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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

18



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.

‘ Product

+ / \VARRE

. /] v \/ Intermediate2 ¢+
Reactant
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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

21



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
Dense

Laser Power (W)

Zone |
Incomplete Melting

Scan Speed (mm/s)

Figure 2.12 Melting zones of laser-based manufacturing

2.4 References

1. Sato, M., Thermochemistry of the formation of fossil fuels. Spec. Publ. -
Geochem. Soc. 1991, 2 (Fluid-Miner. Interact.), 271-83.

2. Halbouty, M. T.; Editor, Giant Oil & Gas Fields of the Decade-1990-99. AAPG:
2005; p 340 pp.

3. Ball, M. W., This Fascinating Oil Business. Bobbs-Merrill Co.: p 444 pp.

32



4. Cui, X.; Xu, W.; Xie, Z.; Wang, Y., Hierarchical SnO2@SnS2 Counter
Electrodes for Remarkable High-efficiency Dye-sensitized Solar Cells. Electrochimica
Acta 2015, 186, 125-132.

5. Cui, X.; Xie, Z.; Wang, Y., Novel CoS2 embedded carbon nanocages by direct
sulfurizing metal-organic frameworks for dye-sensitized solar cells. Nanoscale 2016, 8
(23), 11984-11992.

6. Wang, Z.; Spivey, J. J., Effect of ZrO2, A1203 and La203 on cobalt—copper
catalysts for higher alcohols synthesis. Applied Catalysis A: General 2015, 507
(Supplement C), 75-81.

7. Wang, Z.; Laddha, G.; Kanitkar, S.; Spivey, J. J., Metal organic framework-
mediated synthesis of potassium-promoted cobalt-based catalysts for higher oxygenates
synthesis. Catalysis Today 2017, 298 (Supplement C), 209-215.

8. Last, J.; Guidotti, T. L., Implications for human health of global ecological
changes. Public Health Rev 1990, 18 (1), 49-67; discussion 69-72.

9. Mora, C.; Frazier, A. G.; Longman, R. J.; Dacks, R. S.; Walton, M. M.; Tong, E.
J.; Sanchez, J. J.; Kaiser, L. R.; Stender, Y. O.; Anderson, J. M.; Ambrosino, C. M.;
Fernandez-Silva, 1.; Giuseffi, L. M.; Giambelluca, T. W., The projected timing of
climate departure from recent variability. Nature (London, U. K.) 2013, 502 (7470),
183-187.

10.  Mann, M. E., Earth Will Cross the Climate Danger Threshold by 2036. Scientific
American 2016.

11.  Hodgson, P. E., Global warming and nuclear power. Nucl. Energy (Br. Nucl.
Energy Soc.) 1999, 38 (3), 147-151.

12.  https://www.ecotricity.co.uk/our-green-energy/energy-independence/the-end-
of-fossil-fuels.

13. Boden, T. A., G. Marland, and R.J. Andres. , Global, Regional, and National
Fossil-Fuel CO2 Emissions. Carbon Dioxide Information Analysis Center, Oak Ridge
National Laboratory, U.S. Department of Energy, Oak Ridge, Tenn., U.S.A. 2017.

14.  https://en.wikipedia.org/wiki/Renewable energy.

15.  Bossel, U., Does a hydrogen economy make sense? Proc. [EEE 2006, 94 (10),
1826-1837.

16. Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, I.; Norskov, J. K.,
Computational high-throughput screening of electrocatalytic materials for hydrogen
evolution. Nat. Mater. 2006, 5 (11), 909-913.

17. Jaramillo, T. F.; Jorgensen, K. P.; Bonde, J.; Nielsen, J. H.; Horch, S.;

33



Chorkendorft, 1., Identification of Active Edge Sites for Electrochemical H2 Evolution
from MoS2 Nanocatalysts. Science (Washington, DC, U. S.) 2007, 317 (5834), 100-102.

18. Li, Y.; Wang, H.; Xie, L.; Liang, Y.; Hong, G.; Dai, H., MoS2 Nanoparticles
Grown on Graphene: An Advanced Catalyst for the Hydrogen Evolution Reaction. J.
Am. Chem. Soc. 2011, 133 (19), 7296-7299.

19. de Levie, R., The electrolysis of water. Journal of Electroanalytical Chemistry
1999, 476 (1), 92-93.

20. Carmo, M.; Fritz, D. L.; Mergel, J.; Stolten, D., A comprehensive review on
PEM water electrolysis. Int. J. Hydrogen Energy 2013, 38 (12), 4901-4934.

21. Bard, A. J.; Faulkner, L. R., Electrochemical Methods: fundamentals and
applications. Dianhuaxue 2001, 7 (2), 255.

22. Fletcher, S.; Inzelt, G.; Scholz, F., Electrochemistry-past, present, and future. J.
Solid State Electrochem. 2011, 15 (7-8), 1295-1296.

23. Liu, R.-S.; Zheng, L.; Sun, X.; Liu, H.; Zhang, J.; Editors, Electrochemical
Technologies for Energy Storage and Conversion, Volume 1. Wiley-VCH Verlag GmbH
& Co. KGaA: 2012; p 382 pp.

24. Zou, X.; Zhang, Y., Noble metal-free hydrogen evolution catalysts for water
splitting. Chemical Society Reviews 2015, 44 (15), 5148-5180.

25. Reier, T.; Oezaslan, M.; Strasser, P., Electrocatalytic Oxygen Evolution
Reaction (OER) on Ru, Ir, and Pt Catalysts: A Comparative Study of Nanoparticles and
Bulk Materials. ACS Catal. 2012, 2 (8), 1765-1772.

26. Lee, Y.; Suntivich, J.; May, K. J.; Perry, E. E.; Shao-Horn, Y., Synthesis and
Activities of Rutile IrO2 and RuO2 Nanoparticles for Oxygen Evolution in Acid and
Alkaline Solutions. J. Phys. Chem. Lett. 2012, 3 (3), 399-404.

27. Norskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R;
Bligaard, T.; Jonsson, H., Origin of the Overpotential for Oxygen Reduction at a Fuel-
Cell Cathode. The Journal of Physical Chemistry B 2004, 108 (46), 17886-17892.

28.

http://webcache.googleusercontent.com/search?q=cache:BJBinglx VAcJ:staff.u
stc.edu.cn/~huangwx/CN/courses-CN.files/chapter(7-
catalysisbymetals.ppt+&cd=1&hl=en&ct=clnk&gl=us.

29.  https://wenku.baidu.com/view/8dbb4d8fcc22bcd126ff0c54.html.

30.  Hagen, J., Heterogeneous Catalysis: Fundamentals. In Industrial Catalysis,
Wiley-VCH Verlag GmbH & Co. KGaA: 2015; pp 99-210.

34



31. Sieben, J. M.; Duarte, M. M. E., Nanostructured Pt and Pt-Sn catalysts
supported on oxidized carbon nanotubes for ethanol and ethylene glycol electro-
oxidation. International Journal of Hydrogen Energy 2011, 36 (5), 3313-3321.

32. Maillard, F.; Bonnefont, A.; Chatenet, M.; Guétaz, L.; Doisneau-Cottignies, B.;
Roussel, H.; Stimming, U., Effect of the structure of Pt—Ru/C particles on COad

monolayer vibrational properties and electrooxidation kinetics. Electrochimica Acta
2007, 53 (2), 811-822.

33, Kuznetsov, A. N.; Simonov, P. A.; Zaikovskii, V. I.; Parmon, V. N.; Savinova, E.
R., Temperature effects in carbon monoxide and methanol electrooxidation on

platinum—ruthenium: influence of grain boundaries. Journal of Solid State
Electrochemistry 2013, 17 (7), 1903-1912.

34, Wang, G.; Takeguchi, T.; Muhamad, E. N.; Yamanaka, T.; Ueda, W.,
Investigation of grain boundary formation in PtRu/C catalyst obtained in a polyol

process with post-treatment. International Journal of Hydrogen Energy 2011, 36 (5),
3322-3332.

35. Ma, Y.; Wang, H.; Ji, S.; Linkov, V.; Wang, R., PtSn/C catalysts for ethanol
oxidation: The effect of stabilizers on the morphology and particle distribution. Journal
of Power Sources 2014, 247, 142-150.

36.  Kuzume, A.; Herrero, E.; Feliu, J. M., Oxygen reduction on stepped platinum
surfaces in acidic media. Journal of Electroanalytical Chemistry 2007, 599 (2), 333-
343.

37. Goémez—Marin, A. M.; Feliu, J. M., Role of oxygen-containing species at Pt(111)
on the oxygen reduction reaction in acid media. Journal of Solid State Electrochemistry
2015, 79 (9), 2831-2841.

38. Macia, M. D.; Campiiia, J. M.; Herrero, E.; Feliu, J. M., On the kinetics of
oxygen reduction on platinum stepped surfaces in acidic media. Journal of
Electroanalytical Chemistry 2004, 564, 141-150.

39, Qiangian, J.; Lei, X.; Ning, C.; Han, Z.; Liming, D.; Shuangyin, W., Facile
Synthesis of Black Phosphorus: an Efficient Electrocatalyst for the Oxygen Evolving
Reaction. Angewandte Chemie 2016, 128 (44), 14053-14057.

40. Xu, C.; Wang, X.; Zhu, J., Graphene-Metal Particle Nanocomposites. J. Phys.
Chem. C 2008, 112 (50), 19841-19845.

41. Tian, Z.-Q.; Ren, B.; Wu, D.-Y., Surface-Enhanced Raman Scattering: From
Noble to Transition Metals and from Rough Surfaces to Ordered Nanostructures. J.
Phys. Chem. B 2002, 106 (37), 9463-9483.

42. Seger, B.; Kamat, P. V., Electrocatalytically Active Graphene-Platinum
Nanocomposites. Role of 2-D Carbon Support in PEM Fuel Cells. J. Phys. Chem. C

35



2009, 713 (19), 7990-7995.

43.  Rolison, D. R., Catalytic nanoarchitectures - The importance of nothing and the
unimportance of periodicity. Science (Washington, DC, U. §.) 2003, 299 (5613), 1698-
1702.

44, Joo, S. H.; Choi, S. J.; Oh, I.; Kwak, J.; Liu, Z.; Terasaki, O.; Ryoo, R., Ordered
nanoporous arrays of carbon supporting high dispersions of platinum nanoparticles.
Nature (London, U. K.) 2001, 412 (6843), 169-172.

45. Wu, G.; Zelenay, P., Nanostructured nonprecious metal catalysts for oxygen
reduction reaction. Acc. Chem. Res. 2013, 46 (8), 1878-1889.

46.  Peng, Z.; Yang, H., Designer platinum nanoparticles: control of shape,
composition in alloy, nanostructure and electrocatalytic property. Nano Today 2009, 4
(2), 143-164.

47. Matter, P. H.; Zhang, L.; Ozkan, U. S., The role of nanostructure in nitrogen-
containing carbon catalysts for the oxygen reduction reaction. J. Catal. 2006, 239 (1),
83-96.

48. Bing, Y.; Liu, H.; Zhang, L.; Ghosh, D.; Zhang, J., Nanostructured Pt-alloy
electrocatalysts for PEM fuel cell oxygen reduction reaction. Chem. Soc. Rev. 2010, 39
(6), 2184-2202.

49.  Maillard, F.; Schreier, S.; Hanzlik, M.; Savinova, E. R.; Weinkauf, S.; Stimming,
U., Influence of particle agglomeration on the catalytic activity of carbon-supported Pt

nanoparticles in CO monolayer oxidation. Physical Chemistry Chemical Physics 2005,
7 (2), 385-393.

50. Mayrhofer, K. J. J.; Arenz, M.; Blizanac, B. B.; Stamenkovic, V.; Ross, P. N.;
Markovic, N. M., CO surface electrochemistry on Pt-nanoparticles: A selective review.
Electrochimica Acta 2005, 50 (25), 5144-5154.

51. Dubau, L.; Nelayah, J.; Moldovan, S.; Ersen, O.; Bordet, P.; Drnec, J.; Asset, T.;
Chattot, R.; Maillard, F., Defects do Catalysis: CO Monolayer Oxidation and Oxygen
Reduction Reaction on Hollow PtNi/C Nanoparticles. ACS Catalysis 2016, 6 (7), 4673-
4684.

52. Brown, D. E.; Mahmood, M. N.; Turner, A. K.; Hall, S. M.; Fogarty, P. O., Low
overvoltage electrocatalysts for hydrogen evolving electrodes. International Journal of
Hydrogen Energy 1982, 7 (5), 405-410.

53. Faber, M. S.; Dziedzic, R.; Lukowski, M. A.; Kaiser, N. S.; Ding, Q.; Jin, S.,
High-Performance Electrocatalysis Using Metallic Cobalt Pyrite (CoS2) Micro- and
Nanostructures. J. Am. Chem. Soc. 2014, 136 (28), 10053-10061.

54, Wang, X.; Huang, X.; Gao, W.; Tang, Y.; Jiang, P.; Lan, K.; Yang, R.; Wang, B.;

36



Li, R., Metal-organic framework derived CoTe2 encapsulated in nitrogen-doped carbon
nanotube frameworks: a high-efficiency bifunctional electrocatalyst for overall water
splitting. J. Mater. Chem. A 2018, 6 (8), 3684-3691.

55. Yu, L.; Zhou, H.; Sun, J.; Mishra, I. K.; Luo, D.; Yu, F.; Yu, Y.; Chen, S.; Ren,
Z., Amorphous NiFe layered double hydroxide nanosheets decorated on 3D nickel

phosphide nanoarrays: a hierarchical core-shell electrocatalyst for efficient oxygen
evolution. J. Mater. Chem. A 2018, Ahead of Print.

56. Zhang, G.; Yuan, J.; Yan, L.; Lu, W.; Fu, N.; Li, W.; Huang, H., Boosting
Oxygen Evolution Reaction in Non-Precious Catalyst by Structural and Electronic
Engineering. J. Mater. Chem. A 2018, Ahead of Print.

57.  Cherevko, S.; Geiger, S.; Kasian, O.; Kulyk, N.; Grote, J.-P.; Savan, A.; Shrestha,
B. R.; Merzlikin, S.; Breitbach, B.; Ludwig, A.; Mayrhofer, K. J. J., Oxygen and
hydrogen evolution reactions on Ru, RuO2, Ir, and IrO2 thin film electrodes in acidic

and alkaline electrolytes: A comparative study on activity and stability. Catal. Today
2016, 262, 170-180.

58.  Marshall, A. T.; Haverkamp, R. G., Electrocatalytic activity of [rO2-Ru0O2
supported on Sb-doped SnO2 nanoparticles. Electrochim. Acta 2010, 55 (6), 1978-1984.

59. Owe, L.-E.; Tsypkin, M.; Wallwork, K. S.; Haverkamp, R. G.; Sunde, S.,
Iridium-ruthenium single phase mixed oxides for oxygen evolution: Composition
dependence of electrocatalytic activity. Electrochim. Acta 2012, 70, 158-164.

60. Audichon, T.; Napporn, T. W.; Canaff, C.; Morais, C.; Comminges, C.; Kokoh,
K. B., IrO2 Coated on RuO2 as Efficient and Stable Electroactive Nanocatalysts for
Electrochemical Water Splitting. J. Phys. Chem. C 2016, 120 (5), 2562-2573.

61. Wu, L.; Li, Q.; Wu, C. H.; Zhu, H.; Mendoza-Garcia, A.; Shen, B.; Guo, J.; Sun,
S., Stable Cobalt Nanoparticles and Their Monolayer Array as an Efficient

Electrocatalyst for Oxygen Evolution Reaction. Journal of the American Chemical
Society 2015, 137 (22), 7071-7074.

62. Chaudhari, N. K.; Jin, H.; Kim, B.; Lee, K., Nanostructured materials on 3D
nickel foam as electrocatalysts for water splitting. Nanoscale 2017, 9 (34), 12231-
12247.

63.  Pletcher, D., Electrocatalysis: present and future. Journal of Applied
Electrochemistry 1984, 14 (4), 403-415.

64. Hoang, T. T. H.; Gewirth, A. A., High Activity Oxygen Evolution Reaction
Catalysts from Additive-Controlled Electrodeposited Ni and NiFe Films. ACS Catalysis
2016, 6 (2), 1159-1164.

65. Lu, X.; Zhao, C., Electrodeposition of hierarchically structured three-
dimensional nickel-iron electrodes for efficient oxygen evolution at high current

37



densities. Nature Communications 2015, 6, 6616.

66. Matsumoto, Y.; Yamada, S.; Nishida, T.; Sato, E., Oxygen Evolution on Lal —x
Srx Fel —y Coy O 3 Series Oxides. Journal of The Electrochemical Society 1980, 127
(11), 2360-2364.

67. Ma, T.; Li, C.; Chen, X.; Cheng, F.; Chen, J., Spinel cobalt-manganese oxide
supported on non-oxidized carbon nanotubes as a highly efficient oxygen

reduction/evolution electrocatalyst. Inorganic Chemistry Frontiers 2017, 4 (10), 1628-
1633.

68. Maiyalagan, T.; Jarvis, K. A.; Therese, S.; Ferreira, P. J.; Manthiram, A., Spinel-
type lithium cobalt oxide as a bifunctional electrocatalyst for the oxygen evolution and
oxygen reduction reactions. Nature Communications 2014, 5, 3949.

69. Gong, M.; Li, Y.; Wang, H.; Liang, Y.; Wu, J. Z.; Zhou, J.; Wang, J.; Regier, T.;
Wei, F.; Dai, H., An Advanced Ni—Fe Layered Double Hydroxide Electrocatalyst for
Water Oxidation. Journal of the American Chemical Society 2013, 135 (23), 8452-8455.

70. Chen, J. S.; Ren, J.; Shalom, M.; Fellinger, T.; Antonietti, M., Stainless Steel
Mesh-Supported NiS Nanosheet Array as Highly Efficient Catalyst for Oxygen
Evolution Reaction. ACS Applied Materials & Interfaces 2016, 8 (8), 5509-5516.

71. Chen, P.; Xu, K.; Tong, Y.; Li, X.; Tao, S.; Fang, Z.; Chu, W.; Wu, X.; Wu, C.,
Cobalt nitrides as a class of metallic electrocatalysts for the oxygen evolution reaction.
Inorganic Chemistry Frontiers 2016, 3 (2), 236-242.

72. Xu, K.; Chen, P.; Li, X.; Tong, Y.; Ding, H.; Wu, X.; Chu, W.; Peng, Z.; Wu, C.;
Xie, Y., Metallic Nickel Nitride Nanosheets Realizing Enhanced Electrochemical Water
Oxidation. Journal of the American Chemical Society 2015, 137 (12),4119-4125.

73. McCrory, C. C. L.; Jung, S.; Ferrer, I. M.; Chatman, S. M.; Peters, J. C.;
Jaramillo, T. F., Benchmarking Hydrogen Evolving Reaction and Oxygen Evolving
Reaction Electrocatalysts for Solar Water Splitting Devices. Journal of the American
Chemical Society 2015, 137 (13), 4347-4357.

74. Zhao, Y.; Nakamura, R.; Kamiya, K.; Nakanishi, S.; Hashimoto, K., Nitrogen-
doped carbon nanomaterials as non-metal electrocatalysts for water oxidation. Nature
Communications 2013, 4, 2390.

75. Sheng, C.; Jingjing, D.; Mietek, J.; ShillZhang, Q., Nitrogen and Oxygen
Duall1Doped Carbon Hydrogel Film as a Substrate[]Free Electrode for Highly
Efficient Oxygen Evolution Reaction. Advanced Materials 2014, 26 (18), 2925-2930.

76. Sing, S. L.; An, J.; Yeong, W. Y.; Wiria, F. E., Laser and electron-beam powder-

bed additive manufacturing of metallic implants: A review on processes, materials and
designs. J. Orthop. Res. 2016, 34 (3), 369-385.

38



77. Murr, L. E.; Martinez, E.; Amato, K. N.; Gaytan, S. M.; Hernandez, J.; Ramirez,
D. A.; Shindo, P. W.; Medina, F.; Wicker, R. B., Fabrication of Metal and Alloy
Components by Additive Manufacturing: Examples of 3D Materials Science. J. Mater.
Res. Technol. 2012, 1 (1), 42-54.

78. Mota, C.; Puppi, D.; Chiellini, F.; Chiellini, E., Additive manufacturing
techniques for the production of tissue engineering constructs. J. Tissue Eng. Regener.
Med. 2015, 9 (3), 174-190.

79. Pape, F.; Noelke, C.; Kaierle, S.; Haferkamp, H.; Gesing, T. M., Influence of
Foaming Agents on Laser Based Manufacturing of Closed-cell Ti Foam. Procedia
Mater. Sci. 2014, 4, 97-102.

80. Brueckner, F.; Seidel, A.; Straubel, A.; Willner, R.; Leyens, C.; Beyer, E., Laser-
based manufacturing of components using materials with high cracking susceptibility.
J. Laser Appl. 2016, 28 (2), 022305/1-022305/7.

81. Tancogne-Dejean, T.; Spierings, A. B.; Mohr, D., Additively-manufactured
metallic micro-lattice materials for high specific energy absorption under static and
dynamic loading. Acta Mater. 2016, 116, 14-28.

82. Ambrosi, A.; Pumera, M., Self-Contained Polymer/Metal 3D Printed
Electrochemical Platform for Tailored Water Splitting. Adv. Funct. Mater. 2017, Ahead
of Print.

83. Thijs, L.; Verhaeghe, F.; Craeghs, T.; Van Humbeeck, J.; Kruth, J.-P., A study of
the microstructural evolution during selective laser melting of Ti-6Al-4V. Acta Mater.
2010, 58 (9), 3303-3312.

84. Kruth, J. P.; Froyen, L.; Van Vaerenbergh, J.; Mercelis, P.; Rombouts, M.;
Lauwers, B., Selective laser melting of iron-based powder. J. Mater. Process. Technol
2004, 149 (1-3), 616-622.

85. Li, R.; Liu, J.; Shi, Y.; Wang, L.; Jiang, W., Balling behavior of stainless steel
and nickel powder during selective laser melting process. The International Journal of
Advanced Manufacturing Technology 2012, 59 (9), 1025-1035.

86. Fischer, P.; Romano, V.; Weber, H. P.; Karapatis, N. P.; Boillat, E.; Glardon, R.,
Sintering of commercially pure titanium powder with a Nd:YAG laser source. Acta
Materialia 2003, 51 (6), 1651-1662.

87. Loh, L. E.; Liu, Z. H.; Zhang, D. Q.; Mapar, M.; Sing, S. L.; Chua, C. K.; Yeong,
W.Y., Selective Laser Melting of aluminium alloy using a uniform beam profile. Virtual
and Physical Prototyping 2014, 9 (1), 11-16.

88. A.B., S.;; N, H.; G., L., Influence of the particle size distribution on surface

quality and mechanical properties in AM steel parts. Rapid Prototyping Journal 2011,
17 (3), 195-202.

39



