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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 
Helmholtz 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 (∆E) ,∆E = Ee − Es  serving as driving force for electron 
transfers, which is significantly affected by species adsorbed on the electrode surface. 
In addition, ∆E 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 (η). The overpotential is 
composed of anode overpotential (ηa), cathode overpotential (ηc) and other 
overpotential (ηo), such as the overpotential caused by series resistances.24 

η = E - 𝐸7  (eq. 29 ) 

η = ηc + ηa + ηo (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 H2 from 
the electrode surface. The last step is the formation and chemical desorption of H2 from 
the electrode surface and electrochemical desorption of OH−. 

H2O + e− → Hads + OH− (eq. 31 ) 

2 Hads → H2 (eq. 32 ) 

Hads + H2O + e− → H2 + 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 H2 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 O2 
from the anode surface. 

OH− → OHads + e−   (eq. 34 ) 

OH− + OHads → Oads + H2O + e−   (eq. 35 ) 

Oads + Oads → O2   (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 O2 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: 

Faradic efficiency = O
P

OQRSS
 *100%   (eq. 37 ) 

Faradic efficiency = OP

OP;T
 *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 ηa and ηc 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.25-26 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 is 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 HgCl2 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 ΔE.  If the 
applied energy is larger than this minimum activation energy ΔE, 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 ΔE∘. 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.  

 

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. 27   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. 

 

Figure 2.9 The volcano plot of activity vs. oxygen binding energy of ¼  monolayer of 
adsorbed atomic oxygen27    

        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 usually 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.  

 

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 metals28 

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

d% 20 27 35 39 40.1 39.5 39.7 40 36 19 31 39 43 

Element Tc Ru Rh Pd Ag La 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 (F). 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 H2 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. 

 

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 F > 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 F and I. In addition, F is reduced by the formation of cations. 
On the contrary, when F < 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 
F and I. In addition, F is increased by the formation of anions. When F 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 metals29 

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

Work Function (eV) 3.50 4.33 4.30 4.60 4.10 4.48 4.41 4.51 4.10 3.10 4.05 3.95 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 4.55 4.80 3.50 3.90 4.80 4.53 5.10 5.93 5.67 5.32 

 

        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) 30 

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 
V 0.260  Al 0.286  Ti 0.292 
α-Cr 0.246  Pt 0.276  Os 0.270 
α-Fe 0.248  Pd 0.274  Zn 0.266 

   Ir 0.270  Ru 0.266 
(table cont’d) 



	
	

	
25 

	

   
BCC {110}  FCC {111}  HCP {1000}  
   Rh 0.268  β-Co 0.252 
   Cu 0.256  Be 0.224 
   α-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.31-35 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.36-38  

        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.39-44  Compared to bulk materials, nanostructured materials can 
display improved catalytic activities due to their special morphologies.39, 45-48 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.49-51 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.52 Later 
on, the effect of nanostructuring on electrocatalytic activity has been demonstrated by 
many researchers on different material systems.52 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.53-56 

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.25-26 The performance of the 
electrocatalyst is significantly affected by the morphology of the materials. It is 
observed that RuO2 is not very stable under high operating potential, and will be 
gradually dissolved into the electrolyte. Comparably, the stability of IrO2 for OER is 
better than RuO2.57 To enhance the electrochemical durability of noble metal-based 
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OER electrocatalyst, a RuxIr1-xO compound material has been developed, resulting in 
an electrocatalyst possessing superior catalytic activity and durability.58-59 In addition, 
hierarchical IrO2@RuO2 has also been studied.60 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.61 
Chaudhari et al. reported 3D nickel foam displayed great electrochemical performance 
due to the extended surface area and a conductive interconnected nanoporous 
network.62 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.63 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/cm2 at an overpotential of ~300 mV 
and maintained for 72 hours.64  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/cm2 at an overpotential of 240 mV.65 

        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 ABO3 with A representing alkaline or rare-earth metals and 
B representing transition metals. For example, Matsumoto et al. have developed a La1-

xSrxFe1-yCoyO3 electrocatalyst system and found that its OER activity increased with 
increasing x and y. 66 The second one is the spinel family, which has a chemical formula 
of CD2O3 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. 67-68 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.69  

        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/cm2 current density at 297 mV with a Tafel slope of 
47 mV/dec.70 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 Co2N, Co3N, Co4N71 and Ni3N72. 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.73 

        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/cm2 current density in alkaline media at an overpotential 
of 380 mV. 74  In addition, graphene based materials have also been tested. For 
example, Chen et al. fabricated a highly porous 3D graphene/CNT exhibited 5 mA/cm2 
current density at a 365 mV overpotential.75 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 RuO2 electrocatalyst.39 

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 bodies76-80. 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.81-82 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.83-84 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.85 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.86 Also, a more even distributed laser beam could lead 
to wider molten pool.87 To increase the layer density at the same laser power, decrease 
the powder diameter and the particle size variance are effective stratgies.88 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.89  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.90 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. 91 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.92-93 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.94 Laser-based manufactured parts usually have a better strength 
and low malleability, due to its relatively more uniform structure at each laser spot.95 
However, the quality of laser manufactured parts is limited by its high surface 
roughness and porosity.96-97 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.98-99 
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.100 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.101-102 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 applications103, lithium ion battery anode materials104, photoanode 
materials for solar cells105, catalyst platform for water splitting 106. 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 
TiO2 nanoparticle on FTO substrate as the photoanode. The preparation of TiO2 
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 TiO2 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. 105 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. 107-108 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.104 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.109 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 formation110-111. 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.112-113  Though squeezing casting and thermal plastic forming are 
able to produce BMGs, they haven’t achieved BMG with complex three dimensional 
structures sucessfully.114-115 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.116-117 In addition, 
laser-based manufacturing allows the development of very complex structures at very 
small scale.  Zr55Cu30Al10Ni5 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.109 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.106 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.118-119. 
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.120 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 µm. 121. A post heat treatment or slower cooling down rate 
are common methods to minimize such defects.122. 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.123-124  For 
example, the microstructure accuracy decreases with increasing cooling rate.125  Pore 
defects with the size of 10 to 50 µm are found due to the trapped gas in the raw 
material.120, 126 Decreasing the scanning speed can allow the escaping of trapped gas 
and effectively decrease the part porosity.127 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. 128 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.129 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	 =
𝑃
𝑣𝑑𝑡

 

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. 

 

Figure 2.12 Melting zones of laser-based manufacturing 
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