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ABSTRACT

In this dissertation, laser-based manufacturing was applied to develop NiFe-based
alloys, with focus on their electrochemical characteristics toward oxygen evolution
reaction during water electrocatalysis. The targeted electrocatalysts were designed by
combining catalysis principles of absorption energy, electronic effect and geometry
effect. Firstly, a one-step laser-based manufacturing method was applied to prepare a
thin layer of NiFe-based electrodes with varied Ni to Fe ratios to replace high-cost noble
metals as the electrocatalyst for oxygen evolution reaction (OER). Since each Ni has
0.6 d-vacancy and each Fe atom has 2.2 d-vacancies. The alloying of Ni-Fe allows
electrons flowing from Ni to Fe, causing the increase of d-vacancy, resulting in a
catalyst matching better to the reaction electron transfer coordination. The formation of
ultra-small secondary FeNi; phases effectively increased active sites, as well as the
average lattice spacing to match better with the geometries of species involved in OER
reactions. Secondly, laser processed alloys usually experience special thermal cycles
that could produce anisotropic and heterogeneous microstructures significantly
different from parts made by traditional casting. The electrocatalytic performances of
laser-processed alloys differ significantly from traditionally processed alloys and
provide interesting insights on novel electrocatalyst. The laser processed Ni-Fe alloys
are prepared by varied laser scanning speeds as the electrocatalyst toward OER. In
addition Ni-Fe alloys prepared by arc melting and spark plasma sintering are also
prepared for comparison. Thirdly, monolithic nanoporous NiFe electrocatalyst is
developed by dealloying NigFesAl o prepared by laser-based manufacturing for the first
time. The resulted nanoscale pores provided high surface areas and more active sites
for catalytic reactions, while the microscale pores provided sufficient channels for
gas and ion diffusion. Compared to the bulk NiFe electrode, the nanoporous NiFe
electrode exhibits an improved electrocatalytic activity. At last, Ni, Fe based high
entropy alloys (HEAs), including FeNiMnCrCu and FeCoNiCrAl, were synthesized via
arc melting and their electrochemical performance was studied. Due to the varied
atomic radius and structure configurations of the elements in an HEA, the lattice
parameters in the crystalline are usually seriously distorted and severe defects exist in
the lattice with changed valence electron concentration, which are advantageous
properties for catalyst performance.



1 OVERVIEW
1.1 Motivations

Nowadays, due to the fast development of technology and rapid consumption of
fossil fuels, the exploration of renewable and clean energy sources becomes more
urgent.'” Hydrogen, as a highly sustainable and dense specific energy carrier, has long
been considered as an excellent replacement for fossil fuels. Electrochemical water
splitting is one of the most attractive methods for hydrogen generation since it can be
achieved at a large scale with water as a convenient raw material.”® However, due to
the sluggish reaction kinetics of oxygen evolution reaction (OER), electrochemical
water splitting requires high overpotentials. It’s well known that lowering down
overpotentials can effectively increase the water electrolysis efficiency.” To convert
electrical energy to chemical energy stored in hydrogen efficiently, an electrocatalyst
with excellent electrocatalytic activity toward OER is of high demand'®"?. Currently,
noble metal-based electrocatalyst, such as Iridium and ruthenium are still dominating
OER electrocatalys."”'* The high activity of noble metals is attributed to their empty d
orbitals, leading to the s, p, d band hybridization and a high d band occupancy. Also,
the minimum energy required to transmit an electron from the top edge of the Fermi
level into vacuum (work function) of noble metals is higher than that of transition
metals, which allows a higher potential to accept electrons for donor reactions such as
OER. In addition, the lattice spacing of those noble elements matches better with OER
process species. For example, the lattice spacing of the Rh {111} plane is 0.268 nm, Ir
is 0.270 nm, very close to the optimal spacing for M-OH formation and O-O desorption
(in the range of 0.250 nm to 0.280 nm). Nevertheless, the commercialization of water
splitting is severely hindered by the scarcity and high cost of the noble materials.

Recently, more and more effort has been devoted to explore low-cost
electrocatalyst materials, especially those earth-abundant and eco-friendly materials ">
7. Among these materials, Ni stands out as the most promising candidate.'®*' This is
because d character factor (d%, the percent of d orbitals in the s, p, d or d, s, p
hybridization orbitals), work function and crystal structure of Ni are most similar to
noble metals, as well as its top position on the volcano plot of catalytic activity vs. the
absorption energy of adsorbed atomic oxygen among all transition metals. It is also
discovered that the reactant, product and intermediate absorption affinities on Ni can
be effectively altered by combining with Fe. This alloying process can significantly
improve the performance of Ni'">'°. This is because each Ni has 0.6 d-vacancy; each
Fe atom has 2.2 d-vacancies. The alloying of Ni-Fe will allow electrons flow from Ni
to Fe, causing the increase of d-vacancy of Ni, resulting in a catalyst matching better to
the reaction electron transfer coordination of OER (2 electrons) without affect the Fermi
level of Ni. In addition, the alloying process could promote the formation of ultra-small
secondary phase grains to effectively increase the ratio of active sites and alter the
average lattice spacing. Therefore, a NiFe alloy possesses a great potential as low-cost,
high-performance OER electrocatalyst.



Besides an ideal composition, further improving OER catalysis performance
requires a high active surface area, > which is significantly affected by the
microstructure. >*** The most effective and straightforward strategy to increase the
surface area of a catalyst is to develop nanostructures with decreased particle size and
increased porosity. With particle size reducing, more kink and step structure starts
exposing to the surface as catalytic active centers. The nanostructure is usually seeded
by the nucleation center from aggregation of atoms, which can give rise to different
nanostructures. Dealloying is one of the most efficient strategies to develop monolithic
metal or alloy nanostructures ***® The nanoscale pores derived from dealloying
process can provide high surface areas and more active sites for catalytic reactions.
At the same time the microscale pores can provide sufficient channels for the gas and
ion diffusion. Compared to traditional powder-based electrode, a monolithic
electrode/electrocatalyst can facilitate the electron conduction and eliminate the use
of substrate binders.

As a rapid prototyping manufacturing method emerged in the late 1980s, laser-
based manufacturing has lately become an established fabrication technique to 3D-print
a variety of functional materials.””° Lately, printing materials for energy applications,
especially materials with specific energy storage or conversion activities have attracted
a lot of attentions, such as phase change materials for thermal energy storage
applications®', lithium ion battery anode materials’’, photoanode material for dye
sensitized solar cells®, and catalyst platform for water splitting **. Compared to
traditional electrocatalyst preparation methods, which not only require a tedious
synthesis to receive desired catalyst composition and structure, but also need a careful
control of supporting platform/electrode and binder properties, laser-based
manufacturing is an excellent technique to prepare self-supported electrode or
base/template for further process. Therefore, laser-based fabrication method can
manufacture monolithic electrocatalyst easily with great advantages in simplifying the
electrode assembling process and avoiding performance degradation.

In addition, laser processed alloys usually experience special thermal cycles that
could produce anisotropic and heterogeneous microstructures significantly different
from parts made by traditional casting method. Due to the rapid cooling rate and
directional solidification, the laser-processed alloys may contain highly metastable
microstructures, elongated crystalline, high porosity, gas trapping and balling, molten
tracks, protruding particles and small concaves, which display advantages in preparing
complex microstructures. The electrocatalytic performance of laser-processed alloys
may differ significantly from traditionally processed alloys and provide interesting
insights on novel electrocatalyst. Firstly, the surface imperfectness, such as corners,
edges and kinks effectively increase the number of active sites on the catalyst surface.
Secondly, laser-processed alloys usually have an exposed surface with molten tracks,
protruding particles and small concaves that contribute to higher specific surface area.
Thirdly, during the rapid solidification process, metastable crystal phases that are more
favorable for certain electrochemical reactions may precipitate. Therefore, the laser
processed Ni-Fe alloys prepared by varied laser scanning speeds could display apparent
difference in the electrocatalytic activity.



Moreover, high-entropy alloys (HEAs), a new type of alloy, constructed of five or
more metallic elements at equal or near-equal molecular ratios, are emerging into an
attractive category of functional metallic materials.”>>° Due to the varied atomic radius
and structural configurations of the elements in an HEA, the lattice in the crystalline
are usually seriously distorted, which leads to the special mechanical properties of HEA
materials. Due to the severe defects existing in the lattice and combination of hypo-d
and hyper-d in earth abundant transition metals, the valence electron concentration are
possibly significantly changed.’’*’Compared to traditional metals, HEAs are
metastable with metal atoms staying in a high energy state with serious lattice
distortions, which is one advantageous property for -catalyst performance.
Unfortunately, in the state of art, little results have been reported on the catalytic
performance of HEAs.

1.2 Objective and Research Outline

The objective of this research is to develop Ni-Fe based electrocatalyst through
laser-based manufacturing with focus on studying their chemical/electrochemical
characteristics toward OER in the water electrocatalysis process.

In chapter 2, hydrogen energy and water splitting process are discussed on the
aspects of electrochemistry thermodynamics and kinetics with catalysis fundamentals
on absorption energy, electronic effect and geometry effect introduced. In addition,
laser-based manufacturing is briefly introduced.

In chapter 3, a one-step laser-based manufacturing method is applied to prepare
thin layers of NiFe alloys with varied Ni and Fe ratios as the electrocatalyst toward
OER. Their crystal structures, morphologies and compositions are examined by XRD,
XPS and SEM prior and after electrochemical testing. This chapter focuses on the study
of the electron effect and crystal structure effect on electrochemical performance of
NiFe alloy

In chapter 4, the laser processed Ni-Fe alloys are prepared by varied laser scanning
speeds. Their microstructures and morphologies are examined by XRD and SEM. Their
electrocatalytic performance toward OER electrocatalyst is studied. In addition Ni-Fe
alloys prepared by arc melting and spark plasma sintering are also prepared for
comparison.

In chapter 5, nanoporous NiFe electrocatalyst is developed by dealloying laser-
based manufactured Ni-Fe-Al in a concentrated alkaline solution. This chapter focuses
on the study of the nanostructure effect on the active surface area, electron transfer
process, mass diffusion rate of NiFe alloy electrocatalyst and focuses on the
development strategies to fabricate monolithic nanoporous electrode for energy
conversion reactions.



In chapter 6, Ni, Fe and other earth-abundant metal based HEAs are synthesized
via arc melting. The effect of lattice distortion, surface defect and individual element
performance are studied and correlated to their electrochemical characteristics.

In chapter 7, the achievements and potential of this dissertation are concluded and
potential topics for future work related to this dissertation are provided.
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2 INTRODUCTION
2.1 Hydrogen Energy and Water Electrolysis
2.1.1 Energy Crisis and Hydrogen Energy

Due to the fast developing modern technology since the industrial revolution, the
demand for energy is rapidly growing, which is mainly supplied by fossil energies, such
as petroleum, coal and natural gas. As it is known, fossil fuels are organic compounds
formed by natural process of anaerobic decomposition that may take hundreds of
millions of years.'” The properties of a fossil fuel, such as the boiling point, viscosity
and energy density mainly depend on the fuel mixture com&aosition. The start of
exploitation of petroleum in commercial scale was in the 19" century, since when
petroleum oil and gas has taken the stage of history from animal oil. * Fossil fuels have
played a crucial role in the past several decades. Fossil fuels produce a considerable
amount of energy, which accounts for the vast majority of human activity energy
requirement.

Nowadays, due to the rapid consumption of fossil fuels and the severe
environmental and economic concerns, the exploration of renewable and clean energy
sources becomes more urgent.*” The product of combusting fossil fuels consists of a
series of hazardous substances, which seriously impact the environment. Greenhouse
gas (GHG) emission is the most direct impact caused by fossil fuel combustion for
generating electricity, heat and transportation. GHG is gas phase materials in the
environment that absorbs solar energy and emits radiations in the infrared wavelength,
which causes the so-called greenhouse effect.® Greenhouse gases on earth are in the
abundance order of water vapor (H»0), carbon dioxide (CO;), methane (CH,), nitrous
oxide (N,O), ozone (0O3), chlorofluorocarbons (CFCs) and
hydrofluorocarbons (incl. HCFCs and HFCs). World widely, greenhouse gas emissions
are primarily from combustion of fossil fuels. Greenhouse emission keeps increasing
since the industrial revolution. The GHG emissions in the U.S. have increased by ~ 4%
since 1990, which fluctuate with the changes in the nature, economy, and political
environments. And it is estimated that if the greenhouse gas emissions continue
increasing at its current rate, the earth surface temperature might reach it historical
highest value by 2047° and 2 °C global warming climate danger threshold by 2036'°,
that may cause a major harm to human life, even the whole ecosystem. In addition, the
combustion of fossil fuels generates a lot of acids, including carbonic acids, nitric acids
and sulfuric acids, which could corrode the nature and cultural environment and harm
human health in the form of acid rain. Especially for buildings contain marble and
limestone, the calcium carbonate dissolved by acid rains. Moreover, many fossil fuels
contain radioactive elements, such as thorium and uranium. In the most recent decade,
thousands of tons of radioactive materials are released to the environment worldwide
each year from fossil fuel combustion, especially from coal. Bottom ash and fly ash can
also be resulted by burning solid state fossil fuels. 140 million tons of ashes are
produced in the U.S. each year by fossil fuel combustion, which has become the second-
largest waste stream after trash in the country. At last, extracting, processing and



transporting fossil fuels also generate severe economic and environmental
burden. Fossil fuel sources are reserved in the ground. The world energy demand is
expected to be doubled every fourteen years''. In the past two centuries, a great portion
of fossil fuels have been consumed, which took millions of years to form. At current
computation rate, the known oil will run out at 2052, known gas will run out at 2060
and known coal will run out at 2088. '*
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Figure 2.1 Greenhouse gas emissions from fossil fuels 1900 to 2014, data source is
global, regional, and national fossil-fuel CO, emissions 2017. °

Due to the fast diminishing supply and increasing side effect of fossil fuel energy
sources, renewable energies have become an economical alternative to exploit. To 2013,
renewable energy consumption has reached 19% worldwide, with 78.4% fossil fuel and
2.6% nuclear energy.'* Renewable energy distributes widely regardless of the
geographical properties that both satisfies the energy demand and relieves the
environmental burden. Hydrogen, as a highly sustainable, energy-dense and non-
polluting energy carrier has long been considered as a promising fuel. As one of the
most abundant element on earth, hydrogen is plentiful reserved in solid, liquid and gas
phases. When burning hydrogen in air, almost no other byproducts besides water are
produced, causing little side effects to environment and no harm to human health.

2H, (g) + 02(g) — 2H,0 (1) + 572kJ (eq. 1)

Under combustion conditions, hydrogen reacts with oxygen and forms water. Energy
is released as a form of thermal radiation emission with water molecule transiting to its
ground state. The equation indicates the combustion of 2 mol H, with 1 mol O; can
release 572 kJ energy, with a hydrogen energy density of 143kJ/g. Due to its light
weight and clean nature, hydrogen has started to become an important energy source
for fuel cells engines to supply power to electrical vehicles and even aircrafts. For
example, hydrogen is a main fuel for NASA space shuttle’s onboard electric power
generation units, with hydrogen combustion product a drinking water source for
spacemen. In addition, many vehicle companies have started to explore hydrogen as the



onboard fuel, either through fuel cells reactions or directly convert chemical energy of
hydrogen into mechanical energy through an automobile engine. There are already
hydrogen cars in the markets, such as the Honda Clarity, the Toyota Mirani and the
Hyundai ix35 FCEV.

Hydrogen is the first element in the parodic table. Due to the high chemical activity,
hydrogen mostly exists in compound substances, including water and various
hydrocarbons. Currently, the cost of hydrogen energy is challenged by the difficulty of
extracting hydrogen from its compounds. To date, the majority of hydrogen gas is
produced by steam-reforming of fossil fuels, including biomass, natural gas and coal.
However, severe environmental side effects is observed and using fossil fuel raw
material further aggravates the energy crisis."> Comparably, electrochemical water
splitting is extensively promising for hydrogen generation from renewable energy
sources, since it can be achieved at a large scale with water as a convenient raw material
and cause almost zero-pollution'®'®. When renewable energy, such as solar energy and
wind energy is abundant, excessive electrical energy can be converted to hydrogen
energy through water electrolysis process. Then hydrogen can be used to generate
electricity in special forms or used directly.

Renewable
Energy
Electrical

Energy
End Used Excess
Electricity Electricity

Water
Electrolysis

End Used Hydrogen
Hydrogen Energy

Figure 2.2 Energy system for water electrolysis

2.1.2 Water Electrolysis
Water electrolysis is to produce oxygen gas and hydrogen gas through splitting

water molecule by applying a potential higher than standard potential for water
decomposition. It has been used to both produce hydrogen fuels for energy supply and
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high-purity oxygen for breath supply. It was firstly invented by William Nicholson and
Anthony Carlisle in 1800. In 1869 Zenobe Gramme made generating hydrogen by water
electrolysis an affordable method through inventing Gramme machine. In 1888, Dmity
Lachinov industrialized water electrolysis.'” The simplified setup of water electrolysis
includes a container filled with pure water as the raw material with electrolyte to assist
electron transfer, a cathode coated with hydrogen evolution reaction catalytic active
materials, an anode coated with oxygen evolution reaction catalytic active materials,
and a direct-current power applied at a certain overpotential.

H20

Figure 2.3 Demonstration of water electrolysis
During the water electrolysis process, if the electrolyte is balanced with acid, H"
receives electrons (e ) from cathode and forms hydrogen. The half reaction at cathode
is:

H +e —%H, (eq.2)

At anode, H,O is oxidized to generate oxygen gas and give out electrons to the outside
circuit. The half reaction at anode is:

H,0 - % 0,+2H +2¢ (eq.3)

If the electrolyte is balanced with base, at cathode, H,O receives electrons to form
H, and OH . The half reaction at cathode 1s

H,O+2e — 2H,+ OH  (eq. 4)
At anode, OH is oxidized into O, H,O and release electrons

20H — 20,+ H,O+2¢e (eq.5)
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In both case, the overall reaction is:
H,O — H; + 40, (eq. 6 )

Ideally, the amount of H, generated is twice the amount of O,. And the amount of
molecules produced is proportional to electrons transferred in the circuit at ideal
Faradic efficiency. ** However, due to the non-ideal conditions of electrochemical cell
operation and the existence of side reactions, lower faradaic efficiency is resulted. In
pure water electrolysis process, hydrogen cations and hydroxide anions concentrate at
the cathode and anode, respectively, resulting in a decreased PH close to cathode and
an increased PH close to anode. However, most H™ and OH™ ions meet each other before
receiving electrons from or giving out electrons to the outside circuits and form H,O
molecules instead, which results in overpotentials at both cathode and anode. At
standard conditions, water splitting is thermodynamically non-favored. Under ideal
condition, water electrolysis requires a potential of 1.23 V to overcome the
thermodynamic barrier. However, under real conditions, the water splitting potential is
increased by kinetic factors. The series resistance, mass diffusion, surface active sites
all affect the potential to overcome kinetic barriers, which results in an overpotential
(the difference between the experimental potential and thermodynamic potential
required for a half reaction to happen, which largely determines the electrochemistry
cell efficiency).”’ At standard conditions, the electrical conductivity of deionized water
is very low, causing a slow kinetic of electrolysis of pure water. Therefore an electrolyte
can be disassociated into ions when dissolved in water is necessary to improve the
electrical conductivity. Also, to avoid competitive reactions to H, or O, formation, the
anion of the added electrolyte need to have a higher standard electrode potential than
OH and the cation need to have a lower standard electrode potential than H'. Therefore,
in basic electrolyte, the selection of cations is mostly among active metals of higher
activity than H", with Na", K" and Li" as commonly used ions. In acidic solutions, the
acid radical most used is (SO4)*, whose standard electrode potential is -2.05 V vs RHE,
much more negative than -1.23 V. Overall, the most frequently used electrolyte
includes sulfuric acid, potassium hydroxide and sodium hydroxide. Though water
electrolysis is a good technique that can provide hydrogen fuel cleanly, its wide
commercialization is still hindered by its high expense. In the history of water
electrolysis, tremendous effort has been devoted in increasing the water electrolysis
efficiency and lower the material cost, especially the cost on electrode materials.
Traditionally, noble metal-based materials are most used for both hydrogen evolution
reaction and oxygen evolution reaction, which significantly increases the material cost.
Therefore the development of efficient electrocatalyst based on earth-abundant
materials becomes very attractive.

Under standard condition (T = 298 K, P =1 atm), the water electrolysis is
following the equation:

H,O (I) - Ha(g) + %2 02(g)  (eq.7)

The standard Gibbs free energy changes for liquid H,O formation from vapor
phase H; and O is
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AH°(H,O(1)) = 285.8 kJ/mol (eq. 8)
AS°(H,O(1)) = 163.1 J/mol'K (eq.9 )
AG°(H,0O(1)) = AH°(H,O(1)) - T - AS°(H,0O(1)) =237.2 kJ/ mol (eq.10)

Where AH° AS° and AG® are enthalpy, entropy and Gibbs free energy standard changes
for reaction

According to the law of conservation of energy, the standard electricity required
to split one mole of water is

AG° —nFE°=0 (eq.11)
Where: n is the number of transferred electrons for one H,O molecule splitting, n=2;
F is the Faraday constant, F=96485 C/mol;

E is the standard potential required for water splitting.

po =480 237241000 _ 173V (eq. 12)

nF 2%x96485

The water splitting potential is independent of PH

To calculate the equilibrium cell potential of an electrochemical reaction, Nernst
equation is used”

Eeq=E°+%lng—Z(eq. 13)
Where: Eq is the equilibrium cell potential;
E° is the standard cell potential;
R is the universal gas constant;
T is the temperature;
F is Faraday constant; n is the number of transferred electrons;
Co is the concentration of oxidizer;
Cr is the concentrations of reductant.
Under acidic conditions, according to Nernst equations,

The half reaction at cathode is: H +e¢ —%H, (eq. 14)

E=E,  +%1n % - 0.06pH (eq. |
~Lha/H+ EHE__~ pH (eq. 15)
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The half reaction at anode is: H;O — % 02+ 2 H +2e  (eq. 16)

1/2

B' = B0y + Foln Sfor _ | 5
= Lyz0/02 T 710 =1.23V-0.06 pH (eq. 17)
nF ag20
E=E -E =123V (eq. 18)

Where: ais the activity of protons, ions and molecules;

f is the fugacity of gas phase molecules.

E (V vs. SHE)

Figure 2.4 Equivalent water splitting potential vs. pH

At standard condition (T =25 °C and P = 1 atm), water splitting requires an
equilibrium cell potential of 1.23 V to overcome the thermodynamic barrier.

In acidic environment (PH = 0):
Cathode: H +e —%H, E°=0.00V (eq.19)
Anode: H,O— % O0+2H +2¢ E°=123V (eq.20)
In basic environment (PH = 14):

Cathode: H,O+2e — 2H, +OH E°=0.39V (eq.21)
Anode: 20H — %0,+ H,0+2e  E°=-0.84V (eq.22)

The water splitting potential is significantly affected by the temperature. Under
atmosphere pressure:
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1

Hi (T) = H; *+ a(T — To) + 2 #1073 (T2 = T,2) —c*10° (
2 T

~15) (eq.23)

S;(T)=S;°+a (InT — InTo) + b*10°° (T — Tp) —c*10° (%-%) (eq. 24 )
AH (T) = Hp> (T) + % Hoa (T) — Hino (T) (eq. 25)
AS (T) = Sia (T) + % So2 (T) = S0 (T)  (eq. 26 )
AG (T)= AH (T) - TAS (T) (eq.27)

E(T) =250 _ | 518 — 1.542*1073*T + 9.523* 10 S*T*In(T) + 9.84*10 **T2 (eq. 28 )
2F

1.30

1.28 |-
1.26 |-
124 @

1.22 |- m

1.20 | ~m
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Figure 2.5 Thermodynamic water electrolysis voltage vs. temperature from 273K to
373K

Table 2.1 Gas temperature coefficients >*for equation 28

a b C
H; (g) 26.57 3.77 1.17
0:(g) 34.35 1.92 -18.45

It is observed, the voltage decreases from 1.23 V at 25 °C to 1.18 V at 100 °C, the
water splitting potential decreases with increased temperature.
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Figure 2.6 Illustration of double layer and potential distribution close to the electrode

Water electrolysis reactions are heterogeneous reaction happening on the interface
between electrode and electrolyte. In the region close to the electrode region, a double-
layer electrochemical boundary is formed in this region, which experiencing the
discontinuous electrolyte velocity, chemical species concentration and potential
gradient. As illustrated in Fig.2-6, the cations and anions form two mobile layers near
the electrode surface, which are called inner Helmholtz layer (IHL) and outer
Helmbholtz layer (OHL), balanced by ions with counter charges in the area around the
electrodes. It is also observed, the interfacial potential decays along the double layers.
The existence of double layer causes the potential gradient between the electrode
surface and electrolyte (AE),AE = Ee — Es serving as driving force for electron
transfers, which is significantly affected by species adsorbed on the electrode surface.
In addition, AE causes the localized driving force of the electrode/electrolyte interface
reactions, which affects the reaction rate, electrode efficiency and product selectivity.
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Due to the existence of kinetic barriers, the reactions need higher potentials than the
equilibrium potential, which is the so-called overpotential (). The overpotential is
composed of anode overpotential (n.), cathode overpotential (n.) and other
overpotential (1)), such as the overpotential caused by series resistances.**

Nn=E-E° (eq.29)
N="Nc+MNat+Mo(eq. 30)

In alkaline environment, three elemental steps are involved for hydrogen evolution
reaction on the cathode. The first step is the formation of adsorbed hydrogen on the
electrode surface. The second step is the formation and chemical desorption of H, from
the electrode surface. The last step is the formation and chemical desorption of H, from
the electrode surface and electrochemical desorption of OH .

H,O +e — Hags + OH (eq. 31)
2 Hags — Ha(eq. 32)
Hags + HHO+e — Hy + OH (eq. 33)

The overpotential on the cathode side is decided by the hydrogen formation
process close to the electrode surface, which is essentially affected by the binding
strength between adsorbed hydrogen intermediate and the cathode surface. If the
hydrogen atoms bind to the electrode surface too strongly, desorption of H molecule is
inhibited. On the contrary, if hydrogen atoms bind too weakly, it is becoming difficult
to stabilize the hydrogen intermediate and inhibit the reaction too. Therefore a modest
binding energy is favorable for an active electrode. The hydrogen evolution reaction
mechanism is decided by the applied overpotential. At low potentials, the electron
transfer is the slowest step. The hydrogen adsorption is the rate determining step. Under
this condition, electrode with a high surface area allows more hydrogen adsorption. At
high potential, with the hydrogen adsorption step is greatly facilitated, the hydrogen
desorption is the rate determining step. Under this condition, electrode with rougher
surface can effectively enhance hydrogen molecule repelling.

The most generally accepted oxygen evolution reaction mechanism in alkaline
environment happening on the anode has three steps. The first step is the formation of
adsorbed hydroxide on the anode surface. The second step is the formation of adsorbed
oxide the anode surface. The last step is the formation and chemical desorption of O,
from the anode surface.

OH — OH,ste (eq.34)
OH + OHggs — Ongs + HHO+ e (eq. 35)
Oads + Oaas = 02 (eq. 36)
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Similar to the hydrogen evolution process, the overpotential on the anode side is
determined by the oxygen formation process that is essentially affected by the binding
strength between adsorbed oxygen intermediate atom and the cathode surface. If the
oxygen atoms bind to the electrode surface too strongly, desorption of O, is inhibited.
On the contrary, if oxygen atoms bind too weakly, it is becoming difficult to stabilize
the oxygen intermediate and inhibit the reaction too. Therefore a modest binding
energy is favorable for an active electrode. At low potentials, the electron transfer is the
slowest step. The first step is the rate determining step. At high potential is, the chemical
and electrochemical desorption is the rate determining step.

The overpotential at each electrode is directly determined by the formation of
hydrogen and oxygen in the vicinity of the electrodes. The energy efficiency of water
electrolysis is defined by the percentage of the energy output over the energy input. The
Faradic efficiency is calculated by the ratio of effective voltage for water splitting over
the total applied voltage:

EO

Faradic efficiency = *100% (eq.37)

Ecenr

EO
E%+n

Faradic efficiency = *100% (eq. 38)

Therefore, lowering down overpotentials can effectively increase the water
electrolysis efficiency. By accelerating the kinetics at anode / electrolyte and cathode /
electrolyte interfaces, the 1, and 1. can be minimized to facilitate the oxygen evolution
reaction and hydrogen evolution reaction, respectively. Herein, a development of
advanced electrocatalyst materials is highly promising for improve the performance of
overall water splitting. Electrocatalyst is a type of catalyst that can facilitate electron
transfer at electrode and electrolyte interface in electrochemical processes. For
hydrogen evolution reactions and oxygen evolution reactions, the most traditionally
used electrocatalysts are noble metal catalysts, such as Pt, Ru and Ir.>% The
performance of the electrocatalyst is significantly affected by the morphology of the
materials. Nevertheless, the commercialization of water splitting is severely hindered
by the scarcity and high cost of these noble-metal materials. Therefore, developing
affordable and efficient electrocatalyst to replace traditional noble metal catalysts for
both hydrogen evolution reaction and oxygen evolution reactions is becoming more and
more urgent. Sometimes, the electrode itself serves as the electrocatalyst to reduce the
overpotentials for electrode/electrolyte interface reactions. In addition to material
selection, electrode design is also crucial for electron and mass transportation, gas
bubble removing.

Three-electrode system 1is most commonly used to characterize the
electrochemical characteristics of the electrocatalyst. To setup an electrochemical
circuit, at least two electrodes (working electrode and counter electrode) are needed.
The working electrode is the electrode of interest, where the studied half-cell reaction
occurs with the controlled potential applied on. The counter electrode is where the other
half-cell reaction occurs with a known potential applied and the electron transfer
balanced. However, it is not viable to maintain the electrode at a constant potential
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when current passing the electrode due to redox half-cell reactions. Therefore, reference
electrode is applied to providing a reference potential, who has a known reduction
potential with no current passing through. Then the potential at the working electrode
can be easily measured and controlled. The stable potential of the reference electrode
is maintained by applying a system with constant potentials. There are several common
used reference electrodes, including standard hydrogen electrode (SHE), normal
hydrogen electrode (NHE), reversible hydrogen electrode (RHE), saturated calomel
electrode (SCE), copper-copper (II) sulfate electrode(CSE), silver chloride electrode,
PH-electrode, palladium-hydrogen electrode, dynamic hydrogen electrode (DHE) and
mercury-mercurous sulfate electrode (MSE). In this dissertation, the saturated calomel
electrode (SCE) is applied as the reference electrode. The SCE is based on the redox
reaction between Hg and HgCl, in aqueous solution.

_‘

Figure 2.7 Illustration of three-electrode system
2.2 Electrocatalyst for Oxygen Evolution Reaction
2.2.1 Electrocatalysis Principles

Electrochemical reactions are redox reactions at electrode/electrolyte interfaces
with only electrons transferred and the electrode surface unchanged. The reaction rates
and adsorption/desorption equilibria strongly depend on the applied potential. So an
electrochemical reaction is not only driven by chemical forces, such as temperature,
pressure and reactant concentrations, but also significantly sensitive to electrical
potentials. In addition, the adsorption and desorption of reactants and reaction
intermediates are critical for the rate of electrochemical reactions. The slow kinetic of
intermediate reactions is usually the control factor of an electrochemical reaction, but
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can be effectively accelerated by applying suitable heterogeneous electrocatalysis.
Electrocatalysis is the process during which reactants adsorb on the electrocatalyst
surface followed by electrochemical interaction activations to more rapidly and
selectively convert the adsorbed intermediates to product. After desorption of product,
the electrocatalyst immediately recover to its original state. These electrocatalysis
process allows an energy shortcut at much lower overpotentials than if no
electrocatalyst is applied. For unspontaneous reactions, the minimum energy needed
for an electrochemical reaction to happen is the activation energy. As illustrated in Fig.
2-8, all reactions need to go through a certain pathway, with a minimum energy required
to break bonds in reactant molecules, which is called the activation energy AE. If the
applied energy is larger than this minimum activation energy AE, the kinetic barrier is
overcome. Through the formation of the product, the energy is released. The energy
difference between the reactants and products is the thermodynamic energy AE°. In a
catalyzed reaction, the activation energy is lowered, since the formation of intermediate
state requires much lower energy, which reduces the kinetic energy barrier and
accelerates the reaction rate.
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Figure 2.8 Schematic illustration of electrocatalytic reaction mechanism

The chemical/electrochemical absorption process is exothermic process. It is a
crucial factor influencing electrocatalytic kinetics. To convert the reactant into the
product, the reactant would be activated into intermediate states through adsorption on
the catalyst surface. The strength of adsorption of the reactant determines the activity
of the electrocatalyst: a moderate strength is optimal for a catalyst. If the binding is too
strong, the final product or intermediate species would be very difficult to leave the
catalyst surface, which hinders further reactions. On the contrary, if the absorption
energy is too low, the binding between formed intermediates and catalyst surface would
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be very weak, leading to a surface with a low coverage rate, making it very difficult to
stabilize intermediates and hinders further reactions, too. Figure 2-9 displays the
volcano plot of catalytic activity vs. the absorption energy of 1/4 monolayer of adsorbed
atomic oxygen with selected metal catalysts. >* The vertical axis gives the exchange
current density of oxygen evolution reaction on a particular metal; the horizontal axis
gives the Gibbs free energy of oxygen absorption on a particular metal. Metals with the
highest electrocatalytic activities are located on the top of the volcano plot, which have
a moderate binding strength. On these metals the reactants can bind on the catalyst
surface rapidly, subsequently convert to final product and leave the catalyst without
severe hinders. It can be seen, besides noble metals, Ni stands out as a promising
candidates. Because Ni is reasonably close to the top of the volcano plot among all
transition metals. Therefore, Ni is an excellent candidate as a base material to develop
low-cost electrocatalyst material for OER.
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Figure 2.9 The volcano plot of activity vs. oxygen binding energy of 4 monolayer of
adsorbed atomic oxygen®’

According to covalent bond theory, covalent bond is formed between the atoms
by the hybridization of outer-layer s, p, d electron orbitals to bind electrons to a region
and form energy bands with the inner orbitals and electrons unaffected. Basically, there
are two types of electrochemical half-reactions: acceptor reactions and donor reactions.
In a typical accepter reaction, electrons are received by the reactant from the electrode.
In a donor reaction, electrons are received by the electrode from the reactant. The
valence shells of metals are usually composed of s or d band. Most metals with s bands
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are strong electron donors and bind strongly to electron acceptors to form very stable
compound. On the contrary, d-block (IB, VIB, VIIB and VIIIB) elements are suitable
electrocatalysts for many reactions. Because d-block elements have 1-2 s electrons on
the outermost shell and 1-10 d electrons on the secondary outermost shell, there are
unpaired electrons on the (n-1)d and/or ns orbitals. Moderate absorptions are formed
between these orbitals to main group reactant with only s or p electrons, then convert
the unstable intermediate into a stable state. Even for elements have fully filled d
orbitals, such as Cu, Ag, Au, their d electrons can still transit to s orbital and leave an
unfilled d bands. Therefore, d-block metals wusually have a moderate
chemical/electrochemical absorption. The percent of d orbitals in the s, p, d or d, s, p
hybridization orbitals is d character factor (d %). A high d% indicate a high d band
occupancy and low d band vacancy. The electrocatalytic activity is affected by the d
occupancy, which is reflected by the absorption trend of the d-block metals. It is found,
on the left side of a period, the binding to atomic species is strong; it was found that the
rate of dissociative adsorption to molecular species increase with increasing atomic
number of noble metals, which explained the volcano plots with the electronic factor.
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Figure 2.10 Illustration of orbital hybridization of a 3 period transition metal
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Table 2.2 d% of selected d-block metals®®

Element Sc Ti Vv Cr Mn Fe Co Ni Cu Y Zr Nb Mo

d% 20 27 35 39  40.1 395 39.7 40 36 19 31 39 43

Element Tc Ru Rh Pd Ag LILa Hf Ta W Re Os Ir Pt

d% 46 50 50 46 36 19 29 39 43 46 49 49 44

Fermi level is the top of the electron collection energy levels at 0 K. The minimum
energy required to transmit an electron from the top edge of the Fermi level into vacuum
is work function (®). Fermi level decides the strength of chemical/electrochemical
absorption. For example, if the Fermi level is low, such as metals with high d-band
vacancy, such as Cr, Mo, W and Mo, it has a very strong absorption to H, molecules,
making it unsuitable for hydrogenation reactions. Metals with a low work function have
a higher potential to donate electrons; metals with a high work function have a higher
potential to accept electrons.

(1) ®>1 (2) d<1 (B)Dd=1

T

Catalyst Reactant Catalyst Reactant Catalyst Reactant

Figure 2.11 Schematic illustration of band model

The minimum energy required to transfer electrons from the reactant is I,
representing the difficulty of losing electrons. When @ > I, electrons transfers from the
reactant to the surface of catalyst and reactant loses electrons. At the same time, ionic
bonds form between reactant and electrocatalyst. The bond strength is determined by
the difference between @ and I. In addition, @ is reduced by the formation of cations.
On the contrary, when @ < I, electrons transfer from the surface of catalyst to the
reactant and reactant receives electrons. At the same time, ionic bonds form between
reactant and electrocatalyst. The bond strength is determined by the difference between
® and I. In addition, @ is increased by the formation of anions. When @ and I are very
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close, complete electron transfer is unlikely to happen and valence bound forms with
no absorption.
Table 2.3 Work function of selected metals®

Element Sc Ti Vv Cr Mn Fe Co Ni Cu Y Zr Nb Mo

Work Function (eV) 3.50 433 430 4.60 4.10 4.48 441 451 4.10 3.10 4.05 395 4.36

Element Al Ru Rh Pd Ag La Hf Ta \W% Re Os Ir Pt

Work Function (eV) 4.06 4.71 4.48 455 480 350 390 480 453 510 593 5.67 532

In the heterogeneous electrocatalysis reactions, only atoms on the surface are
involved in interactions to reactant, with minority of the atoms serving as active centers.
The interactions between catalyst atoms and reactant not only deform bonds within the
reactant, but also activate some atoms and promote the formation of new bonds.
Therefore, the geometric configuration of the catalyst and reactant should match. The
most important steric effect on electrocatalysis is that the strength of chemical /
electrochemical adsorption of reactant strongly depend on the lattice parameters. For
electrocatalyst surface with large interatomic distances, the chemical bonds in the
diatomic reactant have to be broken to adsorb on the electrocatalyst surface. On the
contrary, if atoms are too closely packed, strong repulsion would impede adsorption. It
can be seen that close packed structures usually has better activity toward oxygen
evolution reaction. In addition, the coordination number of FCC and HCP are both 12
and the coordination number of BCC is 8. A higher coordination number is favorable
for catalytic reaction. Therefore, it can be seen most metals with good performance for
oxygen evolution reaction are in the FCC category. For single-atomic species, the
lattice spacing has little effect on catalysis performance.

Table 2.4 Lattice spacing of most densely packed plane (nm) **

BCC {110} FCC {111} HCP {1000}
Ta 0.286 Ce 0.366 Mg 0.320
W 0.272 Ag 0.288 Zr 0.312
Mo 0.272 Au 0.288 cd 0.298
\Y% 0.260 Al 0.286 Ti 0.292

a-Cr 0246 Pt 0.276 Os 0.270
a-Fe 0248 Pd 0.274 Zn 0.266
Ir 0.270 Ru 0.266

(table cont’d)
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BCC {110} FCC {111} HCP {1000}

Rh 0.268 B-Co 0.252

Cu 0.256 Be 0.224
o-Co 0.252

Ni 0.248

The catalytic performance of an electrocatalyst also strongly depends on the nature
and amount of structure defects. One typical type of s defects is point defect, including
Frenkel defect and Schottky defect. Schottky defect is also called vacancy defect,
whose lattice sites are vacant, but could be occupied to form perfect crystal. Frenkel
defect is also called interstitial defect, where atoms occupy the areas supposed to be
empty. In addition, linear defects and planar defects, also contribute to the activity of
electrocatalyst. The formation of interfaces between grain boundaries enhances the
electrocatalytic activities.”' > Another important defect source is surface imperfectness,
such as corners, cavities, edges and kinks, that strongly affect the active area on catalyst
surface. It has been reported the electrolysis kinetics increase with the surface step and
kink intensity.*®>®

The active surface area of solid catalyst is another important factor. The
development of nanostructure can strongly enhance the activity of electrocatalyst. In
the past decades, tremendous efforts have been advanced in exploring nanostructured
electrocatalyst materials.””** Compared to bulk materials, nanostructured materials can
display improved catalytic activities due to their special morphologies.” *** Owing to
the minimization of particle sizes, the exposed surface area to volume ratio is increased,
which allows the absorption of more reaction species. Therefore, the specific
electrochemical current can be effectively magnified with the increased surface area. In
addition, at the nanometer scale, the crystal structure tends to be more disordered. The
activity of the electrocatalyst is enhanced by the multi-grained nature.*' The first
nanostructuring effect on electrocatalyst rising attentions was reported by Brown et al.
It was discovered since the surface of alloys were usually higher than pure metal
electrocatalyst, they provide higher surface area and more active catalytic sites.”> Later
on, the effect of nanostructuring on electrocatalytic activity has been demonstrated by
many researchers on different material systems.’> Moreover, it was discovered that in
a gas-evolved electrochemical reaction, such as HER and OER, a nanostructured
surface exhibited advantages in facilitating gas product repelling.”>°

2.2.2 Electrocatalyst Materials

Currently, noble metal-based electrocatalysts still play a dominating role as OER
electrocatalysts, such as Iridium and ruthenium, due to their high activity toward OER
both in acidic and basic environment, attributed to their empty d orbitals, leading to the
s, p, d band hybridization and a high d band occupanc.”>® The performance of the
electrocatalyst is significantly affected by the morphology of the materials. It is
observed that RuO, is not very stable under high operating potential, and will be
gradually dissolved into the electrolyte. Comparably, the stability of IrO, for OER is
better than RuO,.”” To enhance the electrochemical durability of noble metal-based
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OER electrocatalyst, a RuIr;xO compound material has been developed, resulting in
an electrocatalyst possessing superior catalytic activity and durability.”®> In addition,
hierarchical IrO,@RuO, has also been studied.®” Nevertheless, the commercialization
of water splitting is severely hindered by the scarcity and high cost of these noble-metal
materials. Therefore, developing affordable and efficient electrocatalyst based on earth-
abundant is becoming more and more urgent.

Recently, transition metal has become an appealing category as electrocatalyst for
energy conversion reactions. It is found that many transition metals are active toward
OER, which are correlated to their work functions, crystal structures and electrical
conductivity. For example, Wu et al. reported monolayer cobalt nanoparticle
electrocatalyst on glassy carbon electrode. It presented high electron transfer facility.'
Chaudbhari et al. reported 3D nickel foam displayed great electrochemical performance
due to the extended surface area and a conductive interconnected nanoporous
network.”” However, the performance of pure metals is restricted by their intrinsic
properties. Research interests have been devoted to transition metal alloys, since the
synergistic effect of two or more metals could change the affinity of a single metal
toward reaction species. More specifically, through alloying two or more transition
metals, the d-band occupancy, work function and crystal lattice spacing could be
tuned.” Ni-Fe alloys displayed apparently advantages compared to pure metal
electrocatalyst. For example, Hoang et al. reported -controlled electrodeposited NiFe
films yielded and OER current density of 100 mA/cm?® at an overpotential of ~300 mV
and maintained for 72 hours.®* Lu et al. reported electrodeposited hierarchical 3D Ni-
Fe electrocatalyst only requires 200 mV onset overpotential and can receive a current
density of 500 mA/cm” at an overpotential of 240 mV.*

Though transition metal oxides usually don’t possess a good -electrical
conductivity and relatively unstable under water splitting, there are several successful
families of transition metal oxide for OER. The first one is perovskite family, which
has a chemical formula of ABO; with A representing alkaline or rare-earth metals and
B representing transition metals. For example, Matsumoto et al. have developed a La;.
SriFe;,CoyO;3 electrocatalyst system and found that its OER activity increased with
increasing x and y. ® The second one is the spinel family, which has a chemical formula
of CD,0; with C representing group 2 or group 13 metals and D representing transition
metals. Spinel oxides usually possess good electrical conductivity and can maintain a
good stability in alkaline environment. °”°® The third one is the layer structured family.
Layer structured oxides are composed of metal hydroxides and metal oxyhydroxides
and its crystal structure is layered-stacking configuration with proton packed between
layers, which can exhibit excellent electrocatalytic activity toward OER. For example,
Gong et al. synthesized Ni-Fe layered double hydroxide nanoplates which displayed an
improved catalytic activity and stability toward water oxidation compared to Ir-based
electrocatalyst.”

Metal chalcogenides, metal pnictides and organometallic are also promising
transition metal based OER electro-catalysts. Metal chalcogenides include metal sulfide
and metal selenide. Most metal chalcogenide OER electrocatalyst are based on nickel
or cobalt. For instance, Chen et al. have developed a NiS electrocatalyst on steel mesh
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electrode and achieved a 11 mA/cm” current density at 297 mV with a Tafel slope of
47 mV/dec.”” Metal pnictides consists of metal nitrides and metal phosphides. Their
good performance toward OER to some degree attributes to their inert-nature under
harsh chemical environment. A series of Co and Ni based metal pnictides have been
tested for OER, such as Co,N, CosN, CosN"! and NizN"%, Organometallic is a complex
system evolving oxygen and transition metals such as Mn, Fe and Co. For example, a
manganese complex has been developed, exhibiting bifunctional catalytic properties
toward both OER and ORR.”

Besides metal based electrocatalyst, non-metal electrocatalyst, especially carbon-
based materials, also displays interesting behaviors in catalyzing OER. For example,
nitrogen doped carbon has attracted a lot of attention. Zhao et al. developed N/C
nanomaterials received 10 mA/cm” current density in alkaline media at an overpotential
of 380 mV. ™ In addition, graphene based materials have also been tested. For
example, Chen et al. fabricated a highly porous 3D graphene/CNT exhibited 5 mA/cm®
current density at a 365 mV overpotential.” In addition to carbon based materials, black
phosphorus is also very promising. For example, black phosphorus developed through
the method of thermal vaporization transformation displayed a comparable
performance to RuO, electrocatalyst.”’

2.2.3 Challenges and Strategies

For OER electrocatalyst based on earth-abundant elements, to receive comparable
performance to noble metal based electrocatalysts, there are several challenges in the
front. Firstly, the material is required to have a good intrinsic catalytic activity. Though
further composition and structure modifications could improve the performance to
some degree, the material intrinsic activity is a decisive factor. Secondly, the material
needs to be stable under the water electrolysis conditions to maintain a long-term
performance without severe degradation. An ideal electrocatalyst could resist the
corrosion both under bias voltage and standby conditions. Therefore, due to the high
activity of most earth-abundant elements, the task of stable electrocatalyst is becoming
even more difficult. However, this long-time stability issue might be relaxed for
materials that is very low-cost and can be replaced easily. Thirdly, the materials should
have excellent properties including good electrical conductivity, environmental
compatibility and structural tunability. The electrocatalyst should have a rapid electron
transfer to ensure the minimized ohmic efficiency losses. In addition, the earth-
abundant elements based electrocatalysts should also be compatible to the water
electrolysis environment to avoid corrosion and poisoning during operation, nor should
they contaminate or degrade other. Fourthly, an ideal electrocatalyst should exhibit high
activity and stability toward wide range of electrochemical reactions, like the some
noble metals.

There are several strategies in achieving excellent electrocatalysts, that are aimed
to increasing the activity or/and stability of the electrocatalyst. Firstly, nanostructure is
the most straightforward strategy, since it can effectively improve the current by
magnify active surface area to volume ratio of the electrocatalyst that results in a
multiplied number of exposed active sites. In addition, the nanostructured surface can
somewhat facilitate gas bubble release and promote mass diffusion. Moreover,
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nanostructure electrocatalyst templates and substrates are also very important. Secondly,
chemical composition modifications play a key role in improving the activity. Though
the intrinsic activity of an element is unchangeable, the effects of a composite species
in increasing the overall activity are significant. Doping, alloying are both effective in
altering catalyst electronic structures, which can change the Fermi levels or oxidation
state and improving electrocatalytic activity. Thirdly, modifying the microstructure is
crucial to catalyst performance. The different crystallinities of a same material could
contribute to sites with varied activity.

2.3 Laser-based Additive Manufacturing
2.3.1 Introduction to Laser-based Additive Manufacturing

Recently, laser-based additive manufacturing has received tremendous attention
from both academia and industrial bodies”*™. As a prototyping manufacturing method,
laser-based additive manufacturing is the process of joining materials to make 3D parts
layer by layer. It has lately enormously progressed becoming an established fabrication
technique to 3D-print a variety of functional materials.** Through a repeated layer-
by-layer process, the laser-based additive manufacturing process is able to build a 3D-
structured metal part. In a typical laser-based manufacturing process, a layer is formed
by melting a selective area of powders. During irradiation of a laser beam, the powder
is heated over its melting point and a liquid molten pool is formed. The molten pool
solidifies quickly and forms a single sintered metal or alloy track. To build a 3D part,
before starting the laser melting process, the first step is to load the 3D CAD design to
the software to slice it into many layers with the same thickness of ~ 20-100
micrometers to generate a set of 2D plane image for each layer. Then each file is
uploaded to the geometry control software sequentially. A layer of ~20-100
micrometers metal powders is uniformly laid on the substrate or the previous layer in
the inert gas filled chamber. Then the laser with an ultrahigh energy density scans on
the powder according to the geometry of each layer to melt the powder selectively.
After one layer is melted, the stage will move down along the Z direction. This process
is repeated layer by layer successively for 3D part construction until the last layer is
printed. When the laser-based manufacturing process is finished, the unmelt powders
are separated from the 3D part manually.*** Currently, Yb:YAG crystal is one of the
most used laser source due to its relatively higher absorption rate by metals. The quality
of the part produced by laser-based manufacturing is affected by several parameters,
including the energy density of the laser, the hatch space between each molten track,
scanning speed, the thickness of each layer and the metallic power properties. Under
the condition of a lower laser power, wider molten track spacing, faster scanning speed,
insufficient melting might be resulted with significant balling and porousity.® On the
contrary, excessive low scanning speed and high laser energy could cause increased
manufacturing cost. Generally, powders have a much higher laser energy absorption
rate compared to its bulk material, owing to its higher surface area to volume ratio and
multi-direction wave refelection.®® Also, a more even distributed laser beam could lead
to wider molten pool.”’” To increase the layer density at the same laser power, decrease
the powder diameter and the particle size variance are effective stratgies.” Balling is
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another issue that occurs during laser-based manufacturing process, which severely
decreases molten track uniformity and roughens the layer surface. It is reported the
formation of surface oxide causing the wetting of liquid metal on the preceding layer
very difficult that may lead to layer delamination. Therefore, minimizing oxygen
content in the laser-based additive manufacturing chamber and repeating laser shining
to reduce metal oxide layers are necessary processes. In addition, due to thermal
properties of different metals, materials suffers from residue stress from the temperature
fluctuation in the melting and cooling process.”” To date, several strategies have been
proved effective in reduce the residue stress of laser-based manufacturing components.
The first one is post heat treatment at 600 to 700 °C for 1 hour, which can release 70%
residue stress. The second one is scanning each layer with the same operating condition
for a second time, which can release 55% residue stress. The third one is to preheat the
stage to 160°C, which can reduce 40% residue stress.”’ Also, it is reported sectorial
scanning is another effective strategy to reduce residual stress, which divides each
scanning layer into many small square area and each square is scanned perpendicular
to its neighbors. ' In the past two decades, more and more research efforts have been
devoted to the investigation of laser-based manufacturing techniques and materials. To
date, the most studied laser-based manufactured materials include iron-based alloy,
titanium-based alloy, nickel-based alloy and aluminum-based alloy. Different steels
have been studied, such as SS316L, and inox904L, as well as many intermetallic
materials such as FeNi alloy, FeAl alloy. Besides commercial Ti based material, such
as pure titanium and Ti64, other titanium-bases alloy, such as Ti-6Al-7Nb and Ti-24Nb-
4Zr-8Sn have also been printed by laser-based manufacturing. Compared to iron-based
materials, titanium-based materials possess higher specific strength and elastic moduli
that is more suitable for human body implants.”>”> Nowadays, laser-based
manufacturing has been applied to various applications to develop metal or alloy parts
requiring complicated 3D structures, such as a structure consisting of small channels or
a structure containing interconnected parts. Laser-based manufacturing also has some
disadvantages. Firstly, the printing of 3D structure through laser-based manufacturing
process usually needs a large amount of metal powders. The metal powders remaining
in the un-selected areas will cause the waste of materials. Secondly, laser-based
manufacturing is a time intensive technique, slower and more complicated compared
to traditional casting.”* Laser-based manufactured parts usually have a better strength
and low malleability, due to its relatively more uniform structure at each laser spot.”
However, the quality of laser manufactured parts is limited by its high surface
roughness and porosity.”®”” With the development of laser-based manufacturing
technique, its application is becoming wider and wider. One main application for laser
processed metal/alloy material is on biomedical and dental parts. Since laser-based
additive manufacturing can directly develop metal parts for different individual’s
specific needs with materials biocompatible for human bodies. It is able to develop
body implants to replace various body parts or serving as supporting structures.”””
Another application of laser-based manufacturing is to develop heat exchanger
components, due to its high feasibility in achieving uniform heat exchanging channels
to very small sizes with very complicated structures.'” At the same time, laser-based
additive manufacturing is able to develop 3D single cell or honeycomb structured
lightweight parts with complex lattice and ultrathin wall thickness, allows the
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possibility of lowering the weight of the product.'”’'* Lately, novel materials for

energy applications, especially materials with specific energy storage and conversion
activities have attracted a lot of attentions, such as phase change materials for thermal
energy storage applications'”, lithium ion battery anode materials'®*, photoanode
materials for solar cells'®, catalyst platform for water splitting '°°. Compared to
traditional electrocatalyst synthesis methods, which not only requires a tedious
synthesis to receive desired catalyst composition or structure, but also needs a careful
control of supporting platform/electrode and binder properties, laser-based additive
manufacturing can develop 3D structures freely, and effectively enhance the adhesion
between active layer and substrate, making the development of novel electrocatalyst
more efficient and flexible. On modern photovoltaic market, thin film solar cell has
gradually come to stage. Compared to first and second generation solar cells, thin film
solar cells are more flexible and compatible to different constructions. Dye-sensitized
solar cell is one of the most important third-generation solar cell, which using sensitized
TiO, nanoparticle on FTO substrate as the photoanode. The preparation of TiO;
photoanode requires a high temperature of 500 °C for electrode sintering, which limits
its application on conductive polymer substrates. Laser-based manufacturing has been
considered as a promising technique to post-anneal TiO, electrode on polymer substrate,
which on one hand can provide through sintering of the nanoparticles with sufficient
adhesion to the polymer substrate, on the other hand can perfectly protect the surface
of the substrate from damaging. ' Nowadays, lithium ion battery has become one of
the most popular energy storage devices. Recently, the research interest on lithium ion
battery electrode material has been moved to thin film structures, which have displayed
higher charge capacity compared to powder-based electrode materials. ' Compared
to traditional powder electrode preparing process, which not only requires multiple-
stepped chemical synthesis, but also requires a process for electrode ink preparation
and electrode coating, laser-based manufacturing only needs one-step rapid printing
process for self-stand electrode. Currently laser-based manufacturing is available to
print materials with various components, which significantly facilitates the research on
thin film battery electrode preparations. It has been reported, laser processed Mg based
anode materials for lithium ion battery has displayed superior capacity and stability,
which may pave a new way for the battery industry.'** Laser-based manufacturing has
also been researched on fabricating novel complex-structured metallic components,
such as bulk metallic glasses (BMGs) for methyl- orange catalytic degradation.'® Since
BGM materials always require a fast cooling to develop amorphous structure, copper-
mold casting is the most used fabrication method. However this method doesn’t allow
small and complex structure formation''*'"". Furthermore, traditional manufacturing
techniques are facing the problem of intrinsic brittleness and high hardness, and BGM
materials made of the conventional techniques are lack of strength, elasticity and
corrosion resistance.''>'"* Though squeezing casting and thermal plastic forming are
able to produce BMGs, they haven’t achieved BMG with complex three dimensional
structures sucessfully.'*'"> During laser-based manufacturing process, the laser
scanning is on a very thin layer, the cooling is usually very fast, which is higher than
the critical cooling rate of amorphous structures for BMG romation.''*"'"” In addition,
laser-based manufacturing allows the development of very complex structures at very
small scale. ZrssCuspAl;oNis BGM has been successfully developed by laser-based
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manufacturing with various structures and the nanoporous Cu derived by post
dealloying process of BGM demonstrated superior catalytic activity and stability
toward methyl-orange degradation.'”” In addition, applying laser-based manufacturing
to print 3D conductive parts, which are either functional materials or platforms for
functional layer coating to, is especially appealing in the chemical and electrochemical
energy conversion areas. Recently a self-contained electrochemical platform has been
developed for water electrolysis.'” This system consists of electrodes and the cell
printed by laser process, followed by electrodeposition of active material coating.

2.3.2 Microstructures and Defects

Laser processed alloys usually experience special thermal cycles that could
produce anisotropic and heterogeneous microstructures significantly different from
parts made by traditional casting. Firstly, a certain area absorbs energy from the laser
source and heated to a temperature above its melting point rapidly. Then, the molten
pool experiences a rapid solidification as the laser scan moving on. Later on, re-heating
and re-cooling is processed on this area with the producing of following layers.''®'"?,
Thus, due to the high cooling rate and directional solidification, the products from laser-
based manufacturing may contain highly metastable microstructures, such as elongated
crystalline, solute trapping and more metallurgical defects, such as high porosity, gas
trapping and balling."*” In additions, the laser processed alloys usually have an exposed
surface with molten tracks, protruding particles and small concaves. Therefore, the
electrochemical performance of laser-based manufactured alloy may differ
significantly from traditionally processed alloys and can provide an interesting insight
on novel alloy electrocatalyst fabrication.

A major source of structure defects is due to lack-of-fusion, which could results in
defect size from 50 to 500 um. '*'. A post heat treatment or slower cooling down rate
are common methods to minimize such defects.'*>. Usually, at different locations of a
laser-processed part, the phase constitution and geometry are varied. The
microstructures depend on the manufacturing parameters and raw materials.'>"'** For
example, the microstructure accuracy decreases with increasing cooling rate.'> Pore
defects with the size of 10 to 50 um are found due to the trapped gas in the raw
material.'*” '** Decreasing the scanning speed can allow the escaping of trapped gas
and effectively decrease the part porosity.'>’ In addition, unmelted powders and layer
gaps are also source of defects. The temperature gradient is affected by many factors
such as laser energy density, thermal conductivity of each component in the alloy, the
geometry of the produced part and the surrounding environment. Firstly, the laser beam
size is decisive to the accuracy of the parts’ geometry. '*® A larger beam size would
result in more equiaxed grains due to the larger melting pool. Secondly, the surrounding
environment is another important factor. The physical absorption and chemical bonding
with surrounding gasses might impact the properties of the product. Therefore, inert gas
environment are applied for the manufacturing process. Thirdly, substrate temperature
can affect the microstructure. Usually, a low temperature can increase the homogeneity
of the microstructure, but increase the residual stress.'” Lastly, the raw material
properties can also affect the density of the final parts. Apparently, the laser power
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density is one of the most important factors. The relationship between porosity and laser
energy density is shown is Fig. 2-12. The laser energy density is expressed as:

E =—

Where: E is the energy density per unit volume;
v is laser scan speed;
d is the hatch spacing;
t is the layer thickness.

As displayed in Fig. 2-12, at a high scan speed and lower laser power, the laser energy
density is insufficient; the melting is highly uncompleted and a high porosity is formed
(zone I). In zone II, the laser energy density is proper to produce a fully dense part. If
the scan speed is too low, excess energy will cause an over melting.

Zone lll
Over Melting

Zone ll
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Laser Power (W)

Zone |
Incomplete Melting

Scan Speed (mm/s)

Figure 2.12 Melting zones of laser-based manufacturing
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3 LASER PROCESSED Ni-Fe ALLOY AS ELECTROCATALYST
TOWARD OXYGEN EVOLUTION REACTION

3.1 Overview

Nowadays, the energy supply strongly depends on the combustion of fossil fuels, such
as coal, petroleum and natural gas. However, the diminishing supply and pollution products
from fossil fuels cause a heavy economic and environmental pressure. Therefore the
exploration of renewable and clean energy sources becomes even more urgent.'* However,
due to the sluggish reaction kinetics of oxygen evolution reaction (OER), electrocatalyst
with excellent electrocatalytic activity toward OER is of high demand””.

Herein, in this chapter, a one-step laser-based manufacturing method is applied to
prepare a thin layer of NiFe alloys with varied Ni and Fe ratios as the electrocatalyst toward
OER for the first time. Their structures, morphologies and compositions are examined by
XRD, XPS and SEM prior and after electrochemical testing. Remarkably, the laser
processed NigFe4 alloy exhibit an excellent activity with an OER current density of 100
mA/cm” at 464 mV overpotential in 1 M KOH aqueous solution, which is among the best-
performance OER electrocatalyst reported so far, and maintains the electrochemical
performance for at least 18 hours. The application of laser-based manufacturing for
electrocatalyst synthesis allows great facility for both electrode design and composition
optimization, which may pave a new way for the efficient and effective development of
novel electrocatalyst.

3.2 Experimental

3.2.1 Fabrication of NiFe alloys

Fe Powder

Ball mill

Press R g Laser Scan

5

&

o,

Ni Powder

Figure 3.1 Illustration of fabrication process
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To fabricate the Ni-Fe alloys by laser-based manufacturing, 0.8 g of commercial
nickel (3-7 micron, Alfa Aesar, >99.9%, metals basis) and iron (power (fine), Sigma
Aldrich, >99%, metals basis) powders in total, with nickel to iron atomic ratios = 10:0, 8:2,
6:4 and 4:6, were well mixed inside a polystyrene ball mill jar before melting. Then the
powders were pressed in a dry pressing die with a diameter of 12.7 mm. The as-prepared
die was placed into the chamber of a customer-developed laser-based manufacturing
system with an ytterbium fiber laser (model: VLR-200-AC-Y11) and a ProSeries II scan
head. The laser beam scanned the surface of the dies at a power of 77 W with a spot size
of 50 um at a scan speed of 200 mm/s and a hatch spacing of 0.254 mm with the chamber
protected by argon gas. A square specimen with a dimension of 7mm x 7 mm was
fabricated in the center of the disk shaped sample. The resulted alloys were labeled as Ni,
NigFes, NigFes and NisFeg, respectively.

3.2.2 Materials Characterizations

The Ni-Fe binary phase diagram is modeled by ThermoCalc™ software. The
crystal structures of the as-fabricated and after used (electrochemical testing) Ni-Fe alloy
samples were characterized by an X-ray diffraction (XRD) using a Panalytical Empyrean
multipurpose diffractometer equipped with PreFIX modules with Cu Ka radiation. The
morphologies of the fresh and used Ni-Fe alloy samples were studied using an FEI Quanta
3D FEG scanning electron microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDXS) at an acceleration voltage of 20 kV. The chemical states of elements
in the fresh and used samples were characterized by the Kratos AXIS 165 X-ray
photoelectron spectroscopy (XPS) with the charge neutralization function on.

3.2.3 Electrochemical measurements

The electrochemical measurements were carried out in a three-electrode system using
a CHI 650C electrochemical workstation. The as prepared NiFe alloys served as the
working electrode in a 1 M KOH aqueous electrolyte, with Pt wire and saturated calomel
(SCE) as counter electrode and reference electrode, respectively. Linear sweep
voltammetry (LSV) was carried out in the potential range of 0 - 1V vs SCE at a scan rate
of 2 mV/s. Electrochemical impedance spectra (EIS) measurements were carried out at an
overpotential of 400 mV with an applied voltage aptitude of 5 mV in the frequency range
from 10° Hz to 0.1 Hz. To study the stability of the NiFe alloy as the electrocatalyst for
oxygen evolution reaction, the chronoamperometry was carried out at 438 mV
overpotential for 18 hrs.

3.3 Results and Discussion
3.3.1 Fe-Ni Phase Diagram

As shown in the Fe-Ni phase diagram, the Fe-Ni system has five equilibrium phases:
the liquid phase, L; the BCC 8-Fe solid solution phase, the FCC, y-Fe,Ni solid solution; the
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BCC a-Fe solid solution phase and the FeNis phase. The melting point of Fe is at 1538°C,
the melting point of Ni is at 1455°C, and the lowest point of the liquidus line is located at
~1440°C. The separation between the liquidus and solidus line are only about 5°C to 10°C.
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Figure 3.2 Phase diagram of binary Fe-Ni system
Under equilibrium conditions, see Fig.3.2
)] Pure Ni solidified from melting point, y-Ni is precipitated.

L — y-Ni
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y-Fe,Ni

y-Fe,Ni

Figure 3.3 Phase transition of NigFe, under equilibrium conditions

(II) NigFe; (80% Ni - 20% Fe) solidified from above liquidus line,

y-Fe,Ni

(FeNis),, T2
y-Fe,Ni v-Fe,Ni

T3

Figure 3.4 Phase transition of NigFe, under equilibrium conditions

When temperature reaches point 1, the isomorphous reaction of y-Fe,Ni phase
precipitation starts.

L —y-FeNi+L

With the decreasing temperature, the y-Fe,Ni phase keeps increasing with liquid phase
decreasing. This process ends at point 2.

L+ y-Fe,Ni — y-Fe,Ni
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In the temperature range of 2 to 3, y-Fe,Ni phase is single phase system.

When the temperature decreases to point 3, the FeNis starts to precipitate from the
supersaturated y-Fe,Ni phase to form (FeNis); secondary crystals. This process ends at
point 4.

v-Fe,Ni — (FeNis) + y-Fe,Ni

Therefore, under equilibrium condition, the NigFe, sample is constituted by y-Fe,Ni
primary crystals and small (FeNis); secondary crystals.

(III)  NigFes (60% Ni - 40% Fe) solidified from liquidus line, y-Fe,Ni phase is single
phase system until reaching temperature 3. At point 3, a-Fe starts to crystalize from
the supersaturated y-Fe,Ni phase to form secondary (FeNis)y crystals precipitate
from the y-Fe,Ni phase. This process ends at point 4.

y-Fe,Ni y-Fe,Ni

' (FeNiy), (FeNis), (FeNi3),
(FeNi;+ a-Fe), (FeNis+ a-Fe) y-Fe,Ni

Figure 3.5 Phase transition of NigFe4 under equilibrium conditions
v-Fe,Ni — (FeNis) + y-Fe,Ni

When temperature reaches point 4 (the eutectic point), the y-Fe,Ni starts to transit to the
eutectic phase of (FeNis) phase and (FeNis+ a-Fe)g eutectic phase
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y-Fe,Ni — (FeNi3)11 + (FCNi3+ (X-FG)E

When temperature decreasing below, (a-Fe)ir phase starts to precipitate from (FeNis)y
phase and (FeNis+ a-Fe)g eutectic phase,

(FCNi3+ (X-FG)E — (FCNi3)1H+ (a—Fe)HI
(FeNi3)H — (FeNi3)H + ((X-FG)IH

Therefore, under equilibrium condition, the NigFe4 sample is constituted by y-(FeNiz+ a-
Fe)g eutectic crystal, (FeNis); secondary crystals and (FeNis)iand (o-Fe)n; tertiary
crystals.

(IV)  NigFes (40% Ni - 60% Fe) is solidified from liquidus line, y-Fe,Ni phase is single
phase system until reach temperature 3. At point 3, a-Fe starts to precipitate from
the supersaturated y-Fe,Ni phase to form secondary (a-Fe)y crystals among the -
Fe,Ni phase. This process ends at point 4.

y-Fe,Ni

. a-Fe
(FeNiy+ a-Fe), (%Pl (FeNiy+ a-Fe), (a-Fe), v-FeNi  (eFek

<Ta ‘ Ta
(FeNis),,

Figure 3.6 Phase transition of NisFes under equilibrium conditions
v-Fe,Ni — (a-Fe); + y-Fe,Ni

When temperature reaches point 4 (the eutectic point), the y-Fe,Ni starts to transit to the
eutectic phase of a-Fe phase and (FeNis+ a-Fe)g eutectic phase

v-Fe,Ni — (a-Fe); + (FeNi; + a-Fe)g
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When temperature decreasing below, (FeNis)yy tertiary phase starts to precipitate from (a-
Fe)n secondary phase and (FeNis+ a-Fe)g eutectic phase,

(FeNi3+ OL-FC)E — ((X-FC)IH + (FeNi3)HI
(o-Fe)n — (o-Fe)n + (FeNiz)m

Therefore, under equilibrium condition, the NisFes sample is constituted by y-(FeNiz+ a-
Fe)g eutectic crystals, (a-Fe); secondary crystals and (a-Fe)r and (FeNis)yy tertiary
crystals.

3.3.2 Crystal Structure Analysis by XRD

The Ni-Fe binary phase diagram is presented in Fig 3-2, predicted using ThermoCalc
package. To determine the crystal structure of Ni-Fe alloys prepared by laser-based
manufacturing, the XRD patterns of Ni, NigFe,, NigFes, and NisFes are presented in Fig. 3-
7. Peaks at 20 = 44.605°, 51.979° and 76.591° are observed in the pure Ni sample, which
are corresponding to planes of (111), (200) and (220) of y-Ni (JCPDF card no. 01-070-
0989) with lattice parameters of a = 3.5157 A. For NigFe, sample, it consists of a primary
v phase, and a new phase with diffraction peaks at 26 = 44.121°, 51.404° and 75.661°,
corresponding to planes of (111), (200) and (220) of cubic FeNi; alloy (JCPDF card no.
03-065-3244) with a = 3.5523 A. By increasing the content of Fe to 40%, the relative peaks
intensity of FeNis phases is apparently enhanced, indicating the concentration of FeNi;
phase in is NigFes strongly increased compared to NigFe, sample. NigFes also has a
secondary eutectic phase with 20 =43.173 °, 50.674° and 74.679° corresponding to (111),
(200) and (220) plane of cubic taenite FeNi (JCPDF card no. 00-003-0016) with a=3.6010
A. In addition, minor peaks from BCC structured a-Fe is observed in the NisFes sample
(JCPDF card no. 00-001-1252) with 20 = 44.142 °© and 65.186° corresponding to planes of
(111) and (220) with a = 2.8600 A. The XRD spectra are in line with the simulated Ni-Fe
binary phase diagram and other experimentally determined phase diagrams.*® For the
NiyFes sample, the relative peak intensity of FeNis phase is decreased compared to NigFe4
sample, indicating the decreased concentration of FeNis phase. It is observed, among the
tested four samples, the peak intensity of Ni sample is highest. This is due to the consisting
of pure primary y-Ni phase of relative larger grains. The peak intensities of NigFe, sample
is getting lower, due to the precipitation of secondary FeNis phase from the primary y phase.
The peak intensities of NigFes and NisFes spectra are even lower, which is due to the
existence of small and ultra-small secondary grains from the rapid solidification of
manufacturing process. These small grains may enable more active sites on the crystal
surface that would improve the electrocatalytic activity to some degree.'’
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Figure 3.7 XRD spectra of Ni, NigFe,, NigFes and NisFes

In addition, according to the phase diagram, ultra-small grains from secondary phases
would form in the NigFes and NisFes samples under rapid AM solidification. The
minimized grain size is also confirmed by the significantly decreased peak density in the
XRD spectra. Therefore, they can effectively increase the ratio of active sites on the crystal
surface that improve the electrocatalytic activity to some degree. Moreover, the bond
length of Ni-O is 0.208 nm''; The 0-O single bond is 0.148 nm; The O atom centered
tetrahedral shape is bent with an Ni-O-H angle of 104.5°. Therefore, the optimal lattice
spacing of the catalyst is ~ 0.252 nm. With the increase of Fe content the lattice spacing of
the most densely pack plane {111} is increased from to 0.247nm (y-Fe,Ni) to 0.257 nm
(NiFe), effectively increased the average lattice spacing of the FCC phases, getting close
to that of optimal lattice spacing, which can effectively enhance the process of Oags + Oads
— O, and O, desorption, that expect to increase the overall catalytic activity. However,
compared to NigFes, the significant increase of the formation of BCC a-Fe phase (most
closed packed plane ' lattice spacing = 0.248 nm) in NisFes may hinder the catalytic
activity, that in turn causing a decreased overall electrocatalytic activity.
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Figure 3.8 Illustration of bond lengths in Ni catalyzed OER reaction

Table 3.1 Lattice Parameters

Crystal Structure Most Densely Lattice Spacing
Packed Plane (nm)
v -Ni FCC {111} 0.247
FeNi; FCC {111} 0.251
NiFe FCC {111} 0.257
a-Fe BCC {110} 0.254
Optimal Structure FCC N/A 0.252

3.3.3 Electron Configurations

On the aspect of electron configuration, noble metals have advantageous properties to
catalyze many reactions compared to transition metals. Firstly, noble metal usually has
empty d orbitals, which can facilitate the s, p, d hybridization and receive a high d band
occupancy. For example, the d character factor of Ru, Os, Pt and Ir are 50%, 49%, 44%
and 49% respectively, much higher than that of Fe (39.5%), Co (39.7%), Ni (40%) and Ti
(27%). Since the activity of a catalyst is positively relative to d%, the activity of noble
metal is superior. Secondly, the work function of noble metals is relatively higher than that
of transition metals. For example the work functions of Ru, Os, Pt and Ir are 4.71 eV, 5.93
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eV, 5.32 eV and 5.67 eV, the work functions of Fe, Co, Ni and Ti are 4.48 eV, 4.41 eV,
4.51 eV and 4.33 eV. A larger work function has a higher potential to accept electrons that
can more effectively catalyze donor reactions such as oxygen evolution reaction.

Among all first row transition metals, Ni has the most promising property toward
oxygen evolution reaction, since the d%, work function and crystal structure of Ni are all
most close to noble metals. In addition, the location of Ni is most close to the top of the
volcano plot. To further improve the performance of Ni electrocatalyst, designing Ni-Fe
alloy is one of the most effective way. During the oxygen evolution reactions, two electrons
are transferred from each oxygen atom to the electrocatalyst. The activity of the catalyst is
in a positive relationship to the matching-degree of reactant coordinate and catalyst d-band
vacancy. Each Ni has 0.6 d-vacancy; each Fe atom has 2.2 d-vacancies. The alloying of
Ni-Fe will allow electrons shift from Ni to Fe, causing the increase of d-vacancy of Ni,
resulting in a catalyst matching better to the reaction electron transfer coordination. On the
second hand, due to the similar work function of Fe and Ni, the Fermi level of Ni would
not be affected. As a result, on the electronic aspect alloy of Ni and Fe can significantly
upgrade of the electrocatalytic efficiency of transition metal based electrocatalyst for OER.

3.3.4 Chemical State Analysis by XPS

To study the surface elemental composition in fresh NiFe alloys by laser-based
manufacturing, Fig. 3-9 presents XPS spectra of fresh Ni, NigFe,, NigFes and NisFee
samples. As shown in Fig. 3-9 (a), only peaks from Ni are observed in the survey spectrum
of pure Ni, with trace amount of oxygen. After introduction of iron, Fe peaks appear and
are getting intensified with increased Fe content. As shown in Fig. 3-9 (b), the Ni 2p core
level spectrum of pure Ni can be deconvoluted into two main peaks at 8§70.18 eV and
852.88 eV for Ni 2p;, and 2ps,, respectively. A doublet peak with a spin—orbital splitting
of 17.3 eV, indicating metallic state of Ni."* Peaks at 872.09 eV and 854.02 eV indicate the
formation of native nickel oxide layer due to exposure to air. Peaks at 874.26 eV and 858.51
eV are Ni 2p satellite peaks. By adding Fe, no position shift of Ni 2p peaks are observed,
only with the intensity is decreased indication no chemical bonding forms between Ni and
Fe, and Ni maintains metallic states in the alloy. Due to the binding energy overlapping of
Fe 2p peaks with Ni LMM peaks, Fe 3p core level spectra are presented in Fig. 3-9 (c), that
consists of two main peaks at 52.57 eV and 53.53 eV for Fe 3pi» and 3ps), respectively,
indicating metallic state of Fe.'* There are peaks at 54.54 eV indicating the native iron
oxide layer due to exposure to air."” As displayed in Fig. 3-9 (d), the O 1s core spectra of
pure Ni only has one peak at 531.50 eV corresponding to Ni-O bond for pure Ni sample.'®
For NiFe alloy, one more peak at 530.75 eV appears, indicating the formation of Fe-O
bond." It can also be observed, by increasing Fe ratio, the intensity of Fe-O is getting
higher and Ni-O bond is getting lower, indicating the increased Fe content on the surface.
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Figure 3.9 XPS spectra of (a) survey (b) Ni 2p core and Fe 3p core and O 1s core of Ni,
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3.3.5 Surface Morphology Study by SEM

Figure 3.10 SEM images of (a) Ni, (b) NigFe,, (c) NigFes and (d) NisFeg

The surface microstructure of the freshly processed Ni, NigFe,, NigFes and NigFee
samples are investigated with SEM images. As displayed in Fig. 3-10, the surfaces of the
laser processed alloys are formed with parallel laser scanning tracks bonded to each other
coherently. On the surface of pure Ni, the scan tracks are continuous and smooth with very
small pores. However, the melting process is getting harder with increasing Fe content
while keeping the same level of laser energy. The molten track surfaces become rougher.
Meanwhile, the scan tracks are becoming less continuous with more balling and higher
porosity with greatly enlarged pore size predominately along the edges of the molten tracks.
As the Fe content is increased to 60 percent, the discontinuity of scan tracks is the most
intensified with a very rough surface and large amount of pores. This is due to the fact that
Ni has a relatively lower melting point (1455°C) than that of Fe (1538°C); with increased
Fe content, the melting pool is less developed within the same laser dwell time. Therefore,
with increased Fe content, the same laser energy density resulted in molten tracks
interrupted by un-melted or sintered raw feedstock powders. However, this would not be
an issue for laser-based manufacturing because an optimization process is usually
conducted for different alloy compositions.

3.3.6 Elemental Distribution Study by EDXS

EDXS elemental mapping analysis was executed to characterized elemental
distributions of fresh NigFe4. Fig. 3-11 (a) displays the secondary electron (SE) image of

55



NigFes. The uniform distribution of Ni and Fe are confirmed by EDXS spectra in Fig. 3-11
(b) and (c). From the EDXS result (Fig. 3-11 (d)), the atomic percentage of Ni and Fe is
60.33% and 39.67% respectively.
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Figure 3.11 (a) (b) and(c) Energy-dispersive X-ray spectra (EDXS) elemental mappings of
Ni and Fe elements in fresh NigFe4 respectively, (d) EDXS of fresh NigFes

3.3.7 Catalytic Performance Study by LSV

To evaluate the catalytic performance of the laser processed Ni, NigFe,, NigFes and
NisFes alloys, the linear sweep voltammetry (LSV) was carried out in a 1 M KOH aqueous
electrolyte using a three-electrode system. The experimental setup for LSV using an
electrochemical working station with a three-electrode system to deliver a controlled
potential at certain scan speed between the working electrode and reference electrode and
monitor the current profile, with the studied redox reaction happening on the working
electrode. At the beginning of the scan, the background current is mostly from the electron
conductivity of the electrolyte. With increasing the aptitude of the potential, at the point
when the applied potential reaches the onset potential of reaction, the forward direction of
this redox direction would dominate, and the conversion from reactant to product will cause
the staring of current rise. The flow of electrons will be further fascinated with increased
potential due to increase reaction rate. The current density is the direct reflection of the
electron transfer rate at the electrode/electrolyte interface. A plateau would be reached
when the reaction transferred to diffusion control stage from kinetic control stage. To
measure the overpotential of an electrochemistry cell, linear sweep voltammetry (LSV) is
an effective technique. With the potential between working electrode and reference
electrode sweeping slowly, the current is collected and peaks can be observed when redox
reaction begins to happen.'’
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Figure 3.12 The OER polarization curves of Ni, NigFe,, NigFe4 and NigFeq electrodes

In the alkaline solution, a layer of metal hydroxides rapidly forms on the surface of the
electrode.'® Tt is observed in Fig. 3-13, for pure Ni electrode, Ni(OH), is oxidized to
NiOOH at an overpotential of 242 mV. With Fe introduced to the metallic system, the
oxidization peak apparently shifts to higher overpotentials, which are 290 mV, 295 mV
and 315 mV for NigFe,, NigFes and NisFes electrode, respectively. This is due to the
increased thermodynamic favorability by Fe incorporation.'” Furthermore, the oxidization
peak area is significantly enlarged for NicFe,4 electrode, suggesting an obvious increased
amount of active sites on the electrode surface. **** As displayed in Fig. 3-12, the pure Ni
electrode exhibits a relatively low activity with an onset overpotential of 383 mV and an
overpotential of 832 mV to reach an OER current density of 100 mA/cm®. For NigFe,,
NigFes and NisFes working electrodes, the onset overpotentials are 386 mV, 320 mV and
340 mV, respectively, and requires overpotential of 814 mV, 464 mV and 547 mV to reach
an OER current density of 100 mA/cm”. It is observed, NiFe alloys display much higher
reaction current density than pure Ni, at an overpotential of 0.5 V, the LSV current of
NigFes is 122 mA/cmz, while it is only 30 mA/cm? for pure Ni. It is also observed, the
current density is extensively correlated to Fe content in the NiFe alloys, and among which,
NigFes carries the highest electrochemical performance.
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Figure 3.13 enlarged OER polarization curves Ni, NigFe,, NigFes and NisFes electrodes

Table 3.2 Parameters from linear sweep voltammetry

Sample Onset Overpotential Overpotential for 100 Ni(OH), Oxidization
(mV) mA/cm? OER Current Overpotential (mV)
Density (mV)

Ni 383 832 262
NigFe; 386 814 290
Ni¢Feq4 320 464 295
NisFes 340 547 315
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3.3.8 Volmer-Heyrovsky mechanism study by Tafel slope
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Figure 3.14 Tafel slopes of Ni, NigFe, NigFes4and NigFeq electrodes

The plot of overpotential n| vs. log (current density) is the Tafel plot, which is used to
determine the kinetic constant of electrode reactions. There is a linear region at the area
close to the onset potential. Below this region, log (current density) slowing increases due
to the nonnegligible background current. Once the onset potential is reached, a linear slope

is well defined. In the anodic branch, the slope is (Zli:;,
2.3RT

—_ where a is the electron transfer coefficient. Therefore the kinetic of the redox

; in the cathodic branch. The slope

reaction at the onset potential negatively correlates to the Tafel slope. To understand the
electrochemical mechanism of the OER catalytic process, the linear regions of polarization
curves are fitted to Tafel plots, using equation = a + b log(j), where b is the Tafel slope.
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The value of the Tafel slope for laser processed Ni, NigFe,, NigFes and NisFeq electrodes
are 61, 58, 46 and 50 mV/decade, respectively. The Tafel slopes show that the OER process
follows a Volmer-Heyrovsky mechanism, with smaller slopes indicating more rapid
electron transfer at the electrode and electrolyte interface at the applied potentials.”>* In
an OER process, the reaction activity is considerably affected by mass diffusion rate of
OH ions and O; molecule through the electrode. A higher porosity of electrode surface
could facilitate the mass diffusion and provide more active surface area. As a result rougher
surface demonstrate higher electrocatalytic activity. On the other hand, a proper amount
combination of Ni and Fe can both inhibit Fe dissolution and increase Fe(OH),/ FeOOH
surface conductivity.” The affinity of the electrode toward O, and OH is effectively
optimized. Consequently, NigFes displays the highest catalytic activity of among all the
electrodes. It is also observed that the alloying of Fe with Ni electrocatalyst allows
electrons shift from Ni to Fe, causing the increase of d-vacancy of Ni, resulting in a catalyst
matching better to the reaction electron transfer coordination. On the second hand, due to
the similar work function of Fe and Ni, the Fermi lever of Ni would not be affected. As a
result, on the electronic aspect alloy of Ni and Fe can significantly upgrade of the
electrocatalytic efficiency of transition metal based electrocatalyst for OER. In addition,
ultra-small grains from secondary and ternary phases would form in the NigFes samples,
which effectively increase the ratio of active sites on the crystal surface that improve the
electrocatalytic activity to some degree. Moreover, with the increase of Fe content, the
average lattice spacing of the most densely pack plane {111} in NigFe4 is getting close to
the optimal lattice spacing for the process of O,ds + Oags — O, and O, desorption.

Table 3.3 Tafel slope parameters

Sample Tafel Slope (mV/dec)
Ni 63

NigFe, 58

NigFe4 46

NisFes 50

3.3.9 EIS Study by Nyquist plot

In a sinusoidal alternative current circuit, the voltage is
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E=E, sin ot

Where E, is the potential amplitude; o is the angular frequency; and t is time. As displayed
in Fig. 3-15, the AC current is not in phase with the voltage and lagged by a phase angle,
¢, which is constant under the same frequency.

I =1, sin (ot + )

In DC system R = %, in the AC system, impedance Z replaces resistance R. The

electrochemical impedance is a very sensitive variable on the angular frequency o.

7 _ E _ Eo sin ot =E_0 sin wt _ sin ot
(@) I Ipsin(ot+) Ig sin(ot+¢) ° sin (ot + ¢)
exp (jb)= cos (b) + j sin ()

sinot _ exp(wt) _

exp (jo) = cosd +j sin ()

sin (ot +¢)  exp (jot— )

Therefore:

Z (®) = Zo (cosd + j sin (b)) =Zre + j Zim

/1
a (M+d)/w  21/w
I (2o
w

Figure 3.15 Phase diagram of current vs. voltage at angular speed of ®
The expression of electrochemical impedance of Z (w) is composed of a real part and

an imaginary part. The real part is plotted on the horizontal axis and the imaginary part is
plotted on the vertical coordinate to make a Nyquist Plot, as shown in Fig. 3-16.
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Figure 3.16 EIS spectra of Ni, NigFe, NigFes and NigFeg electrodes (a) full spectra (b)
enlarged area of the first semicircle

To further explore the electrochemical characteristics in the catalytic OER process on
the laser processed NiFe electrodes, their Nyquist plots of EIS are taken at an overpotential
of 400 mV at the frequency range of 10° Hzto 0.01 Hz as displayed in Fig. 3-16. The
equivalent circuit is simulated by CHI 650 C electrochemical workstation, the result is
listed in table 3-4.The elements in this plot include Ry - solution resistance, Ry —
electrode/electrolyte interface resistance, R — charge transfer resistance, Ciy— interfacial
capacity and Cq— double layer capacity The intercept of the plot with the real axis at high
frequency range (R;) represents the overall ohmic resistance of the three electrode system.>
2% 1t can be observed, all electrodes have similar Ry of ~ 3 Q. The semicircle at low
frequency range could be attributed to the intermediates (MOOH, M=Ni, Fe) formation
and absorption.”® It is obvious that by increasing the amount of Fe, the size of this arc keeps
increasing, indicating an apparently slower process, due to higher oxidization
overpotentials for M(OH), to MOOH. The semicircle in the high frequency range describes
the charge transfer process of OH/O, redox reaction at the electrode/electrolyte interface.*®
It can be observed, the arc decreases to the smallest for the NigFe, electrode, illustrating its
considerably improved electrocatalytic activity compared to other samples. It can be
observed the effectively improved the catalytic activity of the attributed to both electron
effect and structure effect. Firstly, during the oxygen evolution reactions on the cathode,
two electrons are transferred from each oxygen atom to the electrocatalyst. The activity of
the catalyst is in a positive relationship to the matching-degree of reactant coordinate and
catalyst d-band vacancy. Each Ni has 0.6 d-vacancy; each Fe atom has 2.2 d-vacancies.
The alloying of Ni and Fe allows electrons shift from Ni to Fe, causing the increase of d-
vacancy of Ni, resulting in a catalyst matching better to the reaction electron transfer
coordination. Secondly, the formation of ultra-small grains from secondary and ternary
phases provide more grain boundaries for mass diffusion and more active sites for
electrocatalytic activities. The O atom centered tetrahedral shape is bent with a Ni-O-H
angle of 104.5°. Moreover, the optimized lattice spacing release the bond extra banding
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and effectively fascinates the product desorption process. Therefore, overall, NigFes
exhibits the optimized catalytic performance.

Table 3.4 EIS parameters

Sample R, (©2) Rine (2) R (2)
Ni 2.964 0.072 2.179
NigFe, 2.873 0.086 1.091
NigFe,4 2.696 0.056 0.928
NisFesq 2.718 0.084 1.200

3.3.10 Stability Study by chronoamperometry

120
110

8

20
80
70 W%W
60
50
40
30
20
10

0

Current Density (mA/cmA2)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (h)

Figure 3.17 Time-dependent response during 18 hours chronoamperometric on NigFes
electrode at 438 mV overpotential

The stability of the laser processed NigFes electrocatalyst was evaluated by

chronoamperometry at a constant DC potential of 0.6 V vs SCE for 18 hrs. As shown in
Fig. 3-17, the current density increases slightly in the first 0.5 hour as a result of increased
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fresh surface area due to initial metal-hydroxides formation.*” It is followed by a slight
decrease after about 8 hours due to Fe dissolution and surface tension release.”® Later on
the electrode maintains a current density of ~70 mA/cm” without significant changes for at
least 18 hours, which indicates a very high electrochemical reversibility.

3.3.11 Used Electrocatalyst Characterizations

To understand the property change of laser processed NigFes4 electrode after being
used for 18 hours as the electrode for OER, the morphology, crystallinity and chemical
states of fresh and used NigFe4 was studied by SEM, XRD and XPS. As presented in Fig.3-
18, no significant morphology change can be observed after use with clear scan tracks and
similar pore size. The surfaces of the used laser processed NigFe, alloy still maintains the
parallel scan tracks bonded to each other coherently with the scan tracks are continuous
and smooth.

v
Figure 3.18 SEM images of (a) and (b) fresh NigFe4 and (c) and (d) used NigFe4
Meanwhile, it is observed from EDXS mapping results (Fig. 3-19), after used for 18

hours, Ni and Fe atoms are still distributed uniformly all over the surface with a certain

amount of surface Fe atom dissolved into the alkaline solution, resulting in a Ni : Fe atomic
ratio = 62.74% : 37.26%.
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Figure 3.19 (a) (b) and(c) EDXS elemental mappings of Ni and Fe elements in used
NigFe4 respectively, (d) Energy-dispersive spectrum (EDXS) of used NigFey
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Figure 3.20 XRD spectra of fresh NigFe4 and used NigFey4

It is clearly observed in the XRD spectra (Fig. 3-20), the intensity of NiFe peaks and
Fe peaks is apparently decreased in after-use NigFe, alloy, with the ratio of FeNi; peak
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intensity slightly increased and Ni peaks almost unchanged, indicating NiFe is partially
converted to FeNiz due to Fe dissolution.

As shown in the XPS spectra of Ni 2p core and Fe 3p core (Fig. 3-21(b) &(c)), the
area ratio of Ni-O and Fe-O bond to metallic Ni and Fe are significantly increased. It can
also be observed in a deconvoluted peak at higher binding energy appears in O s spectra
(Fig. 3-21 (d)), which attributed to the formation of Ni-OH and Fe-OH bond**" after being
used as electrocatalysts.
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Figure 3.21 XPS spectra of (a) survey (b) Ni 2p core and Fe 3p core and O 1s core of
fresh and used NigFe4
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3.4 Conclusions

In conclusion, a one-step laser processing method has been developed to prepare thin
layer of Ni-Fe electrodes with varied Ni to Fe ratios as the electrocatalyst to replace high-
cost noble metal based material for oxygen evolution reaction. The alloying of Ni-Fe
allowed electrons shift from Ni to Fe, causing the increase of d-vacancy of Ni, resulting in
a catalyst matching better to the reaction electron transfer coordination without affect the
Fermi level of Ni. In addition, the alloying process, coupled with laser induced rapid
solidification, promoted the formation of ultra-small FeNi; phase grains that effectively
increases the number of active sites on the crystal surface; and increased the average lattice
spacing to match better with the species involved in the OER reaction. Among the
compositions tested, the laser processed NigFe4 alloy exhibited an excellent activity of an
OER current density of 100 mA/cm® at 464 mV overpotential in 1 M KOH aqueous
solution, which is among the best-performance OER electrocatalyst reported to date, and
maintained a stable performance for at least 18 hours. This excellent OER catalytic
performance is attributed to the synergic effect from both Ni and Fe content and the unique
microstructures obtain in the laser-based manufacturing process, resulting in a material
with superior catalytic activity and durability. The application of laser-based
manufacturing can lead to novel electrocatalyst synthesis with easy composition control,
favorable microstructures, and complex 3D structures.
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4 EFFECT OF PROCESSING PARAMETERS ON THE
ELECTROCATALYTIC PERFORMANCE OF Ni-Fe ALLOY
TOWARD OXYGEN EVOLUTION REACTION

4.1 Overview

Laser-processed alloys under different processing parameters usually experience
different special thermal cycles that could produce anisotropic and heterogeneous
microstructures significantly different. The processing history is a decisive factor to the
resulting microstructure of a laser-processed alloy, which is affected by many factors such
as laser energy density, thermal conductivity of each component in the alloy, the geometry
of the produced part and the surrounding environment. Apparently, the laser power density
is one of the most controllable factors during laser based manufacturing process, which is
significantly affected by the laser scanning speed. Herein, in this chapter, the laser-
processed Ni-Fe alloys are prepared by varied laser scanning speeds. Their microstructures
and morphologies are examined by XRD and SEM. Their electrocatalytic performance
toward OER electrocatalyst is studied. In addition Ni-Fe alloys prepared by arc melting
and spark plasma sintering are also prepared for comparison.

4.2 Experimental
4.2.1 Fabrication of NiFe alloys

To laser process NiFe alloys, commercial nickel (3-7 micron, Alfa Aesar, >99.9%,
metals basis) and iron (power (fine), Sigma Aldrich, >99%, metals basis) powders, with
nickel to iron ratios = 6:4 due to its optimal performance from the results of our previous
study', were well mixed inside a polystyrene ball mill jar. Then the powders were pressed
in a dry pressing die. The as-prepared samples were placed into the chamber of a custom-
developed laser processing system with an ytterbium fiber laser (model: VLR-200-AC-
Y11) and a ProSeries II scan head. The chamber was protected by argon gas. The laser
beam scanned the surface of the samples at a power of 175 W with a spot size of 50 um at
scan speeds of 100 mm/s, 400 mm/s and 1600 mm/s with hatch spacings of 0.120 mm,
0.064 mm and 0.035 mm, respectively. The resulted alloys were labeled as LP 100,
LP 400 and LP_1600, respectively. The arc melted Ni-Fe alloys are prepared by placing
the die compressed samples into the chamber of an arc melting system (model Edmund
Biihler/MAM-1). During the melting process, the ingots were inverted and re-melted for 4
times to ensure homogeneity. The resulted sample is labeled as AM. The spark plasma
sintered sample was prepared by a SPS-211Lx system by increasing the temperature at a
ramp of 50 °C/min to 830 °C and maintain for 3 min. The samples were labeled as SPS.

4.2.2 Characterizations and Measurements

The crystal structures of the samples were characterized by an X-ray diffraction (XRD)
using a Panalytical Empyrean multipurpose diffractometer equipped with PreFIX modules
with Cu Ka radiation. The morphologies of the alloy samples were studied using an FEI
Quanta 3D FEG scanning electron microscope (SEM) at an acceleration voltage of 20 kV.
The electrochemical measurements were carried out in a three-electrode system using a
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CHI 650C electrochemical workstation. The as prepared Ni-Fe alloys served as the
working electrode in a I M KOH aqueous electrolyte, with Pt wire and saturated calomel
(SCE) as counter electrode and reference electrode, respectively. Linear sweep
voltammetry (LSV) was carried out in the potential range of 0 - 1V vs SCE at a scan rate
of 2 mV/s. Electrochemical impedance spectra (EIS) measurements were carried out at an
overpotential of 438 mV with an applied voltage aptitude of 5 mV in the frequency range
from 10° Hz to 0.1 Hz.

4.3 Results and Discussions

4.3.1 Ni-Fe Phase Diagram
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The Ni-Fe binary phase diagram is displayed in Fig 4-1, predicted using ThermoCalc
package. The melting point of Fe and Ni are 1538°C and 1455°C, respectively. The lowest
point of the liquidus line is located at ~1440°C. The separation between the liquidus and
solidus line is about 5°C to 10°C. This diagram contains five equilibrium phases: the liquid
phase, L; the BCC 6-Fe solid solution phase; the FCC y-NiFe solid solution phase; the FCC
FeNis phase and the BCC a-Fe solid solution phase. Under equilibrium conditions, upon
cooling, NisFeg first solidifies from liquidus line to y-NiFe phase. Then the y-NiFe phase
gradually transits to the FeNi; phase and (FeNis+ a-Fe)g eutectic phase. When temperature
further decreases, a-Fe phase starts to precipitate. According to the symmetric trapezoid
configuration of OER diatomic reaction in the alkaline environment, the calculated optimal
lattice spacing to facilitate O, formation for a Ni-based electrocatalyst is ~2.52 A. In
addition, due to the higher coordination number of FCC than BCC, it is more favorable as
a catalyst. The lattice spacing of its most closely packed plane (111) of the y-NiFe and
FeNi; are 2.49 A and 2.51 A respectively. Therefore, FeNis is the most favorable phase
toward OER due to its closest geometrical configuration to the optimal one among all
phases in the Ni-Fe binary phase diagram.

4.3.2 Crystal Structure by XRD Spectra

To experimentally characterize the crystal structure of Ni-Fe alloys prepared by varied
laser scanning speeds, spark plasma sintering and arc melting, their XRD patterns are
displayed in Fig. 4-2. The XRD spectrum of the arc melted NigFes have peaks at 26 =
44.12°, 51.40° and 75.66°, corresponding to (111), (200) and (220) planes of FCC FeNis
(JCPDF no. 03-065-3244). It can been seen, during the arc melting process, cooling rate is
relatively slow, the low temperature FeNis phase is well developed. The spectrum of the
spark plasma sintering NigFe4 has a major FCC peak with 20 =44.61°, 51.98° and 76.59°,
corresponding to (111), (200) and (220) planes of y-NiFe (JCPDF no. 01-070-0989). In
addition, it has peaks with minor intensity which can be identified to FeNi; and o-Fe
(JCPDF no. 00-001-1252) phases. This is because under the localized spark plasma
sintering process 830 °C, mass diffusion is limited. The formation of FeNi; phase is
hindered. Therefore, due to a higher content of FeNi; in arc melted sample, it is expected
to display a higher electrocatalytic than activity toward OER. For the laser processed
sample scanned at 100 mm/s, it can be well identified to FeNi; phase. When increasing the
scan speed to 400 mm/s, y-NiFe peaks show up in the spectrum, displaying similar intensity
to FeNi; peaks. Further increasing the scan speed to 1600 mm/s, the intensity of y-NiFe
peaks are getting even higher, with a small peak from a-Fe. This is because, at a low scan
speed, the cooling rate is lower with the thermal process closer to the equilibrium
conditions. Therefore, low temperature phases are better developed. When increasing the
scan speed, the cooling rate is dramatically increased, leading to the precipitation of high
temperature phases. Furthermore, a higher cooling also limits the mass diffusion and
resulted in the formation of a-Fe phase.
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Figure 4.2 XRD spectra of laser-processed NigFes with different scan speeds, arc melted
and spark plasma sintered NigFe4

4.3.3 Surface Morphology by SEM

The surface morphology of Ni-Fe alloys prepared by varied laser scanning speeds,
spark plasma sintering and arc melting are characterized by SEM images in Fig 4-3. As
displayed in Fig. 4-3 (a) and (b), the surfaces of laser processed sample scanned at 100
mm/s is composed of parallel scan tracks bonded to each other coherently. The majority of
the pores are distributed along the molten tracks. When increasing the scan speed to 400
mm/s as shown in Fig. 4-3 (c) and (d) the surface is getting much rougher, the porosity is
getting higher with decreased pore sizes. When further increasing the speed to 1600 mm/s,
Fig.4-3 (e) and (f), the pores are denser resulting in a highly porous surface. Comparably,
the surface of arc melted sample, Fig.4-3 (h), and spark plasma sintered sample, Fig.4-3
(g), the surfaces are relatively smooth. It can be seen, an increased scanning speed will lead
to rougher and more porous surface. A highly porous surface usually have more surface
active sites. Therefore the laser-processed samples may have more surface imperfectness
to facilitate the heterogeneous reactions.
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Figure 4.3 Surface morphologies of (a) &(b) LP_100, (¢)&(d) LP_400, (e)&(f) LP_1600,
(g) SPS and (h) AM samples
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4.3.4 Catalytic Performance by LSV
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Figure 4.4 (a) LSV of laser-based additive manufactured, arc melted and spark plasma
sintered NigFe,4 electrode toward OER (b) enlarged area of LSV spectra

To evaluate the electrocatalytic performance, LSV was carried out on Ni-Fe alloys
prepared by varied laser scanning speeds, spark plasma sintering and arc melted electrodes
in a 1 M KOH aqueous electrolyte (Fig. 4-4). It is observed in Fig. 4-4 (b), there is a peak
before the onset overpotential of OER due to the oxidization of Ni(OH), to NiOOH. It can
be seen the oxidization peak area is increasing with the increasing the scanning speed,
suggesting an obvious increased electrode surface area.” It is observed, the spark plasma
sintered electrode exhibits the lowest activity toward OER with an onset overpotential of
308 mV. Comparably, the performance of arc melted electrode is apparently higher with
an onset overpotential of 289 mV. It can be seen since arc melted sample is composed of
more catalytic favorable phase (FeNis) toward OER, its crystal structure matches better
with the OER coordination, which effectively facilitates the catalytic reaction. It is also
observed the performance of laser processed samples are further increased due to the
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significantly increased surface area as a result of more porous surface. The LP 100,
LP 400 and LP_1600 samples have onset overpotentials of 269 mV, 275 mV and 297 mV,
respectively. It can be seen, since LP_100 has a higher content of FeNis phase, it requires
a lower potential to initiate OER. In addition the LP_100, LP_400 and LP 1600 samples
requires 495 mV, 469 mV and 459 mV to receive 100 mA/cm” current density, respectively.
It can been, the significantly increased surface area that can increase the rate of electron
transfer. In addition, due to the existence of surface imperfectness provide more active sites
on the surface for catalytic reactions. Moreover, due to the fast solidification during laser
processing, more residue strain is remained in the alloy, resulting in a more non-
equilibrium state possessing higher potential energy that is expected to activate reactions
at a faster rate. A good combination of phase and morphology could contribute to the best
performance.

4.3.5 Tafel Slope and EIS spectra
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Figure 4.5 (a) Tafel slopes of laser-based additive manufactured, arc melted and spark
plasma sintered NigFey4 electrode toward OER (b) EIS spectra of laser-based processed,
arc melted and spark plasma sintered NigFe4 electrode toward OER
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Table 4.1 Electrochemical characteristics

R, Rint CPE, n, R CPE, n,

Qcm?)  (Qcmd) (Fs™em?) (Q cm?) (Fs™em?)
LP_100 1.252 0.050 1.176 0.999 0.465 0.140 0.607
LP_400 1.094 0.019 3.467 0.999 0.327 0.283 0.592
LP_1600 0.967 0.010 3.662 0.999 0.523 0.537 0.530
AM 1314 0.104 0.598 0.999 1.800 0.0186 0.748
SPS 2.625 0.1256 0.492 0.999 4.587 0.0148 0.724

The Tafel slopes of laser-processed, arc melted and spark plasma sintered NigFes
electrode are plotted in Fig. 4-5 (a). The linear regions of polarization curves fitted to Tafel
plots, using the equation 1 =a + b log (j), where b is the Tafel slope to determine the kinetic
constant of electrode reactions. A small slope of Tafel plot indicates rapid electron transfer
at the electrode and electrolyte interface at the applied potentials. As displayed, the slope
values of the SPS, AM, LP 100, LP_400 and LP_ 1600 electrodes are 76, 99, 52, 47 and
68 mV/decade, respectively. The lower Tafel slope of laser-processed samples is
contributed by rougher surfaces, which increase active sites on the electrode surface and
effectively accelerate electron transfer process at the electrode and electrolyte interface.
The Nyquist plots of EIS were taken at an overpotential of 438 mV in the frequency range
of 10° Hzto 0.1 Hz on different electrodes shown in Fig. 4-5 (b). The equivalent circuit is
simulated by CHI 650 C electrochemical workstation with the fitted results listed in Table
1. The equivalent circuit is composed of R, - solution resistance, Riy— electrode/electrolyte
interface resistance, R — charge transfer resistance, Ciy — interfacial capacitance and Cg —
double layer capacitance. The intercept of the plot with the real axis at high frequency
range (R;) represents the overall ohmic resistance, including the bulk resistance of the
material, series resistance and contact resisitance.” The semicircle at medium frequency
range is from metal hydroxide intermediates formation and absorption process, whose
diameter (Riy) indicates the rate of the electrode/electrolyte interfacial process.’ It is
observed, the overall resistance of laser processed samples are significantly smaller than
that of AM and SPS samples, indicating their overall better catalytic performance. Firstly,
the Riy of laser processed samples are significantly smaller, indicating a faster OH
absorption and intermediates formation at the electrode/electrolyte interface. The
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semicircle on low frequency range describes the electron charge transportation process of
OH'/O;, redox reaction at the electrode/electrolyte interface6, with a diameter of Ry
representing the charge transfer resistance between reactant to product. A smaller Ry
indicates a faster electron transfer. It is found, due to formation of more pores during laser
processing, the overall electrocatalytic activity is apparently improved by the effectively
increased specific surface area and active sites. The nanostructure enhances the reactant
absorption and intermediates formation, and accelerates the electrode/electrolyte interface
electron transfer. And the interconnected micro channels increase the pathways for mass
transfer and facilitate the ion diffusion and gas transportation.

4.4 Conclusions

In conclusion, the processing history is a decisive factor to the microstructure of a
laser-processed alloy. The laser power density significantly impact the phase composition
and surface morphology of the electrocatalyst. It can be seen, the arc melted sample
displayed much higher activity than spark plasma sintered samples due to its more
favorable composition toward oxygen evolution reaction. It is also observed, the laser-
processed samples displayed apparent higher electrocatalytic activity toward the oxygen
evolution reaction, due to its rougher surface and more residue strain as a result of the
special thermal cycle during laser processing. Herein, laser-processing may provide new
insight on develop novel electrocatalyst by controlling the microstructures.
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5. MONOLITHIC NANOPOROUS Ni-Fe ALLOY BY
DEALLOYING LASER PROCESSED Ni-Fe-Al AS
ELECTROCATALYST TOWARD OXYGEN EVOLUTION
REACTION

5.1 Overview

Besides an ideal composition, an optimal OER catalysis requires sufficient active
surface area.'™ The catalytic activity of an electrocatalyst is significantly affected by the
size, which not only influences the localized electronic structure on the surface, but also
alters the availability of active sites. The most effective and straightforward strategy to
increase the surface area of the catalyst is to develop nanostructures to decrease the particle
size and increase porosity. The catalyst with particle size above or below the optimal size
range would cause the loss of activity. During the particle size reduction process, more
kink structure starts to expose on the surface to serve as catalytic active centers. However,
if the particle size is below the minimum range, it can cause the d-band center shift and
Fermi level change to some degree, which may leads to an ineffective interaction between
the electrocatalyst surface and adsorbed species. In addition, the catalytic activity of the
metal electrocatalyst is significantly affected by the shape of particles. An exposed surface
composed of more steps can effectively increase the catalytic performance. The
nanostructure is usually seeded by the nucleation center from aggregation of atoms, which
can give rise to different nanostructures, such as nanowires, nanosheets, nanocube and
nanoflowers. The shapes of the final structures are decided by the surface energies of
different crystal planes. The crystal surface can usually get rid of planes with high surface
energies; planes with low-index planes lead the formation of shapes of crystals.

Compared to traditional powder-based electrocatalysts, monolithic electrocatalyst
displays great advantages in simplifying the electrode assembling process and avoiding
electrical connection issues.” For example, for hydrogen generation, Xie et al. reported a
self-standing monolithic cobalt oxide array for NaBH, hydrolysis that effectively inhibited
catalyst aggregation and avoided the tedious and time-consuming process for catalyst
separation.” As a rapidly developing manufacturing method, laser-based additive
manufacturing is an excellent technique to prepare complex templates for monolithic
electrocatalyst. In addition, laser-based additive manufacturing can achieve the desired
alloy compositions without tedious chemical synthesis and can achieve a strong metallic
bond to the substrate avoiding the usage of binders. For instance, Laser Powder Stream, or
LENS®-Laser Engineered Net Shaping' ™ process is advantaged in free forming/coating
capability to make large and complex parts. Due to the small laser spot size and thus a rapid
cooling rate, laser processed parts have unique microstructures and material properties. For
example, Cebollero et al. developed thin ceramic membranes for electrolyte-supported
solid oxide fuel cells through laser processing which effectively improved the electrolyte-
electrode contact and thus reduced cathodic polarizations.” Dealloying is an efficient
strategy to develop nanostructures, which can develop microscale channels to facilitate
mass transfer and nanoscale features to provide more active sites at the same time.*"'’ In
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this regard, Xu et al. fabricated nanoporous PtCo and PtNi alloy ribbons through a mild
dealloying process. Those materials displayed excellent activity and stability toward
methanol electroxidation.''

Herein, in this chapter, nanoporous NiFe electrocatalyst is developed by dealloying
Ni-Fe-Al alloy prepared by laser-based manufacturing as the electrocatalyst for oxygen
evolution reactions for the first time. Their micro- and nano-structures, the surface
morphologies and chemical compositions of the nanoporous NiFe electrocatalyst are
characterized by SEM, XRD and EDXS. Compared to bulk NigFe, printed by laser-based
manufacturing, which requires 464 mV overpotential to receive an OER current density of
100 mA/cm?, the porous NiFe alloy only requires and overpotential of 442 mV to receive
the same performance in 1 M KOH aqueous solution. Preparing the nanoporous NiFe
electrocatalyst by dealloying laser processed alloys displays great potential for developing
monolithic nanoporous electrode for energy conversion reactions, and provides new
insights on electrode structure and composition engineering, which may pave a new way
for the efficient and effective development of electrocatalyst.

5.2 Experimental
5.2.1 Fabrication of NigFe Al alloys

To fabricate the NigFesAl;alloy by laser-based manufacturing, commercial nickel (3-
7 micron, Alfa Aesar, >99.9%, metals basis), iron (power (fine), Sigma Aldrich, >99%,
metals basis) and aluminum (325 mesh, Alfa Aesar, 99.5%, metals basis) powders, with
nickel: iron : aluminum ratios = 6:4:10, were well mixed inside a polystyrene ball mill jar.
Then the powders were pressed in a dry pressing die with a diameter of 0.5 inch. The as-
prepared samples were placed into the chamber of a custom-developed laser processing
system with an ytterbium fiber laser (model: VLR-200-AC-Y11) and a ProSeries II scan
head. The laser beam scanned the surface of the pressed samples at a power of 77 W with
a spot size of 50 um at a scan speed of 200 mm/s and a hatch spacing of 0.254 mm with
the chamber protected by argon gas. A square specimen with a dimension of 7 mm x 7 mm
was fabricated in the center of the disk shaped sample. The resulted alloys were labeled as
NigFesAljo. The bulk NigFes was fabricated the same way without adding aluminum, and
labeled as NigFes B.

5.2.2 Synthesis of Nanoporous NiFe Electrocatalyst by Dealloying

The bulk Ni-Fe alloy sample was fabricated the same way without adding aluminum,
and labeled as NiFe B. The Ni:Fe ratio is 6:4 due to its optimal performance based on our
previous study.'? To fabricate the monolithic nanoporous Ni-Fe alloy samples, the laser
processed NiFeAl alloy samples were dealloyed in 10 wt% KOH aqueous solution for 24
hours. The dealloyed samples were labeled as NiFe P.
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Figure 5.1 Illustration of the fabrication process
5.2.3 Materials Characterizations

The crystal structures of the samples were characterized by an X-ray diffraction (XRD)
using a Panalytical Empyrean multipurpose diffractometer equipped with PreFIX modules
with Cu Ka radiation. The morphologies of the samples were studied by an FEI Quanta 3D
FEG scanning electron microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDXS) at an acceleration voltage of 20 kV.

5.2.4 Electrochemical measurements

The electrochemical measurements were carried out in a three-electrode system using
a CHI 650C electrochemical workstation. The as prepared samples served as the working
electrode in a 1 M KOH aqueous electrolyte, with Pt wire and saturated calomel (SCE) as
counter electrode and reference electrode, respectively. Linear sweep voltammetry (LSV)
was carried out in the potential range of 0 - 1V vs SCE at a scan rate of 2 mV/s.
Electrochemical impedance spectra (EIS) measurements were carried out at an
overpotential of 400 mV with an applied voltage aptitude of 5 mV in the frequency range
from 10° Hz to 0.1 Hz.
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5.3 Results and Discussion

5.3.1 Mechanism of Dealloying Process

OH "

NiFe alloy

Figure 5.2 Illustration of Ni-Fe-Al dealloying process

The dealloying mechanism is illustrated in Fig. 5-2. At the beginning, Al atoms are
rapidly dissolved into the alkaline solution from the alloy matrix, leaving Ni and Fe atoms
with a high rate of vacancy. Then, the continuous dissolving of Al causes Ni and Fe
enrichment at the solid and liquid interface. Next, Ni and Fe atoms aggregate into more
stable crystal nucleus to minimize the surface energy and then grow into grains of Ni-Fe
intermetallic compounds. By extending this process, the grains tend to grow into ordered
nanostructures. The following reaction happens in the dealloying process:

2Al (s) + 20H" (aq) + 2H,0 (1) — 2Al10, (aq) + 3Ha (g).
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5.3.2 Morphology Study by SEM

Figure 5.3 SEM images of (a) and (b) NigFes B, (c) and (d) NigFesAljo

The surface morphology of the as-printed NigFes B and NigFesAl; are characterized
by the SEM images. As displayed in Fig. 5-3, the surfaces of NicFes B and NigFesAl; are
both porous composed of parallel scan tracks bonded to each other coherently. In addition,
the majority of the pores are distributed along the molten track. It can be seen for the sample
added with 50 at. % Al, the surface is much rougher than that of NigFes B, with the scan
tracks very disconnected to each other and a significantly increased porosity. It can also be
observed, both the number and size of pores on the NigFesAl;o are much higher than those
of NigFes; B, resulting in a coarser surface with highly intensified balling, which
illustrating the high instability of the melting pool during the melting process of Ni-Fe-
Alalloy. Because the melting point of Al (660°C) is critically lower than that of Ni (1455°C)
and Fe (1538°C), during the solidification process, Ni and Fe solidify preferentially leading
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to the unsolidified liquid phase enriched with Al, resulting in interrupted melting pools
with balls and caves. On the other hand, due to the much larger thermal expansion
coefficient of Al (o= 23.1x 10°%/ K, at 20°C) than that of Ni (a= 13x 10/ K) and Fe (0=
11.8x 107%/ K), the thermal coefficient mismatch leads to a large residue stress and surface
tension during the rapid cooling of laser processing, resulting in cracks and pores. With the
same dwell time of laser on the surface and cooling time, metals suffer a large temperature
gradient. The huge difference of the thermal coefficient between Al and other elements
leads to a large residue stress and surface tension after cooling done, resulting in the
formation of surface cracks. Moreover, in the ternary alloy of Ni-Fe-Al, the phase
composition is getting more complicated than Ni-Fe binary alloy, the possibility of
secondary and ternary crystals formation is getting higher, the continuity of grain is further
disturbed, resulting in a more discontinuous structure. However, as a template for further
dealloying process, these structure imperfectness can serve as reaction centers for
initializing dealloying process and promoting the formation of nanostructures and micro-
channels.

The SEM images of NiFe alloy after dealloying the as-printed NisFecAljy are
displayed in Fig. 5-4 (NisFes_P). As observed in Fig. 5-4 (a), the surface of NisFes P is
getting more porous than NigFesAljp, and more negative charges build up on NisFes P,
demonstrating a more disconnected metallic structure is formed after the removal of Al,
resulted in an apparently decreased electrical conductivity compared to NisFesAlo. After
slightly increasing the SEM magnitude to Fig. 5-4 (b), it is observed a lot of micro-scale
pores are formed throughout the electrode, which can serve as efficient channels for both
OH' ion diffusion through the electrolyte and the produced O, gas transportation, which
effectively improve the mass conduction in the system. After further increasing the
magnification of the images, its clearly observed, different nano/micro-structures are
formed. As displayed in Fig. 5-4 (c) (d) and (e) for the area along/inside molten tracks or
surface pores, well-defined coral-like structured nanoparticles are clearly observed. The
nanocorals have a unit size about 5 microns, with each blade having a size of about 500
nanometer and an ultra-thin thickness. This ultra-small features can effectively increase the
surface area of the electrocatalyst by providing more active sites and more material defects
such as kinks and steps to enhance catalytic activity. As displayed in Fig. 5-4 (f) (g) and
(h) for the area on the top surface with relatively uniform structure, the majority of the
surface changed into a nanoarray structure, with ultra-small nanorods with diameters of
about 100 nanometer. In addition, ultrathin nanowires are distributed in the array.
Therefore, with the dealloying process, a well-defined nanostructure is developed, which
significantly improve the surface area of this electrocatalyst and provide more active sites
of electrocatalytic reactions. On the other hand, the micro-porous structure effectively
increases the pathway for mass transfer and facilitates the ionic diffusion. Overall, through
the dealloying process on the laser manufactured Ni-Fe-Al parts, a Ni-Fe based nanoporous
electrocatalyst with ultra-high surface area for electrocatalytic reaction and interconnected
porous structure for facilitated mass diffusion is derived.
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Figure 5.4 SEM images of NigFe, P
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5.3.3 Fe-Ni-Al Phase Diagrams
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Figure 5.5 Phase diagram of Ni-Fe-Al

Figure5-5 displays the calculated ternary Ni-Fe-Al phase diagram at 900 °C. It can be
seen upon solidification, the Ni-Fe-Al alloy with a Ni: Fe: Al atomic ratio = 6:4:10 marked
with a red star falls into the region of B, phase, with secondary a and y phases and an Al
rich liquidus phase.

5.3.4 Crystal Structure Analysis by XRD

The XRD patterns of NiFe B, NiFeAl and NiFe P are displayed in Fig. 5-6. It can be
seen that the bulk NiFe B sample is mainly composed of a FCC structure composed of a
v-Ni (JCPDF card no. 01-070-0989) phase with 26 = 44.605°, 51.979° and 76.591°
corresponding to (111), (200) and (220) planes with the lattice parameter of a=3.516 A; a
cubic FeNi; phase (JCPDF card no. 03-065-3244) with 20 = 44.121°, 51.404° and 75.661°
corresponding to (111), (200) and (220) planes with a=3.552 A; a cubic taenite FeNi phase
(JCPDF card no. 00-003-0016) with 20 = 43.173 °, 50.674° and 74.679° corresponding to
(111), (200) and (220) planes with a = 3.601 A and trivial amount of a-Fe phase (JCPDF
card no. 00-001-1252) with 26 = 44.142 ° and 65.186° corresponding to (111) and (220)
planes with a =2.860 A. It is observed from the NiFeAl spectrum, it is composed of a BCC
matrix with 20 =31.101 °, 44.496 ° and 65.059 ° corresponding to (110), (200) and (202)
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planes with a=4.060 A, an FCC structure matrix 20 = 44.765°, 52.216 and 77.063°
corresponding to (111), (200), (220) planes with a = 3.503 A and a high-intensity cubic Al
phase (JCPDF card no. 04-013-0326) with 20 = 38.510°, 44.765°, 65.165 and 78.317°
corresponding to (111), (200), (220) and (311) planes with a = 4.0458 A. This is because
during the rapid thermal cycle of laser processing, the diffusion is highly insufficient and
non-equilibrium Al segregations occur. Therefore, the Ni and Fe atoms tend to grow into
Ni-Fe intermetallic compounds resulting in a Ni-Fe based BCC and FCC matrixes with
minor amount of Al atoms altering lattice distances. For the spectrum of NiFe P sample,
it is clearly found that the Al phase disappeared from the BCC and FCC structures,
indicating a successful dealloying process that has removed majority of Al atoms from the
alloy matrix. As a result, the nanoporous NiFe P is mainly composed of Ni-Fe based alloys,
which are active components toward OER in the alkaline environment.
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Figure 5.6 XRD spectra of NigFes B, NigFesAl;o and NigFes P
5.3.5 Elemental Distribution Study by EDXS
EDXS elemental mapping analysis and energy-dispersive spectrum were executed to

characterize elemental composition and distribution in the nanoporous NiFe P sample. It
is observed the atomic ratios of Ni, Fe, Al, O are 45 %, 17 %, 8 %, 30%, respectively. The
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loss of Fe during the dealloying process is due to the dissolution of Fe into the alkaline
solution. As shown in Fig. 5-7 (a) and (b), Ni and Fe atoms are distributed uniformly all
over the surface. As shown in Fig. 5-7 (c), the vast majority of surface Al atoms have been
dissolved and the signal of Al is mainly from the underneath substrate in the areas exposed
through pores of the printed layer. In addition, due to the in-situ metal oxidation and
hydroxylation in the dealloying process, oxygen signal is also observed uniformly
distributed all over the sample as shown in Fig. 5-7 (d), indicating the formation of M-O
(M = Al Ni, Fe) and M-OH bonds.
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Figure 5.7 (a) (b) (c) and (d) EDXS elemental mappings of Ni, Fe, Al and O elements in
used NigFes P respectively, (e) energy-dispersive spectrum of NigFes P
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5.3.6 Catalytic Performance Study by LSV
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Figure 5.8 The OER polarization curves of NigFesAl;o, the NisFes B and NisFes P
electrodes

To evaluate the electrocatalytic performance, LSV was carried out on the NiFeAl, the
NiFe B and NiFe P electrodes in a 1 M KOH aqueous electrolyte (Fig. 5-8). It is firstly
observed that in the alkaline solution, a layer of metal hydroxides rapidly forms on the
surface of the NiFe B electrode at an OER overpotential of ~295 mV due to the oxidation
of Ni(OH), into NiOOH. No peaks were observed on the spectrum of NiFe P or NiFeAl
due to a full hydroxylation during the dealloying process for NiFe P sample and
thermodynamic hydroxylation favorability of Fe and Al over Ni for NiFeAl sample'. It is
also observed, the NiFe B electrode exhibits an apparently lower activity toward OER
compared to the nanoporous NiFe P electrode. The NiFe B electrode requires an
overpotential of 464 mV to reach a 100 mA/cm” current density. For nanoporous NiFe P
electrode, it only requires an overpotential of 442 mV to reach an OER current density of
100 mA/cm®, which is comparable to reported OER electrocatalyst to date’'’. At an
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overpotential of 500 mV, the LSV current density of NiFe P is 142 mA/cm?, while it is
only 122 mA/cm® and 61 mA/cm® for NiFe B and NiFeAl electrodes. With increased
surface area and amount of surface active sites, electron transfer process at the electrode
and electrolyte interface is effectively accelerated. In addition, the interconnected
microchannel structure increases the amount of pathways for ion and gas diffusion.

Table 5.1 Parameters from linear sweep voltammetry

Sample Onset Overpotential Overpotential for 100 Ni(OH), Oxidization
(mV) mA/cm’ OER Current Overpotential (mV)
Density (mV)
Ni6Fe4_B 320 464 295
Ni6F64A11() 316 575 N/A
Ni¢Feys P 251 442 N/A

5.3.7 Tafel Slopes

The overpotential 1 vs. log (current density) is plotted in Fig. 5-9. To understand the
electrochemical mechanism of the OER catalytic process, the linear regions of polarization
curves were fitted to Tafel plots, using the equation n =a + b log (j), where b is the Tafel
slope to determine the kinetic constant of electrode reactions. A small slope of Tafel plot
indicates rapid electron transfer at the electrode and electrolyte interface at the applied
potentials. On a Tafel plot, once the onset potential is reached, a linear slope is well defined,
where electrochemical reaction is the rate determining step.'® As shown in Fig. 5-9, the
slope values of the Tafel regions at low overpotential range for NiFeAl, NiFe B and
NiFe P electrodes are 158, 46 and 36 mV/decade, respectively. The lower Tafel slope of
NiFe P is contributed by ultra-small nanoparticles, which increase active sites on the
electrode surface and effectively accelerate electron transfer process at the electrode and
electrolyte interface. By increasing the overpotential, the rate determining step evolves
from electrochemical reaction to mass diffusion'®>', with the slope gradually increasing to
~ 600 mV/dec. It can be seen, NiFe P reaches the mass diffusion control region at a lower
overpotential than that of NiFe B. Because the higher surface roughness and wider
distribution of microchannels of NiFe P enhance the oxygen gas repelling and mass
diffusion, leading to a full surface coverage earlier.
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Figure 5.9 Tafel Slope of NiFeAl, NiFe B and NiFe P electrodes
5.3.8 Nyquist Plot of EIS

As shown in Fig. 5-10, The Nyquist plots of EIS were taken at an overpotential of 438
mV in the frequency range of 10° Hz to 0.1 Hz on the NiFeAl, NiFe B and NiFe P
electrodes. The equivalent circuit is calculated using the CHI 650 C electrochemical
workstation software package with the fitted results listed in Table 1. The equivalent circuit
is composed of R; - solution resistance, Riy— electrode/electrolyte interface resistance, R
— charge transfer resistance, CPE; — constant phase element for interfacial capacitance, and
CPE, — constant phase element for double layer capacitance.”” The intercept of the plot
with the real axis (R;) represents the overall ohmic resistance, including the bulk resistance
of the material, series resistance, and contact resisitance.”> The semicircle at high frequency
range is from metal hydroxide intermediates formation and absorption process, whose
diameter (Riy ) indicates the rate of the electrode/electrolyte interfacial process.”* It is
observed, the R, of NiFe P (0.010 Q sz) spectrum is smaller than that of NisFes B
(0.023 Q cm?), indicating a faster OH absorption and intermediates formation at the
electrode/electrolyte interface. It is also noticed, the CPE; of NiFe P (3.061 mF s™ ' cm ?)
is much higher than that of NiFe B (2.041 mF s" ' cm ), indicating more surface atoms
on NiFe P electrode are exposed for reaction species absorption and intermediates
formation, attributed to the enlarged specific surface area from the nanoporous structure.
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Since the n; values are close to the value of unity, the CPE, is close to pure capacitance.
The semicircle on low frequency range describes the electron charge transfer process of
OH'/O; redox reaction at the electrode/electrolyte interface24, with a diameter of R
representing the charge transfer resistance between reactant to product. A smaller Ry
indicates a faster electron transfer. It can be seen, the Ry of NiFe P (0.490 Q cm?) is smaller
than that of NiFe B electrode (0.573 Q cm®). The CPE, illustrates the double layer
capacitance, which doesn’t contribute to electrochemical reaction kinetics 2627 The n,
value of NiFe P (0.608) is much lower than that of NiFe B (0.802), indicating its rougher
and more porous surface. It is found, due to formation of nanostructures, the overall
electrocatalytic activity is apparently improved by the increased specific surface area and
active sites. The nanostructure enhances the reactant absorption and intermediates
formation, and accelerates the electrode/electrolyte interface electron transfer; the
interconnected micro channels increase the pathways for mass transfer and facilitate the
ion diffusion and gas transportation.
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Figure 5.10 The EIS spectra of the NiFeAl, NiFe B and NiFe P electrodes. Symbols:
experimental data; solid line: fitting data; inset: equivalent circuit and enlarged image of

high frequency range
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Table 5.2 Table of EIS parameters

R,(Qcm?) Ry (Qcm?) CPE, (mFs" ' em™) n R (Q cm?) n, CPE, (F s" ' em™)
NiFeAl 1.117 0.037 0.612 0.999 1.690 0.680 0.085
NiFe_B 1.323 0.023 2.041 0.999 0.573 0.752 0.160
NiFe_P 1.243 0.010 3.061 0.999 0.490 0.608 0.198

5.3.9 Stability Test

The stability of the nanoporous NiFe P electrocatalyst was evaluated by
chronoamperometry at a 288 mV overpotential. As shown in Fig. 5-11, it has an initial
current density of 10 mA/cm®. Although the current density experienced a slight decay in
the first three hours, the current density maintains fairly constant ~ 10 mA/cm”to 15 hours.

30

N
o

N
o

15

10

Current Dnesity (mA/cmA2)

10 mA/cm2

P aaiinfien s WA I EIRPPR SR PEREN ST N FSUTOUNN

0 1 2 3 - 5 6 7 8 9 10 11 12 13 14 15

Time (h)

Figure 5.11 Time-dependent potential response during 15-hour chronoamperometric
water-splitting reaction, at a constant DC potential of 288 mV overpotential

94



(a) Ni 2p Fresh (b) | Fe 2p Féo/FesoFresh
NiZ/NP**
ONi© NiEINE

2p3/2
sat. |\

2p1/2
sat,

Intensity (a.u.)

890 885 880 875 870 865 860 855 850 845 730 725 720 715 710 705

Binding Energy (eV) Binding Energy (eV)
(c) |AI2p fresh| (d)|o01s Fresh
Al°
3+
Al
3
A
z
e Used Used
8
£ »
Al M-OH
A M-OOH M-0
80 78 76 74 72 70 68

536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Figure 5.12 XPS core spectra of (a) Ni 2p, (b) Fe 2p, (c) Al 2p, and (d) O 1s of as-prepared
fresh NiFe P and NiFe P after 15-hour chronoamperometric water-splitting reaction
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To study the chemical compositions of as-prepared fresh NiFe P and NiFe P after 15-
hour chronoamperometric water-splitting reaction, XPS spectra are displayed in Fig. 5-12.
As displayed in Fig. 5-12 (a), the Ni 2p spectrum of fresh NiFe P sample has two main
pairs of de-convoluted peaks, which can be attributed to Ni’ and Ni*"/Ni’*, respectively.”
** It can be seen, after 15-hour chronoamperometric water-splitting reaction, the relative
intensity of Ni*"/Ni’" peaks to Ni’ peaks are getting higher, indicating more Ni atoms have
been oxidized/hydro-oxidized during the water-splitting process. As displayed in Fig. 5-12
(b), the Fe 2p spectrum has two main pair of de-convoluted peaks attributed to Fe” and
Fe’'/Fe’", respectively®’. The chronoamperometric process slightly increased the ratio of
Fe*'/Fe’ to Fe’. As displayed in Fig. 5-12 (c), the Al atoms are mostly oxidized/hydro-
oxidized to AI** with little metallic Al remaining in the alloy after 15 hours. It can be seen,
the O 1s core spectra are composed of M-O (M=Ni, Fe, Al), M-OH and M-OOH bonds®"
32. the increased ratio of M-OOH bonds and decreased ratio of M-O bonds confirm that
metals are further oxidized/hydro-oxidized after the 15-hour chronoamperometric water-
splitting reaction.

5.4 Conclusions

In conclusion, monolithic nanoporous Ni-Fe alloy electrocatalyst is developed by
dealloying laser processed Ni-Fe-Al alloy for OER. The nanoscale pores derived from
dealloying process can provide high specific surface area and more active sites for
catalytic reactions. The microscale channels can provide more pathways for gas
diffusion and ion transportation. In addition, as a monolithic electrode, the electron
conduction can be effectively facilitated and the use of substrate and binders can be
eliminated. Compared to bulk Ni-Fe electrocatalyst, the nanoporous Ni-Fe electrode, even
at a less favorable Ni:Fe composition after the dealloying process, exhibits an apparently
improved electrocatalytic activity and only requires 442 mV overpotential to achieve an
OER current density of 100 mA/cm” in 1 M KOH aqueous solution, which is comparable
to the performance of reported electrocatalysts to date. Overall, the laser-based
manufacturing method possesses high flexibility in developing complex shaped preforms
for monolithic nanoporous electrodes, which provides a new fabrication method for next
generation electrode design and electrocatalyst engineering. It’s well known that
nanoporous structures are prone to structure degradation. Further process optimization can
be performed to improve the composition and stability of monolithic nanoporous
electrocatalysts.
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6. ELECTROCATALYTIC ACTIVITY OF HIGH-ENTROPY
ALLOY TOWARD OXYGEN EVOLUTION REACTION

6.1 Overview

Recently, many low-cost materials have been explored to replace noble metals for
OER.' Among them, first row transition metals, such as Ni, Fe, Co, Cu, Mn, are
especially appealing, due to their special electronic structures and the abundance on
earth. * High-entropy alloys (HEAs), a new type of alloys, constructed of five or more
metallic elements at equal or near-equal molecular ratios, are emerging into an
attractive category of functional metallic materials in the past decade. ° Due to the
varied atomic radius and geometrical configurations of different elements, the crystal
lattices of HEAs can be finely tuned over a certain range, and the crystal lattices of
HEAs can be severely distorted with significant residual strain remaining. * Such a high
level of crystal imperfection could effectively increase the amount of active catalytic
sites. > Moreover, due to the highly complex combination of transition metals with
different electron configurations, the d-band vacancy number of HEA can be altered to
tune its binding strength toward reaction species. ° Because few studies have been
conducted on the catalytic performance of HEAs, this chapter examines the hypothesis
that by tuning the HEAs compositions, an improved OER performance would be
achieved.

6.2 HEA Design for Improved OER Performance

The binding strength of the reaction species toward the surfaces of an electrocatalyst
determines the activity of the electrocatalyst. For selected metallic catalysts, the
volcano plot of catalytic activity vs. the absorption energy of atomic oxygen ' reveals
that a moderate binding strength leads to a high catalytic activity. For OER applications,
a too weak binding between the reaction species and the electrocatalyst surface would
result in difficult stabilization of intermediates, while a too strong binding would hinder
the release of O,. The binding strength is affected by several factors. Firstly, it’s
affected by the electronic structures of the electrocatalyst. The existence of d-band
vacancy in transition metals enables the formation of intermediate species to lower the
activation energy, and a moderate d-vacancy number is preferable for OER
applications.® Secondly, in the heterogeneous reactions, the lattice spacing of the
electrocatalyst and the reaction species should match. In other words, too large an
interatomic distance would impede diatomic reactant adsorption and the bond
formation between oxygen atoms, while too closely packed atoms would cause strong
repulsions between intermediates and inhibit product formation.® Thirdly, a certain
degree of intrinsic structural defects could contribute to an improved catalytic
performance.’ Therefore, compared to the traditional metals and alloys, a well-designed
HEA with proper compositions is highly possible to combine the merits of each
constitute element and meet the above criteria for improved OER performance.

Based on the criterion No.1, two HEAs were selected to demonstrate that HEA
compositions would impact the OER performance. The first HEA would have a non-
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transition metal element and the second HEA would be formed by pure transition metals.
In this regard, the classical FeCoNiCrAl HEA, with non-transition metal element Al,
was chosen as the starting point to investigate how HEAs could be designed to have an
improved OER performance. For FeCoNiCrAl HEA, Fe, Co, Ni and Cr are all on the
left side of the peak on the volcano plot’, indicating their over-strong binding strength
toward the reactant. Also, being a main group element, Al is a strong electron donor
which can bind strongly to electron accepters to form stable compounds. All these may
aggravate the difficulty of O, formation and release.

Based on the criterion No.2, the bond length of M-O (M=metal) for Fe, Co, Ni, Cr
and Al is 2.08 A, 2.13 A, 2.09 A, 2.02 A and 1.89 A respectively'*'? with an average
of2.04 A. Considering the symmetric trapezoid configuration of OER diatomic reaction
in the alkaline environment', the calculated optimal lattice spacing to facilitate O,
formation for a perfectelectrocatalyst is ~2.50 A. However, from the XRD testing
results, to be shown in later section, FeCoNiCrAl mainly composes a FCC phase with
a=3.3183 +£0.0013 A, demonstrating the lattice spacing for the most densely packed
plane (111) to be 2.35 A. Therefore, tuning the baseline FeCoNiCrAl HEA
compositions with elements which can slightly decrease the d-vacancy number and
enlarge the lattice spacing is expected to improve the activity of HEA electrocatalyst.

To design an HEA with more favorable features as an electrocatalyst toward OER,
Co and Al were replaced with Mn and Cu. Because Cu has fully filled d orbitals, the
electrons in Cu can transit to the d-band of other transition metals to reduce the d-
vacancy number and the overall binding strength can be reduced. In addition, Mn
(r=161 pm) is among the few low-cost elements with an apparent larger radius than that
of Al (r =118 pm) and Co (r=152 pm) and has an acceptable affinity toward O atom.
With more matched d-vacancy number and lattice spacing toward OER, the
FeNiMnCrCu HEA is expected to have a better performance than the baseline
FeCoNiCrAl HEA.

6.3 Experimental
6.3.1 Synthesis of High-entropy Alloys

To synthesize the FeNiMnCrCu HEA, commercial iron (powder (fine), Sigma
Aldrich, >99%, metals basis), nickel (3-7 micron, Alfa Aesar, >99.9%, metals basis),
manganese (325 mesh, Alfa Aesar, 99.95%, metals basis), chromium (325 mesh, Alfa
Aesar, 99%, metals basis), and copper (~170 + 400 mesh, Alfa Aesar, 99.5%, metals
basis) powders with the ratio of 1:1:1:1:1, were well mixed inside a polystyrene ball
mill jar by a high-speed ball milling machine for 2 mins. Then the mixed powders were
pressed in a dry pressing die with a diameter of 12.7 mm. Next, the as-prepared sample
was placed into the chamber of an arc melting system (model Edmund Biihler/MAM-
1). During the melting process, the ingots were inverted and re-melted for four times to
ensure homogeneity. The FeCoNiCrAl HEA was prepared the same way by using
equivalent mole amount of iron, cobalt (325 mesh, Alfa Aesar, 99.5%, metals basis),
nickel, chromium, and aluminum (325 mesh, Alfa Aesar, 99.5%, metals basis).
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6.3.2 Materials Characterizations and Electrochemical measurements

The HEA phase diagrams are calculated by ThermoCalc™ software. The crystal
structures of the samples were characterized by an X-ray diffraction (XRD) using a
Panalytical Empyrean multipurpose diffractometer equipped with PreFIX modules with
Cu Ko radiation. To prepare the HEA electrode, a copper wire was attached to each of
the arc-melted ingots by tin soldering. Then the ingots with the connecting wire were
mounted into an epoxy resin (SamplKwick fast cure acrylic resin, Buehler). At last, for
each sample, a flat surface was exposed by cutting through the ingot using a low-speed
saw. The electrochemical measurements were carried out in a three-electrode system
using a CHI 650C electrochemical workstation. The HEAs served as the working
electrode in a 1 M NaOH aqueous electrolyte, with Pt wire and saturated calomel
electrode (SCE) as counter electrode and reference electrode, respectively. Linear
sweep voltammetry (LSV) and Tafel measurement were carried out at a scan rate of 5
mV/s in the potential range of 0 to 1V vs. SCE. Commercial Pt was tested the same
way for comparison. Electrochemical impedance spectra (EIS) measurements were
carried out at 438 mV overpotential in the frequency range from 105 Hz to 0.01 Hz. To
study the stability of the HEAs, the chronoamperometry was carried out at 438 mV
overpotential for 10 hours.

6.4 Results and Discussion
6.4.1 Quinary Phase Diagrams

CALPHAD method was adopted to calculate the phase diagram and the phase
composition during an equilibrium solidification process. For the baseline quinary HEA
system FeCoNiCrAly, with increasing of the Al content, the phase structure of the
system gradually changes from a single FCC into a single BCC structure. This predicted
has been proved experimentally by other researchers '*. Figure 6-1 (a) shows the
pseudobinary phase diagram of FeCoNiCr-Aly system calculated using ThermoCalc
software. While keeping the molecular ratio of FeCoNiCr constant, the phase structure
change, along with the (FeCoNiCr) and Al ratio, was presented as an ordinary binary
phase diagram. Using the phase diagram, the equimolar FeCoNiCrAly-; can be seen
consisting of both FCC and BCC structures, with FCC phase as the primary phase.
Under the sample preparation condition with a rapid cooling rate, equilibrium phase
transformation at low temperatures is usually inhibited, leading to the precipitation of
high temperature phases.

Figure 6-1(b) shows the equilibrium solidification process of FeNiMnCrCu, starting
from the liquidus temperature at ~1458K. Both FCC and BCC phases start to form
almost simultaneously, with a secondary FCC phase forms at ~1297K, which is almost
the solidus temperature (1295K). Considering the rapid cooling rate of the sample made
in the water-cooled copper hearth of the arc melting furnace, the diffusion introduced
phase transformation at low temperatures could be neglected. Thus the phase structures
of FeNiMnCrCu should consist mainly of double FCC phases and a BCC phase. It is
also interesting to see, the intrinsic residual strain of FeNiMnCrCu is reported to be
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3.18%" that is higher than the FeCoNiCrAl case value of 2.96% . Therefore, the
FeNiMnCrCu HEA is in a more non-equilibrium state possessing higher potential
energy that is expected to activate reactions at a lower applied potential.'®
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6.4.2 Crystal Structure by XRD
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Figure 6.2 XRD spectra of FeCoNiCrAl and FeNiMnCrCu

The XRD patterns are presented in Fig. 6-2. The XRD spectrum of FeCoNiCrAl
indicates a complete dissolution of all five elements and the formation of a single FCC
phase. This differs from the equilibrium prediction shown in Fig.6-1a. Based on other
researchers, FCC is the major structure of the FeCoNiCrAl HEA annealed at a
temperature higher than 800 °C and then free cooled to room temperature'’. Under the
arc melting process, the rapid cooling rate inhibits phase transformation to BCC and
leads to the domination of the FCC phase. Peaks at 20 = 43.85°, 51.08°, 75.09° 91.34°
and 96.59° corresponding to planes of (111), (200), (220), (311) and (222) of the FCC
can be observed. The lattice parameter is calculated to be a = 3.3183 + 0.0013 A.

For the FeNiMnCrCu HEA, it has a more complicated structure and is composed of
two FCC and one BCC phases. The first FCC phase has peaks at 20 = 42.59°, 49.40°,
72.78°, 87.89° and 93.34° corresponding to planes of (111), (200), (220), (311) and
(222). The lattice parameter is calculated to be a = 3.4160 = 0.0055 A. The second FCC
phase has peaks at 20 = 43.43°, 50.24°, 74.05°, 89.77° and 95.02° corresponding to
planes of (111), (200), (220), (311) and (222). The lattice parameter is calculated to be
a=3.3601 + 0.0076 A. The BCC phase has peaks at 20 = 44.38°, 64.51° and 81.81°
corresponding to planes of (110), (200) and (211). The lattice parameter is calculated
to be a = 2.678 + 0.0020 A. Therefore, the lattice constants of the FCC phases in the
FeNiMnCrCu are larger than that of FeCoNiCrAl. This is due to the replacement of Al
(r =118 pm) and Co (r=152 pm) by Cu (145 pm) and Mn (161 pm), whose radius are
relatively larger, causing the extension of lattice. In addition, due to the higher atomic
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packing density of FCC (74%) than that of BCC (68%), the replacing of Al and Co with
Cu and Mn leads to a mixture of FCC and BCC phases and causes larger residual strains.
This gives a higher lattice distortion energy. Therefore, to release the distortion energy,
some of the FCC phase splits to two different FCC phases, with the rest transfers to a
more stable BCC phase.'® It can be seen the lattice spacing of {111} planes in FCC1

and FCC2 phases of FeNiMnCrCu HEA are 2.38 A and 2.42 A respectively, which are
closer to the optimal lattice spacing (2.50 A) than that of FeCoNiCrAl HEA (2.35 A).

6.4.3 Catalytic Performance Study by LSV
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Figure 6.3 The OER polarization curves of FeCoNiCrAl and FeNiMnCrCu electrodes

To evaluate the electrocatalytic performance of FeCoNiCrAl and FeNiMnCrCu
HEAs, the LSV results are shown in Fig. 6-3. It is seen the onset overpotentials for
FeCoNiCrAl and FeNiMnCrCu HEAs are 317 mV and 342 mV, respectively, which
are significantly lower than that of the Pt electrode (471 mV), indicating a lower
activation energy needed by the HEA electrocatalysts to initial the OER redox
reaction.'” The FeCoNiCrAl electrode exhibits a relatively lower activity with slowly
increased current density and is not able to reach an OER current density of 100
mA/cm” in the tested voltage range. It is observed, the FeNiMnCrCu electrode
possesses a better electrocatalytic activity with the current density increasing rapidly
after the onset potential and reaches 40 mA/cm® and 100 mA/cm” OER current density
at 466 mV and 599 mV overpotential, respectively. For comparison, FeCoNiCrAl and
Pt electrodes require 580 mV and 656 mV to achieve 40 mA/cm?, respectively. It can
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be seen that HEAs have great potential in serving as OER electrocatalyst due to their
much improved performance than the Pt electrocatalyst. In addition, as expected, the
performance of the FeNiMnCrCu HEA electrocatalyst is significantly higher than that
of FeCoNiCrAl, due to its higher residual strain, better matched d-vacancy number and
lattice spacing toward OER.

6.4.4 Mechanism Study by Tafel Slope
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Figure 6.4 Tafel slopes of FeCoNiCrAl and FeNiMnCrCu electrodes

To study the kinetic of the OER with HEA electrocatalysts, the Tafel plots are
provided in Fig. 6-4. In the Tafel plots, a smaller slope indicates a more rapid electron
transfer at the electrode and electrolyte interface at the applied potentials, which
suggesting a better catalytic activity of the electrocatalyst.”’ Tafel slopes for
FeCoNiCrAl, FeNiMnCrCu and Pt electrodes are 75 mV/decade, 58 mV/decade and
66 mV/decade, respectively. It can be seen, the Tafel slope of FeNiMnCrCu is smaller
than Pt.
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6.4.5 Electrochemical Characteristics by EIS
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Figure 6.5 The EIS spectra of FeCoNiCrAl and FeNiMnCrCu electrodes; symbols:
experimental data; solid lines: simulated data; inset: equivalent circuit

The electrochemical process is further studied by EIS at an overpotential of 438
mV in the frequency range of 10° Hzto 0.01 Hz as displayed in Fig. 6-5. The equivalent
circuit elements are fitted by CHI 650 C electrochemical workstation software package
with the results listed in Table 1. The intercept of the plot with the horizontal axis at
high frequency (Rs) is the overall series resistance, including material bulk resistance
and contact resisitance.”'** The first semicircle with a diameter of Riy is due to the
metal hydroxide intermediates formation.> It is noticed, the R, of FeNiMnCrCu (0.065
Q cm?®) is apparently lower than that of FeCoNiCrAl (0.177 Q cm?), demonstrating a
more facilitated OH™ absorption and intermediate formation at the electrode and
electrolyte interface, which could effectively lower down the activation energy of the
electrochemical reaction. It is also noticed, the CPE; of FeNiMnCrCu (1.393 mF s"
cm °) is larger than that of FeCoNiCrAl (0.650 mF s"' ¢m™?), indicating more atoms
on FeNiMnCrCu surface are involved in reaction species absorption, attributed to its
more distorted crystal structure. The second semicircle describes the electron charge
transportation process of the OER redox reaction, with a diameter of R representing
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the charge transfer resistance.” It can be seen, the R of FeNiMnCrCu (1.482 Q cm?)
is much smaller than that of FeCoNiCrAl electrode (3.505 Q cm?), indicating a faster
electron transfer rate from reactant to product. As it is observed, the superior
electrochemical characteristics of FeNiMnCrCu is the result of its optimized binding
strength toward reaction species. A better matched d-vacancy number effectively
accelerates electron transfers and the matched lattice spacing facilitates the reactant
absorption and product desorption. And the high residual strain contributes to a higher
potential energy that can activate OER at a lower overpotential.

6.4.6 Stability Study by chronoamperometry

The stability of the FeNiMnCrCu HEA electrocatalyst was evaluated by the
chronoamperometry at a potential of 438 mV overpotential for 10 hours. The
FeNiMnCrCu HEA displays an initial current density of ~ 26 mA/cm” and maintains
this performance without significant changes for 10 hours, which indicates a good
electrochemical reversibility in the extensive OER durability testing.
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Figure 6.6 Time-dependent potential response during 10 hour chronoamperometric
water-splitting of FeNiMnCrCu electrodes
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Table 6.1 EIS parameters

Sample Ry Rint CPE; n; Rt CPE, n,
Q@ecm?) | (Qem?) | mFs" ' em™) Qcm?)  (mFs"'em™)
FeCoNiCrAl = 2.393 0.177 0.650 0.999  3.505 1.764 0.891
FeNiMnCrC 1.882 0.065 1.393 0.999 = 1.482 9.516 0.820
Pt 2.065 0.995 0.295 0.999  80.627 0.865 0.825

6.4.7 Discussions

It can be seen, compared to traditional metals and alloys, a well-designed HEA
can combine the merits of each constitute element and become an efficient
electrocatalyst toward OER. Firstly, since the atomic structure in HEAs is highly
complex with random occupancies of elements in the lattice, the crystal structure of a
HEA can be highly distorted with non-negligible residual strain. As a result, the atoms
are in a thermodynamically metastable state possessing higher potential energy and
more catalytic active sites. It is noticed, the lattice distortion in FeNiMnCrCu is more
severe that leads to its higher catalytic activity than FeCoNiCrAl. Secondly, due to
combination of different elements, the atomic lattice spacing and electronic
configuration can be tuned to match better with OER.

6.5 Conclusions

Due to the unique crystal structures with severe lattice distortions, HEA based
electrocatalysts may possess attractive electrocatalytic properties. In this chapter, based
on a set of oxygen evolution reaction (OER) criteria, two transition metal based HEAs,
namely FeNiMnCrCu and FeCoNiCrAl, are selected to demonstrate that the
compositions of HEAs could be tuned to improve the OER performance. Both
FeNiMnCrCu and FeCoNiCrAl samples are prepared and tested. Their crystal
structures and electrocatalytic performance are examined. Owing to the replacement of
Al and Co by Cu and Mn, the d-vacancy number and lattice spacing for FeNiMnCrCu
are more suitable for improved OER performances. In comparison to the baseline
FeCoNiCrAl and the platinum, FeNiMnCrCu needs less activation energy to initial the
OER reactions and its current density increases more rapidly with potential than that of
FeCoNiCrAl and platinum. As predicted, FeNiMnCrCu exhibits a good activity toward
OER, which demonstrates the potential of using finely tuned HEAs for electrocatalytic
applications.
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7. CONCLUSIONS AND FUTURE WORKS
7.1 Conclusions

In this dissertation, laser-based manufacturing was applied to develop NiFe-based
alloys, with focuses on studying their electrochemical characteristics toward oxygen
evolution reaction in the water electrocatalysis process.

Firstly, a one-step laser-based manufacturing method to prepare a thin layer of NiFe
electrodes with varied Ni to Fe ratios as the electrocatalyst to replace high-cost noble metal
based material for oxygen evolution reaction is developed. The alloying of Ni-Fe will allow
electrons shift from Ni to Fe, causing the increase of d-vacancy of Ni, resulting in a catalyst
matching better to the reaction electron transfer coordination without affect the Fermi level
of Ni. The formation of ultra-small secondary and ternary phase grains due to the rapid
AM solidification process can effectively increase the ratio of active sites on the crystal
surface, increase the average lattice spacing to match better with the species involve in
OER reaction. Remarkably, the laser-based manufactured NigFes alloys exhibit an
excellent activity of an OER current density of 100 mA/cm” at 464 mV overpotential in 1
M KOH aqueous solution, which is among the best-performance OER electrocatalyst
reported to date, and maintain a stable performance for at least 18 hours. Such an excellent
OER catalytic performance is attributed to the synergic effect from both Ni and Fe content,
resulting in a material with superior catalytic activity and durability. It can be seen,
synthesizing electrocatalyst by laser-based manufacturing doesn’t require a tedious process
to receive desired material composition nor a careful control of supporting platform/binder
properties. Thus it enables a higher efficiency and flexibility for novel 3D
electrocatalyst/electrode development.

Secondly, the laser processed Ni-Fe alloys are prepared by varied laser scanning
speeds. Their microstructures and morphologies are examined by XRD and SEM. Their
electrocatalytic performance toward OER electrocatalyst is studied. In addition Ni-Fe
alloys prepared by arc melting and spark plasma sintering are also prepared for comparison.
It is found temperature gradient is a decisive factor to the microstructure of a laser-
processed alloy. The laser power density significantly impact the phase composition and
surface morphology of the electrocatalyst. It can be seen, the arc melted sample displayed
much higher activity than spark plasma sintered samples due to its more favorable
composition toward oxygen evolution reaction. It is also observed, the laser-processed
samples displayed apparent higher electrocatalytic activity toward the oxygen evolution
reaction, due to its rougher surface as a result of the special thermal cycle during laser
processing. Herein, laser-processing may provide new insight on develop novel
electrocatalyst by controlling the microstructures.

Thirdly, monolithic nanoporous NiFe electrocatalyst is developed by dealloying Ni-

Fe-Al prepared by laser-based manufacturing for the first time. The nanoscale pores
derived from dealloying process provide high surface areas and more active sites for
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catalytic reactions. At the same time the microscale pores provide sufficient channels
for gas diffusion to accelerate the mass diffusion. Moreover, as a monolithic
electrode/electrocatalyst system, the electron conduction can be effective facilitated and
eliminates the use of substrate binders. Compared to bulk NigFe, printed by laser-based
manufacturing, the nanoporous NiFe electrode exhibits an improved electrocatalytic
activity with an OER current density of 100 mA/cm” at 442 mV overpotential in 1 M KOH
aqueous solution. Preparing the nanoporous NiFe electrocatalyst by dealloying laser-based
manufactured alloys displays great potential for developing self-stand nanoporous
electrode for energy conversion reactions, and provides new insights on electrode structure
and composition engineering, which may pave a new way for the efficient and effective
development of electrocatalyst.

Fourthly, Ni, Fe with other earth-abundant transition metal based HEAs, including
FeNiMnCrCu and FeCoNiCrAl, synthesized via arc melting, were for the first time applied
as the electrocatalyst material toward OER. A good combination of reaction favorable
elements can significantly boost the catalytic performance of transition metal based
electrocatalyst. Remarkably, the FeNiMnCrCu HEA exhibits an excellent activity and
stability toward OER, which is comparable to Pt electrocatalyst, and much better than
FeCoNiCrAl HEA. These results suggest the HEA materials are very promising as next
generation functional materials, especially in chemistry and electrochemistry area.

7.2 Future Work

In this dissertation, laser-based manufacturing has been successfully applied for
printing single layer electrocatalyst for oxygen evolution reactions. As a prototyping
manufacturing method, laser-based manufacturing has a great potential in becoming an
established fabrication technique to develop 3D structured electrocatalyst for various
electrochemical systems. In the future, the following works are suggested.

1. Develop micro-scale 3D structured electrode by laser-based manufacturing with
different structure and morphology design to maximize the catalytic active area and
facilitate electron and mass transfer.

2. Develop nanoporous structure on 3D features of the selective laser printed electrodes
by various techniques, such as chemical vapor deposition, dealloying, electrodeposition
to further improve the performance of the electrocatalyst to nanometer scale.

3. Improve the alloy composition by researching other earth-abundant metals or include
other functional materials, such as ceramic, carbon-based materials, to facilitate

advanced structure design.

4. Electrocatalyst for other energy related reactions, such as hydrogen evolution reactions,
CO; reduction reaction are suggested to be developed by laser-based manufacturing.
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