ultrasonication for 30 min.

In summary, the high performance of Ni-Co-P/NF electrode could be attributed to: i) the
synergy effect between NiCoP, NiP and CoP phases, ii) the large electrochemical active
area, iii) the high surface wettability, and iv) the self-supported nanostructure fast electron

transfer rate in water splitting.
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5.4. Conclusions

In this work, a two-step method was developed to fabricate a self-supported nanosheets
arrays Ni-Co-P/NF nanocomposite electrode for the hydrogen evolution reaction. It was
demonstrated that the bimetallic cobalt-nickel phosphide has great potential for hydrogen
evolution at high current densities. The as-prepared Ni-Co-P/NF electrode exhibits a very
good HER activity with an overpotential of 85 mV and shows high stability for 24 h in
1.0 M KOH aqueous solution.

The good performance of Ni-Co-P/NF could be attributed to: (i) the synergy effect of
three phases, such as CozP, NiP and NiCoP phases, (ii) the unique morphology of Ni-Co-
P/NF electrode with randomly growing newborn nanosheets dispersed on villiform 3D
integrated framework, which could expose more surface area and lead to the full use of
active sites of the electrocatalyst for HER, (iii) the Ni-Co-P prepared by electrodeposition
is strongly bonded with the nickel foam substrate, being greatly beneficial to the physical
and electrochemical stability of long-term water electrolysis, and (iv) the large
electrochemically active area and relatively high surface wettability. Therefore, this work
provides a mechanism for the synthesis of low-cost electrocatalyst with high efficiency
for hydrogen evolution, which also offers a promising opportunity for the large-scale
application of phosphides in alkaline electrolysis ascribed to their higher current density

and impressive low overpotential.
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CHAPTER 6 Conclusion and Prospective

Energy and the environment are the two eternal themes of human society. In order
to achieve the sustainable development of human society and environment, it is
significant to develop clean and renewable energy sources. Hydrogen is considered to
be the most ideal choice, which forms the foundation of the hydrogen energy
economy, and the research on hydrogen production and fuel cells involved in its
production and utilization are naturally a vital research endeavor in the world.

Electrocatalysts are one of the key materials for proton exchange member fuel cells
and water splitting. The use of electrocatalysts can effectively reduce the reaction
energy barriers and improve the energy conversion efficiency. Therefore, the study of
low-cost, high activity and excellent stability electrocatalysts are essential for the
development of proton exchange member fuel cells and water splitting.

In this thesis, three different kinds of electrocatalysts for oxygen reduction reaction
and hydrogen evolution are studied:

(1) Nitrogen-doped PtNiMo ternary alloys were synthesized by impregnation
reduction followed by annealing at high temperatures. The introduction of acid-
resistant Mo atoms in the alloy not only stabilizes the near-surface Pt atoms,
enhancing the catalytic stability, but also changes the electronic structure of adjacent
Pt atoms and thus promote the desorption of oxide intermediates. The doped N can
form NisN with Ni at high temperature and is stabilized in the electrocatalyst to thus
improve stability. Meanwhile, the pyridine N and pyrrole N also formed by annealing

the carbon substrate in an NH3z atmosphere and possess a promoting effect on oxygen
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reduction. By adjusting the near-surface Pt atom’s content to balance the activity and
stability, PtsNizsMoN/C shows the best activity and stability. It showed mass activity
of 900 mA mg! Pt at 0.90V vs. RHE in O-saturated 0.1 mol L™t HCIO4 aqueous
solutions, which is 3.75-fold higher than the commercial TKK Pt/C (240 mA mgPt).
After 30k accelerated durability tests, the mass activity of PtsNizMoN/C is still 690
mA mg! Pt, which activity remains ~75%, while the Pt/C merely retains ~44%.

(2) Fabrication of self-supported Cu2S-CuzP NW arrays on cupper foam by liquid-
solid reaction and subsequent phosphidation at low temperature are used as an
integrated electrode for hydrogen evolution. No binding agents are needed to favor
excellent catalytic activity for HER and it only requires a low overpotential of 158
mV to achieve a current density of 10 mA cm 2 and it displays a small Tafel slope of
45 mV dec™t. In addition, the activity decrease is ignorable after holding at =500 mA
cm2 for a period of 75 h which demonstrates excellent stability, and the possible
mechanisms are also discussed in the thesis.

(3) A two-step method was developed to fabricate a self-supported nanosheets arrays
Ni-Co-P/NF nanocomposite electrode for hydrogen evolution. It was displayed that the
bimetallic cobalt-nickel phosphide has great potential for HER at high current densities.
The as-prepared Ni-Co-P/NF electrode exhibits a very good HER activity with
overpotential of 85 mV and shows high stability for 24 h in 1.0 M KOH aqueous solution.
The reasons for such good performance are also discussed; this work provides a
mechanism for the synthesis of low-cost electrocatalyst with high efficiency for hydrogen

evolution, which also offers a promising opportunity for the large-scale application of
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phosphides in alkaline electrolysis ascribed to their higher current density and impressive
low overpotential.

While, there are still some issues need to be further studied.

(1) By means of simulation calculation, such as Density Functional Theory, the
theoretical model of different element doping electrocatalysts could be further constructed.
Specifically, the lattice constants, alloy formation energy, surface segregation energy,
oxygen adsorption energy and d orbital state density of different scales, different
elemental compositions, and different element ratios could be investigated. Summarizing
the changes and laws of the active center, predicting the activity and stability of the
electrocatalyst, and guiding the catalytic materials design, this is efficient for the design of
highly activity electrocatalytic materials.

(2) In-situ electrochemical studies could be carried out by environmental spherical
aberration transmission electron microscopy to observe the active sites of the reactants on
the electrocatalysts surface, and their adsorption and/or desorption and conversion
processes, the dissolution, migration, agglomeration and re-deposition of metal atoms.
Such on-line observations could be combined with the theoretical simulation and physical
property characterization, which is significant for us to understand the instinct reasons for
the enhanced catalytic activities. As a result, the binding state of the metal active
component to the support material could be studied at the atomic level, which is helpful
for further understanding the structure-effect relationship of the as-prepared

electrocatalysts.
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(3) The as-prepared electrocatalysts could be further fabricated into a membrane
electrode for single cell characterization. For hydrogen evolution, a single cell combined
with Liquid chromatography could be used to test the efficiency for actual hydrogen
evolution, which is also useful for us to further understand the relationship between the
electrocatalyst and the performance of the single cell, and this is conducive to the

combination of theory, experiment and practical applications.
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