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Introduction 

The global market for advanced energy storage systems was in 2020 valued at US$ 16.3 
billion, and it is predicted to reach US$ 29.93 billion by the end of 2028 (Advanced Energy 
Storage Systems Market Size, Share, Trends & Forecast, n.d.). The compound annual 
growth rate (CAGR) of 8.29% has been ascribed to the global growth in renewable energy 
investments, the electric vehicles market, and demanding energy efficiency (Advanced 
Energy Storage Systems Market Size, Share, Trends & Forecast, n.d.). Investigations of 
next-generation manufacturing methods for processing functional materials, and the 
fabrication of products with improved performance/functionalities have always been a 
challenge in terms of energy efficiency, cost-effectiveness, and eco-friendliness. Hence, 
the advancement of novel electroactive materials, devices, and their processing techniques 
are globally critical for the energy sector, aerospace industries, and the global economy 
since they are widely used in transportation systems and energy-based industries. 

Furthermore, sustainable energy supply and clean energy utilization have been 
recently highlighted in a variety of state-of-the-art research due to the reduction of 
greenhouse gas emissions and the enhancement of industrial power generation. Efficient 
EECSS have been widely developed in different areas ranging from electric vehicles to 
smart grids and aerospace applications, toward the reduction of greenhouse gas 
emissions and enhancement of industrial power generation. 

Rechargeable lithium-ion energy storage electrodes with high energy density, long 
cycling durability, and negligible self-discharge have attracted a wide range of interest 
and have been extensively extended to portable electronics and even hybrid electric 
vehicles (F. Li et al., 2018). However, the limited abundance of Li (≈20 ppm In the earth’s 
crust) and local natural reserves have during recent decades resulted in the increasing 
costs of lithium as raw material (F. Li et al., 2018). Interestingly, sodium (Na) is more 
abundant (≈2.75 wt.%) and widely distributed which turns it into an ideal alternative to 
Li, possessing similar chemical and physical properties. The pseudocapacitive behavior of 
Na makes it a potential candidate for both rechargeable SIBs and SICs. Hence, the next 
generation of Na-ion energy storage systems can merge the complementary features of 
high-power supercapacitors and high-energy batteries (F. Li et al., 2018; Yu et al., 2017). 

A wide range of two-dimensional materials, e.g., graphene, TMDCs, etc., have 
attracted increased attention both from the industrial sector and academia. TMDCs are 
a class of 2-dimensional atomic layers consisting of metal atoms sandwiched between 
two layers of chalcogen atoms with a stoichiometry of MX2. The transition metal – M and 
the chalcogen atom – X exhibit the oxidation states of +4 and -2, respectively (Huang  
et al., 2015). 2D crystals, e.g., MoS2, MoTe2, MoSe2, NbSe2, and TaSe2, possess large 
surface area, high mechanical strength, and high electrical and thermal conductivity 
introducing them as potential candidates to be utilized in versatile functional 
applications such as catalysis, energy storage, electronics, etc (Coleman et al., 2011; 
Mukherjee et al., 2018; Yao et al., 2012). 

Considering the advantages and potential of TMDCs in the field of energy storage, 
TMDCs have despite their existing drawbacks been widely processed by conventional 
methods (Paper II; Brown et al., 2019; Cao et al., 2013; Castellanos-Gomez et al., 2012; 
Chang et al., 2020; Cohen et al., 2018; Gao et al., 2013; L. Hu et al., 2017; Huang et al., 
2015; Kim et al., 2017; Xiaodan Li et al., 2017; H. Lin et al., 2010; Mukherjee et al., 2018; 
Ning et al., 2015; Pang et al., 2020; Sajedi-Moghaddam et al., 2020; Shao et al., 2020;  
S. Wang et al., 2010; Yao et al., 2012; H. Zhang et al., 2011; J. Zhou et al., 2016; Xiaoping 
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Zhou et al., 2014; Z. Zhou et al., 2014). Thanks to the current state-of-the-art 
technologies, several additive manufacturing (AM) techniques have been extensively 
employed with the aim to fabricate enhanced 3D electrodes of a wide range of materials 
with the intended use in e.g. electrochemical applications (Paper II; Brown et al., 2019; 
Gallardo et al., 2017; Jewel et al., 2020; Jiantong Li, Lemme, et al., 2014; Jiantong Li, 
Naiini, et al., 2014; Seo et al., 2019; Shao et al., 2020; X. Wang et al., 2017). Nevertheless, 
these techniques have demonstrated some specific limitations, which hinder the 
industrial scale-up of additively manufactured products. It has already been shown that 
laser-based processing can effectively control the thinning of MoS2. This can enable the 
fabrication of 3D geometries from 2D nanomaterials (Alexaki et al., 2018; L. Hu et al., 
2017) and enhance the capacitance of thinned components (Xiaowen Zhou et al., 2018). 
Hence, SLM can successfully be applied not only to overcome the disadvantages of 
conventional processing approaches of 2D nanomaterials (M. Cheng et al., 2020; F. Zhang 
et al., 2017), but also to advance the rapid prototyping of functional sustainable 
components via simultaneous thinning of 2D nanomaterials, fabrication of electroactive 
nanocomposites, and tuning of the chemical, physical, and crystallographic 
characteristics (Paper II; Zhu et al., 2017). Compared with other AM methods, SLM is a 
technique applicable to directly utilize raw materials in-situ and deliver functionality 
during the fabrication of intricate parts. 

Within the framework of this thesis, green (more eco-friendly than other conventional 
chemical and electrochemical techniques, in terms of no residual chemicals, wastes, 
environmental pollutants, etc.) (Babu et al., 2009; Hunt, 1988; Putra et al., 2019; Reis  
et al., 2019), and novel SLM-processed Mo(x)S(x+1)-incorporated electroactive composites 
have been elaborated. The investigations reveal the unprecedented capability of the SLM 
technology both in the transformation of MoS2 from bulk 2H phase to metallic 1T phase 
through direct laser-assisted thinning and in the in-situ formation and distribution of 
Mo2S3 nanoparticles in the structures of the nanocomposite. The outstanding 
electroactivity (remarkable power density, energy density, and cyclic charge-discharge 
stability) of Mo/MoS2/Mo2S3 nanocomposite electrodes (SLM-Mo/Mo(x)S(x+1)) for Na-ion 
energy storage applications have been elaborated to demonstrate the ability of the 
fabrication method and fabricated electrodes, that pave a novel way facilitating the 
fabrication of the hybrid capacitors and next-generation EECSS. 

Aspects of sustainability, improved printability, higher structural quality, and 
environmental corrosion resistance of SLM-processed Mo(x)S(x+1)-incorporated 
composites were studied by means of physical (SEM, XRD, Raman spectroscopy, etc.)  
and electrochemical characterization (cyclic potentiodynamic polarization and 
electrochemical impedance spectroscopy) of Mo/MoS2/Mo2S3 lattice composites in 
different solutions. The results elucidate why SLM-processed Mo(x)S(x+1)-incorporated 
composites should be used for Na-ion energy storage systems. The achievements of this 
thesis and the results are believed to advance further research on laser-based AM 
processing of 2D nanomaterials for a wide range of functional structures with the 
intended use in, e.g. EECSS, high-temperature solid-state energy conversion/storage 
systems, and aerospace components. 

Concerning the coherency of this novel research line, initiated by this thesis, with the 
sustainable development goals (SDG) of the UN, the achievements can be utilized and 
somehow meet a part of the requirements shortlisted under the SDG numbers 7, 11,  
and 13 (United Nations, 2015). There are different reports indicating the sustainability 
and wide availability of energy sources throughout the globe. Therefore, the enhanced 
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SLM-processed electrodes can be used for application in microgrids connected to 
renewable clean energy sources such as solar cells (SDG 7). The increasing urbanization 
of the world’s population is projected to reach 60% by 2030, which accounts for about 
70 percent of global carbon emissions for which sources of road and transport can be 
considered. Thus, the enhancement of SLM-processed electrodes can be utilized for the 
energy sector related to electric vehicles (SDG 11) and play a vital role as a new 
technology framework in the alleviation of global CO2 emission and global warming  
(SDG 13). 
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Abbreviations and symbols of chemical elements 

CAGR compound annual growth rate 

EECSS electrochemical energy conversion/storage systems 

0D zero-dimensional (nanoparticles, quantum dots) 

1D one-dimensional (nanotubes) 

2D two-dimensional (nanosheets, nanoplatelets) 

3D three-dimensional (nanostructured materials) 

AC alternating current 

AJP aerosol jet printing 

AM additive manufacturing 

BCC body-centered cubic 

BSE back-scattered 

CA areal capacitance 

CPP cyclic potentiodynamic polarization 

CV cyclic voltammetry 

D coherent domain size 

d50 average particle size 

DBTT ductile-to-brittle transition temperatures 

DIW direct ink writing 

E potential 

Ecorr corrosion potential 

EDL electrical double layer  

EDLC electrical double-layer capacitors 

EIS electrochemical impedance spectroscopy 

Epp pitting potential 

ESR equivalent series resistance 

FDM fused deposition modeling 

FWHM full width half maximum 

GCD galvanostatic charge-discharge 

H2SO4 Dihydrogen sulfate (sulfuric acid) 

HER hydrogen evolution reaction 

Icorr corrosion current 

icorr corrosion current densities 

IJP ink-jet printing 

Ipp pitting current 

ipp pitting current density 

K Potassium 

LDS laser double scanning 

Li lithium 

LOF lack of fusion 
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L-PBF Laser-based powder bed fusion 

LPSA laser scattering particle size distribution analyzer 

LSS laser single scanning 

MFCs microfluidic-based micro fuel cells 

MMCs metal-matrix composites 

Mo molybdenum 

Mo2S3 dimolybdenum trisulfide 

MoS2 molybdenum disulfide 

Na sodium 

Na2SO4 Disodium sulfate 

NaCl sodium chloride 

OCP Open-circuit potentials 

ORR oxygen reduction reactions 

PBR Pilling–Bedworth ratio 

PEMFCs proton exchange membrane fuel cells 

ppm part per million 

Rct semi-circle arc 

RE rare-earth compounds 

Rp polarization resistance 

SCC stress corrosion cracking 

SDG sustainable development goals 

SE secondary electron 

SEM scanning electron microscope 

SIBs Sodium-ion batteries 

SICs Sodium-ion supercapacitors 

SLA stereolithography 

SLM Selective laser melting 

SLM-Mo/Mo(x)S(x+1) SLM-processed Mo/MoS2/Mo2S3 nanocomposite 

SLM-Mo SLM-processed pure Mo structure 

SLS selective laser sintering 

T.C. texture coefficient 

TAE template-assisted electrodeposition 

TMDCs transition-metal dichalcogenides 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

βa anodic Tafel constants 

βc cathodic Tafel constants 

δ dislocation density 

ΔE(corr-pp) corrosion-pitting potential deviation 

ε lattice strain 
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1 Literature review 

1.1 Electrochemical energy conversion/storage systems 

The combustion of fossil fuels as a resource for energy consumption/production has 
globally shown to have a severe impact on the economy and ecology. Electrochemical 
energy conversion/storage systems have been developed for almost two decades as 
promising, sustainable, eco-friendly, and versatile alternative energy storage sources 
either connected to other energy conversion sources (such as photovoltaic systems) or 
substituted instead of fossil-fuelled engines. 

1.1.1 Supercapacitors and batteries 
Although there exist many differences in the mechanism of storage/depletion and 
charge/discharge performance, some mutual facets can be considered for all EECSS 
including ion/electron transportation at the electrode/electrolyte interface. Batteries 
and supercapacitors consist of conductive anodes (more negative), cathodes (more 
positive), electrolytes, and separators. 

The structure of batteries is constructed by two ion-storage electrodes, an  
ion-conducting electrolyte, and a separator (Figure 1a). All the components in 
supercapacitors are similar to batteries, except that capacitor-type materials are used as 
cathode materials (Figure 1b). As a result, the energy storage mechanism differs from 
batteries to supercapacitors, depending on the reversible ion exchange mode between 
the anode and the cathode. Redox reactions at the anode and cathode are the prominent 
mechanisms of electrochemical energy conversion in batteries, whereas the orientation 
of anions and cations at the electrical double layer (EDL) is the main mechanism of energy 
storage in electrical double-layer capacitors (EDLC). In supercapacitors, the ions can 
shuttle back and forth between a capacitor-type cathode and a battery-type anode 
(Figure 1) (F. Li et al., 2018). 

 

Figure 1. Schematic illustration of SIBs and b) Schematic illustration of SICs [adapted with 
permission from John Wiley and Sons under the license number 5306680649394 dated May 12, 
2022 (F. Li et al., 2018)]. 

In terms of power density or energy density, a designed system can be evaluated 
based on Ragone plots (Figure 2). Batteries can provide high energy density, while 
supercapacitors provide high power density as a function of discharge time. Addressing 
a tremendous global demand for electrochemical energy storage providing simultaneous 
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high power and high energy densities, pseudocapacitors can overcome the capacity 
limitations of electrical double-layer capacitors and the mass transfer limitations of 
batteries (Fleischmann et al., 2020). 

 

Figure 2. Ragone plot illustrating the specific power vs. specific energy based on discharge time for 
different electrical energy-storage technologies [adapted with permission from American Chemical 
Society dated May 12, 2022 (Shao et al., 2018)]. 

1.1.2 Pseudocapacitors 
A pseudocapacitor electrode can generally possess a simple or a combined 
electrochemical characteristic, categorized in Figure 3. Accordingly, surface redox 
electrodes (Figure 3b), intercalation-type electrodes (Figure 3d), or combined 
electrochemically reversible redox/intercalation-type electrodes (Figure 3e) can be 
suggested (Gogotsi et al., 2018). Figure 3a and Figure 3g,h illustrate an ideal rectangular 
cyclic voltammogram (CV) for supercapacitors (double-layer energy storage on high 
surface area conductors) and typical Faradaic electron transfer curves for batteries (Li+- 
or Na+-ion intercalation charge compensating), respectively. Discharge responses for 
each category are compared in Figure 3c,f,i. Different linear or non-linear responses  
can be considered as one of the well-identified characteristics to evaluate the 
charge/discharge mechanisms, and categorize the designed electrodes/materials as a 
super-/pseudocapacitor or battery. The potential-independent capacitance of ELDCs can 
result in a constant current in response to potential scanning (Figure 3a,b). Widely 
separated redox peaks are a unique characteristic of batteries (Figure 3g,h) (Gogotsi  
et al., 2018; Winter et al., 2004). 
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Figure 3. (a, b, d, e, g, h) Schematic cyclic voltammograms, and (c, f, i) corresponding galvanostatic 
discharge curves for various kinds of energy-storage materials [adapted with permission from 
American Chemical Society dated May 12, 2022 (Gogotsi et al., 2018)]. 

The linear potential versus time (E vs. t) plot illustrates the linear discharge of an EDLC 
(Figure 3c), whereas nonlinear plateaus of nearly constant potential correspond to 
Faradaic redox interactions (Figure 3i). An intermediate posture of these two forms of 
plots is associated with pseudocapacitive behavior (Figure 3f) (Gogotsi et al., 2018; 
Winter et al., 2004). The applications of solid-state and electrolytic capacitors require 
milli- to microsecond charge and discharge time (Figure 3c). However, pseudo- and 
supercapacitors can charge/discharge in less than a second to a minute (Figure 3f) 
(Gogotsi et al., 2018; Winter et al., 2004). The corresponding charge/discharge time 
scales of batteries are measured in minutes or hours (Figure 3i) (Gogotsi et al., 2018; 
Winter et al., 2004). 

As explained above, specific intermediate mechanisms of pseudocapacitors can 
simultaneously provide enhanced power density and energy density. Figure 4 illustrates 
different electrochemical pseudocapacitive materials responses in terms of material 
thickness, morphology, and topology. Thin-film, or nanostructured pseudocapacitor 
materials with a thickness less than 20 nm, show a nearly symmetric CV caused by 
unlimited ion diffusion in thin thicknesses (Figure 4a). For thicker materials, designed 
pseudocapacitors can show different electrochemical behavior (extrinsic and intrinsic) 
due to the morphology of the electroactive layer and prevailing diffusion mechanisms. 
For instance, in a high-density bulk electroactive layer (extrinsic pseudocapacitor),  
the mechanism turns to diffusion-controlled. This results in a Faradic CV curve  
(battery-like pseudocapacitor) (Figure 4b), whereas fast ion diffusion in a low-density 
porous electroactive layer (intrinsic pseudocapacitor) results in an asymmetric 
rectangular-shaped CV curve (ELDC-like pseudocapacitor) (Figure 4c) (Fleischmann et al., 
2020; Shao et al., 2018). 
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Figure 4. Schematic illustrations of thin-film-, extrinsic-, and intrinsic pseudocapacitive behavior and 
corresponding cyclic voltammograms [adapted with permission from American Chemical Society 
dated May 12, 2022 (Fleischmann et al., 2020)]. 

1.2 2D materials for electrochemical applications 

Extensive research is currently focused on the development of cost-effective, efficient, 
environmentally safe, and reliable EECSS. The use of 2D materials as negative electrodes 
in ever-emerging non-Li EECSS, such as the Na-ion- or K-ion EECSS, has gained increased 
attention (Mukherjee et al., 2018). 

1.2.1 Transition-metal dichalcogenides 
Layered materials, particularly TMDCs such as MoS2, TiS2, WS2, TaS2, MoSe2, MoTe2, 
WSe2, and NbSe2, have the potential to become a diverse source of 2D crystals applicable 
for a wide range of functional applications such as catalysis, energy storage, and 
electronics. (Chhowalla et al., 2013; W. Choi et al., 2017; Samadi et al., 2018). TMDCs 
consist of hexagonal layers of metal atoms (M) sandwiched between two layers of 
chalcogen atoms (X) with a stoichiometry of MX2 which exhibit oxidation states of +4 and 
-2, respectively (Huang et al., 2015). The advantageous properties, such as large surface 
area, high electrical, and high thermal conductivity, make TMDCs prominent materials 
for such functional applications (Coleman et al., 2011; Mukherjee et al., 2018; Yao et al., 
2012). 

The applicability of single-layered TiS2 and TaS2 nanosheets and their Pt- and Au-based 
nanocomposites have already been studied as potential 2D materials for electrocatalytic 
applications, i.e., hydrogen evolution reaction (HER) (B. Wang et al., 2014). WSe2 and 
WS2, in the forms of pure nanosheets (Guo et al., 2018; Hasani et al., 2018; Y. Zhang  
et al., 2017; Y. Zhao et al., 2013) and within 2D nanomaterial, have widely been suggested 
as potential 2D materials for HER due to their high-efficient electrocatalytic performance 
(Guo et al., 2018; Hasani et al., 2018; Yelgel et al., 2017; Y. Zhang et al., 2017). Aside from 
the above-mentioned TMDCs, exfoliated NbSe2 has been investigated and shown to be a 
promising large-area semiconductor material for high-performance electronic applications 
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(Z. Lin et al., 2018). MoTe2, in different pure and composite forms (Elibol et al., 2018;  
Lee et al., 2018; Lehnert et al., 2019; Mukherjee et al., 2019; Samadi et al., 2018), can be 
widely processed for different EECSS, ranging from high-performance HER materials  
(Lee et al., 2018) to Li-ion and Na-ion batteries (Mukherjee et al., 2019) as well as tunable 
optical and electronic quantum devices (Elibol et al., 2018; Lehnert et al., 2019).  
High-performance MoSe2 can, similar to MoS2, be tuned with different morphologies for 
various applications from HER (Kong et al., 2013; Tran et al., 2017) to supercapacitors, 
(Balasingam et al., 2015) and from piezo-catalyst (M. H. Wu et al., 2017) to sensing 
applications (W. Choi et al., 2017). 

1.2.2 MoS2 
MoS2 is one of the most studied materials among the existing various layered TMDCs.  
It has attracted huge attention during the last decade because of its excellent energy 
harvesting-, nanoelectronic-, and optoelectronic properties (Huang et al., 2015; Mukherjee 
et al., 2018). 

1.2.2.1 Properties 
Structural and mechanical characterizations reveal that mechanically flexible single-layer 
MoS2 consists of different types of honeycomb lattice structures (Figure 5) with a weak 
interface van der Waals force between atomic layers, a lattice parameter of 3.12 Å,  
a vertical S-layer distance of 3.11 Å, a thickness of 6.5 Å (Huang et al., 2015; Xiao Li et al., 
2015), and Young’s modulus of 330±7 GPa. Differences between bulk and monolayer 
MoS2 in terms of atomic structure and bandgap demonstrate that MoS2 in its bulk form 
acts as a semiconductor with an indirect bandgap of ∼1.29 eV, whereas, as a monolayer, 
it shifts upwards in energy to ∼1.8 eV (Huang et al., 2015; Mortazavi et al., 2014). Such 
differences in surface properties between single-/few-layered forms, compared to their 
bulk counterparts, can though be optimized to enhance the electrochemical 
performance (Huang et al., 2015; Xiao Li et al., 2015; Mukherjee et al., 2018). 

 

Figure 5. Layered MoS2 of different structural polytype: (a) 2H, (b) 3R, (c) 1T, and (d) 2T. a, b and c 
denote the lattice constants of the hcp (hexagonally closed packed structure) unit cell. Yellow and 
purple spheres represent S and Mo atoms, respectively [adapted with permission from Elsevier under 
the license number 5306690916746 dated May 12, 2022 (Mortazavi et al., 2014). 

https://www.sciencedirect.com/topics/materials-science/lattice-constant


19 

The electrochemical performance as a function of morphology and physical properties 
needs optimization as this is of large importance for the applicability of TMDCs (e.g., 
MoS2 and MoS2-based composites) in sensors and EECSS. MoS2 nanosheets aligned 
vertically exhibit for example a higher capacity and active surface area compared with 
surface-parallel aligned sheets (Yang et al., 2014). Figure 6 clearly shows an example of 
the difference between bulk MoS2 particles and exfoliated MoS2 nanosheets. 

 

Figure 6. SEM micrographs of (a) bulk 2H-MoS2 particles and (b) exfoliated 1T-MoS2 nanosheets 
aligned vertically. 

Efficient intercalation of ions is a prerequisite in layered materials used in EECSS.  
The rather large interlayer spacing of MoS2 (0.65 nm) provides a conducive possibility for 
accommodating large-sized alkali metal ions (e.g., Na+, K+) (Acerce et al., 2015; Shao et al., 
2020). However, the large size of ions such as Na+ and K+ may though challenge the 
intercalation process and result in reduced ionic mobility and poor kinetics. A careful 
configuration of the microstructure and the adaptation of the next-generation electrode 
design (based on additive technologies) are therefore of outermost importance. 

1.2.2.2 MoS2 applications 
MoS2 is due to its extraordinary properties and electrochemical performance, an 
outstanding candidate for a wide range of future sensors and EECSS (Acerce et al., 2015; 
Ambrosi et al., 2016; Bissett et al., 2015b; W. Choi et al., 2017; David et al., 2014; F. Li  
et al., 2018; L. Lin et al., 2019; Y. Liu et al., 2020; Mukherjee et al., 2018; Pan et al., 2020; 
Tianyi Wang et al., 2017; Yang et al., 2014; X. Zheng et al., 2018; Xiaoping Zhou et al., 
2014). It has been shown that intercalation of Na can lead to phase transformation of 
MoS2 from its 2H to 1T phase that retains high capacitance values in Na2SO4 even at the 
scan rates exceeding 200 mV s−1 (Chhowalla et al., 2013; Mortazavi et al., 2014). In the 
following sub-sections, the electrochemical performance of MoS2 is discussed for 
different applications, i.e., for the hydrogen evolution reaction (HER), in fuel cells, 
batteries, and supercapacitors. 

1.2.2.2.1 Hydrogen evolution reaction (HER) and fuel cells 
Different techniques have been suggested to increase the electroactive specific surface 
and proton exchange of MoS2 films. It has been approved that the edge orientation of 
nano-porous MoS2 films can enhance the cation intercalation and reversible redox 
reactions between different valence states of Mo(IV)↔Mo(III), which turns MoS2 into a 
potential candidate for HER and supercapacitor applications (Yang et al., 2014). 
Accordingly, improved intramolecular proton transfer in COOH-functionalized MoS2 can 
result in enhancement in HER performance (Lee et al., 2018). Increasing the specific 
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surface area via the inclusion of MoS2 in carbon-based nanomaterials is also suggested 
to enhance the HER performance (Corrales-sánchez et al., 2014) as well as the catalytic 
performance of PEMFC cathodes (Y. Hu et al., 2016). The incorporation of oxygen can 
deliberately generate atomic defects in the MoS2 nanosheet and subsequently enhance 
both the HER performance and the long-term cyclic stability (up to 20 000 cycles) (J. Zhou 
et al., 2016). Interestingly, the improved electrocatalytic performance in acidic electrolytes 
shows MoS2 as a highly efficient electrocatalyst candidate for oxygen reduction reactions 
(ORR) in hydrogen fuel cells and proton exchange membrane fuel cells (PEMFCs) 
(Rowley-Neale et al., 2016). These unique characteristics provide MoS2 with large 
possibilities to be utilized in different industrial energy storage applications. 

1.2.2.2.2 Battery and supercapacitor 
Similar to other EECSS, the morphology, layer orientation, specific surface area, and 
crystallographic phase of MoS2 affect its electrochemical functional performance. For 
instance, the metallic phase of exfoliated 1T-MoS2 can, with extraordinary efficiency, 
electrochemically intercalate cations (H+, Li+, Na+, and K+) (Acerce et al., 2015). On the 
other hand, edge-oriented MoS2 films show an increased areal capacitance (CA) of 2.2 to 
10.5 mF cm−2 after 10 000 cycling tests with a quasi-triangular shaped charge/discharge 
curve. This can also be influenced by almost no charge transfer resistance (Yang et al., 
2014). 

Compared to FeS2 or CoS2, porous flower-like MoS2 cathodes offer a low weight loss, 
outstanding thermal stability, excellent electrolyte compatibility, and longer discharge 
time of improved capacity in thermal battery applications (X. Zheng et al., 2018).  
The highly reversible capacity and excellent rate capability of MoS2 have been  
attributed to its microstructural and electrochemical properties (Yang et al., 2014).  
The pseudo-capacitance, resulting from ion intercalation and redox reactions, improves 
both the supercapacitor performance and the electric double-layer capacitance (EDLC) 
(Yang et al., 2014). 

These versatile characteristics suggest MoS2-based composites to be used as both 
anodes and cathodes in Li-ion batteries (Stephenson et al., 2014). With capacitance 
values up to 700 F cm−3, MoS2 can be potentially utilized at high-voltage (3.5 V) 
operations (Acerce et al., 2015). Regarding the wide range of applications of MoS2 and 
Mo(x)S(x+1)-incorporated structures, these 2D TMDCs can be considered to be processed 
by the next generation of cutting-edge manufacturing techniques (Acerce et al., 2015). 

1.3 Additive manufacturing of energy storage materials 

AM processes have distinct advantages over traditional manufacturing processes in 
terms of process flexibility, design freedom, and geometry controllability to fabricate 3D 
structures of 0D (nanoparticles, quantum dots, etc.), 1D (carbon nanotubes, etc.), 2D 
nanomaterials (graphene, graphene oxide, TMDCs, MoS2, etc.), and cellular materials  
(M. Cheng et al., 2020; Gulzar et al., 2020; Pang et al., 2020; Tian et al., 2020) with defined 
spaces, tuning ion transportation, charge/discharge speed, and storage capacity in EECSS 
(Ge et al., 2020; Lee et al., 2018; Y. Wang et al., 2019; Y. Wu et al., 2015). In terms of 
thickness, the layer-by-layer fabrication mechanism follows a possibility to precisely control 
the electrodes made of thin layers (for flexible/wearable devices) to thick electrodes, which 
promotes fast ion diffusion and energy density. Such energy-conservative and 
environment-friendly AM technologies enable one-step fabrication and eliminate  
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material wastage and are hence considered ideal processes for the fabrication of energy 
storage devices (Chang et al., 2019; M. Cheng et al., 2020; Gulzar et al., 2020; F. Zhang  
et al., 2017). 

Due to the wide progress in AM techniques to generate complex 3D shapes of superior 
electrochemical materials (Pang et al., 2020), advanced research is currently ongoing to 
use MoS2-containing solid-state electrolytes for batteries in high-demand energy storage 
devices (Xu et al., 2017). Table 1 shortlists different characteristics of AM techniques 
applicable for EECSS fabrication, followed by brief categorized explanations for different 
AM methods. Some pros and cons of each AM technique are addressed. The main 
characteristic item, which is evident in different AM techniques (except for SLM),  
is that the 3D-processed structure inevitably needs a secondary process step to obtain 
the desired functionality for its intended use, i.e. for electrochemical energy 
conversion/storage. This thesis elaborates on how SLM can process Mo(x)S(x+1)-
incorporated 3D structures which directly have electrochemical functionality without the 
need for any secondary process step. 

Table 1. Categorized methods for AM of batteries [adapted with permission from John Wiley and 
Sons under the license number 5306690510271 dated May 12, 2022 (Pang et al., 2020)]. 

3D-printing 
method 

Available 
materials 

Printing 
resolution 

Advantage Disadvantage 

FDM Thermoplastics 50-200 µm 

User-friendly, low cost, high speed, 
large size capability, and lack of 

necessity for chemical  
post-processing 

Limited resolution on the z-axis, weak 
mechanical properties, high viscosity 

of the molten materials,  
low surface quality 

DIW 
Polymers, metals, 

ceramics, and food 
1 µm 

Affordable cost, easy operation, 
large material diversity, and  

no mask requirement 

Weak mechanical properties,  
high requirement for inks 

TAE 
Polymers, metals, 

oxides, and 
hydroxides 

50 nm to  
10 µm 

High-ordered macroporous 
structure, low cost,  

high efficiency, simplicity, 
versatility, and controllability 

Weak mechanical properties,  
strong limitation in materials 

IJP 

metals, conductive 
polymers, and 

carbon-based and 
protein materials 

20 µm 
Low cost,  

multi-material printing capability, 
able to print large areas 

Low printing speed, not good for  
high-volume printing, less durable 

print head 

AJP 

Nanoparticles, 
nanowires, CNTs, 

2D materials, 
dielectric materials 

10 µm 
High-resolution, high efficiency, 

compactable with inks of  
different viscosity 

Overspray, printing quality not stable,  
high-cost of equipment 

SLA Photopolymers 0.25-10 µm 
High resolution, high surface finish,  

high efficiency 
Strong limitation in multi-material 

deposition 

1.4 Selective laser melting 

The L-PBF is attributed to additive manufacturing technologies that use a laser beam to 
fuse powder particles in a layer-by-layer fashion and allow the production of complex 
three-dimensional (3D) structures as dictated by the CAD design (Herzog et al., 2016).  
L-PBF is commonly known as selective laser melting (SLM) (Prashanth et al., 2014,  
2015; Prashanth, Scudino, & Eckert, 2017; Salman et al., 2019; Scudino et al., 2015).  
The SLM technology completely fuses the loose metal powders and converts them into 
near-net-shape parts. The density of the parts largely depends on the process 
parameters and the powder characteristics (Prashanth, Scudino, Maity, et al., 2017).  
A schematic illustration describing the operating principle of the layer-by-laser SLM 
process is given in Figure 7. 
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Figure 7. Schematic illustration describing the operating principle of the SLM process [adapted with 
permission from Elsevier under the license number 5306691274553 dated May 12, 2022 
(Gunasekaran et al., 2021)]. 

The improved mechanistic understanding and integration of the SLM technique with 
other conventional methods have increased the interest in utilizing 3D printing 
techniques for various applications. However, upscaling of productivity in each technique 
for industrial manufacturing is still limited by drawbacks such as formulation of 
feedstock, complexity, time constraints, expensive pre-processing stages, photo-curing, 
heat treatment, post-processing stage, lack of mass production, and poor mechanical 
properties.  

1.4.1 SLM for electrochemical energy storage applications 
As evident from the literature survey summarized in previous sections, SLM has never 
been applied for the direct processing of 2D-material-included electrodes with in-situ 
added functionalities for EECSS, batteries, or supercapacitors. Despite the difference in 
materials and product scale, the SLM can overcome many of the disadvantages of other 
3D printing techniques though seldom employed compared to other AM techniques  
(M. Cheng et al., 2020; F. Zhang et al., 2017). In the following sections, the SLM technique 
is discussed in more detail. 

Even though several electroactive ceramics were successfully fabricated using the AM 
techniques for electrochemical and energy-based applications (Ambrosi et al., 2016; 
Pumera, 2019; Tian et al., 2017; F. Zhang et al., 2017), only a countable number of reports 
are available on these materials processed by SLM for energy-based applications. 
Recently the potentials of SLM, SLS, SLA, and DIW methods have been studied and the 
advantages of these AM techniques toward fabrication of EECSS elaborated (Chang et al., 
2019; M. Cheng et al., 2020; Zhu et al., 2017).  

SLM has recently shown its capability for processing different fuel cell components. 
For instance, SLM-processed metallic bipolar plates for PEMFCs electrochemically 
performed and provided a current density of 200 mA cm-2 at a potential of 0.5 V, similar 
to plates manufactured by CNC milling (Dawson et al., 2015). Furthermore, a porous gas 
diffusion layer of 316L stainless steel was processed by SLM to be used instead of  
carbon-based substrates in a multilayer tubular high-temperature proton exchange 
membrane fuel cell (HT-PEMFC) (Bermúdez Agudelo et al., 2020). The fabricated 
component with a porosity of 16% showed a power density of 330 W m2 at a current 
density of 125 A m2 after 5 h of operation at 160 °C in H2/air atmosphere at ambient 
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pressure (Bermúdez Agudelo et al., 2020). SLM has shown its potential in AM of 
miniaturized microfluidic-based micro fuel cells (MFCs) of stainless steel with enclosed 
cavities, obtaining a current density of 1.515 A cm-2 and a power density of 363 mW cm-2 
(Scotti et al., 2016). An SLM-processed Ti6AI4V electrode was reported to be applied in 
a solid-state supercapacitor able to deliver a volumetric capacitance of 2.4 F cm-3, an 
energy density of 213.5 Wh m-3, and a power density of 15.0 kW m-3 at a current density 
of 37.4 mA cm-3 (Chen Zhao et al., 2014). However, the SLM-printed electrode was just 
used as a current collector part of the 3D-printed supercapacitor (Chen Zhao et al., 2014). 

1.4.2 The advantages of the selective laser melting process 
Despite the present cost factors involved in the SLM process (raw materials cost, 
installation cost, running costs, etc.), it can fabricate a wider spectrum of materials. 
Hence, SLM can be considered for the rapid prototyping of energy storage system 
materials (Zhu et al., 2017). This near-net-to-shape process can directly deliver the 
functionality during the fabrication of intricate parts, such as current collectors and 
electroactive parts for EES devices, directly from metal powders with added 
functionalities and without any additional additives or binders (M. Cheng et al., 2020). 
The weight reduction, improved design characteristics, and improved functionality 
aspects can compensate for the cost factor. Hence, the promising potential of the SLM 
process can overcome most of the disadvantages mentioned for the conventional EECSS 
fabrication methods. Moreover, SLM-based processes can eliminate a part of the 
deficiencies mentioned for other 3D printing methods, such as expensive pre-processing 
stages, multi-stepwise processing to deliver desired functionality to 3D-printed structure, 
toxicity, etc. 

1.4.3 Parameter optimization by SLM 
Besides the technical benefits of reduced tooling and freedom of design to rapidly 
prototype near-net-shape parts with near-theoretical densities, the SLM can have a 
viable economic benefit for novel ceramic and composite materials fabrication in the 
future (Yap et al., 2015). To achieve desirable density, morphology, and properties of 
fabricated components, some intrinsic characteristics of SLM and feedstock (e.g. rapid 
cooling rate, powder morphology, powder flowability, laser absorptivity of powder-bed) 
require the optimization of parameters optimization from a different perspective  
(D. Wang et al., 2017). 

1.4.3.1 Scanning strategy 
Scanning strategy is one of the necessary parameters affecting the porosity, 
microstructure, residual stress, and mechanical properties of the printed component. 
The length-, orientation-, order of the scan vector, and the rotation of subsequent layers 
can result in a considerable number of different combinations of scanning strategies.  
The alternating laser scan strategy has been proven to achieve minimum residual stress. 
However, it has already been shown that the 45° rotation strategy can result in a higher 
degree of porosity and residual stresses, while the 90° rotation can reduce the level of 
porosity and result in minimum residual stress (Ali et al., 2018). The effect of the scanning 
strategy (vector length and rotation) on residual stresses is complex and highly 
dependent on material and alloy. Nevertheless, shorter scan vectors, higher maximum 
temperature, and enhanced residual heat effect on the sides might cause higher porosity 
and residual stress at 45° compared with 90° rotation of the successive layers (Ali et al., 
2018). 
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The scan vector length may furthermore affect the cooling rate and subsequently the 
phase transformation and microstructure. Studies on cooling rates have confirmed the 
complex correlation between scanning strategy and material behavior. Raising the powder 
bed temperature can also result in reduced residual stress for both scanning strategies 
(Ali et al., 2018). 

1.4.3.2 Variation of exposure time  
Although increased re-scanning exposure can directly influence the melt-pool size, no 
significant change in porosity or density of the samples might be observed (Ali et al., 
2018). However, although porosity analysis may show nearly full density due to the 
reduction of cooling rates, precise examination of the micrographs can reveal 
considerable existence of micro-porosity to an extent that exceeds the porosity of  
non-rescanned 3D-printed samples (Kasperovich et al., 2015; Yasa et al., 2012). 
Accordingly, the elongation percentage can reach the maximum level in an optimum  
re-scanning exposure time due to a reduction in microporosity (Leuders et al., 2013). 
However, the improvement in elongation can also be attributed to phase transformation 
and microstructural changes (Simonelli et al., 2014). 

Re-scanning in terms of variation of exposure time can be considered as another 
parameter that can affect the porosity, cooling rate, microstructure, relative residual 
stress, and mechanical properties of SLM-processed components (Ali et al., 2018).  
An increased re-scanning exposure time can directly result in an increased size of the 
melt-pool of the re-melted material and subsequently in a reduction of the cooling rate. 
Based on the temperature gradient and cool-down phase model (Ali et al., 2018; Shiomi 
et al., 2004), residual stresses can be imposed which might be increased upon re-scanning 
exposure (Ali et al., 2018). 

1.4.4 Crack mitigation in SLM processes 
Today, several standard metal powders (Al, Cu, Ni, etc.) have been processed by SLM to 
produce different metallic and/or composite parts. It has been shown that selected SLM 
process parameters affect not only the defect formation of the fabricated materials (e.g. 
porosity and cracks) but also the microstructure and the mechanical properties, due to 
variations in melting pool temperatures and cooling rates (B. Cheng et al., 2016; Hooper, 
2018). However, the formation of solidification cracks is still a challenge in SLM-based 
processing of both brittle and high-temperature materials (J. H. Martin et al., 2017). 

SLM processing of some materials is challenging due to the inherent properties of the 
materials including crystallographic structure, high laser reflection ratio, high thermal 
conductivity, and susceptibility to crack formation. In several SLM-processed materials, 
insufficient density, lack of wettability, balling effects, low fracture toughness, 
brittleness, and grain boundary crack growth are some of the drawbacks that need to be 
considered. It has been studied and shown that hatch space reduction can positively 
affect the instability of the melt pool, though it might result in reduced efficiency and 
increased residual stresses (Xin Zhou, Wang, et al., 2015). Furthermore, exceeding the 
hatch overlap/width ratio can cause thermal deformation of printed layers and larger 
numbers of structural defects (Faidel et al., 2015). Shrinkage of the added molten layers 
can also lead to ascending residual tensile stresses on the top layer, resulting in crack 
initiation (D. Wang et al., 2017). 

Higher volumetric energy density can improve productivity, elimination of fusion 
porosities, and enhance the density of SLM printed parts (Faidel et al., 2015; Leitz et al., 
2017; Xin Zhou, Liu, et al., 2015; Xin Zhou, Wang, et al., 2015). Keyhole formation can, 
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however, occur as a result of increased volumetric energy density (Higashi et al., 2020). 
An engineered/simulated support structure and layer-wise scan strategy can alleviate 
solidification cracks via affecting grain boundary interlocking, grain morphology, and 
distribution of residual stress throughout the SLM-processed parts (Higashi et al., 2020; 
D. Wang et al., 2017). The modified scan orientation might not be the only alternative to 
fabricate crack-free alloys (D. Wang et al., 2017), whereas an improved packing density, 
flowability, fluidity of the powder bed, and subsequently mean laser absorptivity can 
result in wettability of the molten pool and finer grain boundaries (Körner et al., 2011;  
D. Wang et al., 2017). Crack formation and residual porosities can be associated with the 
oxidation of the molten material (Braun et al., 2019). Low-melting-point oxide phases, 
located at the grain boundaries, can result in cold cracks during rapid solidification and 
hot cracks at planar grain boundaries (Braun et al., 2019). Hence, the elimination or 
control of impurities by alloying (e.g. with carbon) can alleviate the Marangoni effect and 
enable the fabrication of porosity- and crack-free components (Kaserer et al., 2019). 

1.4.5 Processing of molybdenum by SLM: difficulties and solutions 

SLM processing of molybdenum (Mo) with a melting point of 2623 °C has recently 
attracted considerable attention for high-temperature applications. Such processing is 
though challenging due to the inherent properties of Mo including its body-centered 
cubic (BCC) crystallographic structure, high laser reflection ratio, high melting point, high 
thermal conductivity, small melt pool, and high crack susceptibility (D. Wang et al., 2017). 
Insufficient density, lack of wettability, balling effects, low fracture toughness, 
brittleness, and grain boundary crack growth are some of the drawbacks that need to be 
considered (D. Wang et al., 2017). A hatch overlap/width ratio exceeding 60% can cause 
heat accumulation, thermal deformation of printed layers, and a larger number of defects 
in SLM-processed Mo structures (Faidel et al., 2015). Shrinkage of added molten layers of 
Mo can cause residual tensile stresses in the top layer, and ascending residual stresses 
exceeding the fracture strength can result in crack initiation (D. Wang et al., 2017). 

Several solutions have been examined and suggested to mitigate structural defects 
such as a higher volumetric energy density as a function of higher laser power and lower 
layer thickness. This is accomplished by exposing the pulsed laser output and increasing 
laser scanning sequences to improve the productivity and the density of SLM printed 
components of Mo (Faidel et al., 2015; Leitz et al., 2017; Xin Zhou, Liu, et al., 2015; Xin 
Zhou, Wang, et al., 2015). A layer-wise scan strategy and clever designed support 
structures can effectively influence grain morphology, residual stress distribution, 
interlocking of parallel columnar grain boundaries, and subsequently alleviate 
solidification cracking (Paper I; Higashi et al., 2020; D. Wang et al., 2017). However, 
modification of the scan strategy (scan orientation) may not be sufficient to fabricate 
crack-free Mo and Mo-based alloys (D. Wang et al., 2017). An increased packing density 
of the powder bed has already been shown to improve the wettability of the Mo molten 
pool, which leads to an almost half-circular geometry of the molten pool and a higher 
density of manufactured components (Körner et al., 2011). The improvement of packing 
density, fluidity, and subsequently mean laser absorptivity can result in finer grain 
boundaries (D. Wang et al., 2017). 

The formation of cracks and residual porosities has been correlated to the oxygen 
content in the melting atmosphere and the oxidation of Mo (Braun et al., 2019). 
Segregation of MoOx of the lower melting point at the grain boundaries can cause hot 
cracking at planar solidified grain boundaries, cold cracking during rapid solidification, 
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and higher DBTT (Braun et al., 2019). Hence, elimination or control of impurities by 
alloying (e.g. with carbon) can alleviate the Marangoni effect and enable the fabrication 
of porosity- and crack-free Mo parts (Kaserer et al., 2019). Literature findings show 
correlations between the direct texture of the microstructure and the porosity sensitivity 
of SLM-processed Mo on changes in grain growth direction within the melt pool as a 
function of scan speed parameter (Higashi et al., 2020). 

1.4.6 Addition of MoS2 to Mo feedstock 
MoS2, a widespread advanced material as molybdate in nature, can be classified as a sort 
of material called transition metal dichalcogenides (TMDCs) possessing weak van der 
Waals force between the layers and strong covalent bonds between the Mo and S atoms 
(Chhowalla et al., 2013; Lu et al., 2016). Regarding the distinctive characteristics of MoS2 
and unique properties of Mo, additions of MoS2 to refractory hard Mo metal can 
significantly facilitate the printability of different Mo-MoS2 mixture feedstock. 

Different crystallographic structures, strong covalent bonds, and weak van der Waals 
force between the MoS2 layers allow them to be mechanically separated to form 2D 
nanostructures (Figure 6b) (Lu et al., 2016). Despite the significant electrochemical 
characteristics of MoS2, the weak van der Waals force makes the direct SLM processing 
of pure MoS2 structures difficult. The ex-situ addition of Mo powder can, hence, 
significantly facilitate the printability of Mo(x)S(x+1)-incorporated structures. 

Firstly, MoS2 raw material consists of non-spherical micro-sized particles formed via 
stacking of 2D layered structures (Figure 6a). Due to the non-spherical morphology of the 
nanoparticles and the wide particle size distribution, the pure MoS2 feedstock shows 
weak flowability. Hence, the addition of metallic Mo powder can significantly improve 
the flowability of the feedstock mixture. The presence and simultaneous melting of pure 
Mo and MoS2 can form a composite structure that positively overcomes the weak van 
der Waals force and mechanical properties of pure MoS2. The presence of pure Mo 
particles in the mixture of Mo-MoS2 feedstock can also lead to the formation of Mo2S3 
nanostructures during the SLM process. The promising catalytic performance and the 
stability of Mo2S3 nanostructures, owing to Mo–Mo zigzag atomic bonds, enhance the 
electron and hole mobility between and within the Mo and S layers (Xiaowen Zhou et al., 
2018). 

Based on the above-mentioned aspects, compositional mixing of Mo and MoS2 powders 
can be considered both ex-situ during mixing and in-situ via chemical and thermodynamic 
reactions during SLM processing of materials. 

1.4.7 Processing of composites by SLM: difficulties and solutions 

Aside from the versatile capability of the SLM technique for AM of pure metals and alloys, 
its potential has recently been focused on AM of high-performance composites, 
especially metal matrix composites (MMCs). The complex-shaped structure possessing 
comprehensive properties can meet the expectations of rapid tooling, biomedical-, 
aerospace-, and automotive industries. Towards preparation of MMCs production by 
SLM techniques, two different strategies (ex-situ and in-situ) can proceed. 

The ex-situ strategy has been considered to manufacture ceramic-reinforced MMCs 
via combining metal and ceramic powders, the fracturing of powders, cold-welding of 
the metallic matrix and stiffer ceramic particle components to each other, and repeatedly 
re-fracturing during the milling (D. D. Gu et al., 2012). Some important cases can be 
addressed for ex-situ processing of MMCs with SLM. For instance, gas entrapment, 
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aggregation, and interfacial micro-cracks can be mentioned as constraints of obtaining 
dense and homogenous microstructures in MMCs. This can be governed by the strength 
and stability of the interfacial region between the ceramic reinforcement and the metal 
matrix (D. D. Gu et al., 2012). For example, ductile fracture in the metal matrix can occur 
alongside brittle fracture and debonding around ceramic reinforcing elements due to the 
pure wettability between the ceramic and the metal. The improvement of the wettability 
can be done via ex-situ encapsulation of ceramic components with the metal coating  
(D. D. Gu et al., 2012). Moreover, Ni-coated TiC has been shown to reinforce the matrices 
of the Inconel 625 and Ti6Al4V alloys and effectively reduce the formation of voids or 
cracks (Bi et al., 2013; B. Zheng et al., 2010). Improved homogeneous particulate 
dispersions, laser processibility, and microstructural refinement of WC/Cu MMCs can be 
achieved via the addition of rare earth (RE) compounds such as La2O3 and RE–Si–Fe.  
The addition of the RE can reduce the surface tension of the melt pool, limit grain growth 
coarsening, and increase the heterogeneous nucleation rate (D. Gu et al., 2009). 

The In-situ strategies have recently been developed based on the thermodynamic 
synthesis of composite via a chemical reaction between elements during SLM processing, 
which is generally cleaner and more compatible (D. D. Gu et al., 2012). The formation of 
the in-situ reaction system needs complete melting of feedstock, which is supported by 
the SLM technique, and bottom-up phase formation in the liquid to create unique 
microstructures (D. D. Gu et al., 2012). The preheating temperature, powder density, and 
scan speed are three prominent parameters that can control the volume fraction, phase 
formation, and composition in 3D-printed MMCs (J. Choi et al., 1994). The microstructure 
can consist of some partially melted reinforcement components, metastable phases, and 
even amorphous structures in microstructure of MMCs. These issues can be alleviated 
by controlling the thermal gradient and the solidification rate by preheating the powder 
bed (Zhong et al., 2010). SLM processing of in-situ prepared MMCs still encounters some 
challenges such as partial controllability over the crystallization, successive change in 
morphology, formation of in-situ microstructures, and the final mechanical properties 
due to the non-equilibrium process (Xi et al., 2018; Yap et al., 2015). The in-situ study on 
SLM-processed Al-12Si/TiB2 composites has shown that the wettability and distribution 
of TiB2 ceramics can be enhanced by pre-heating of the mixture powder resulting in 
higher hardness and stronger bonding between the matrix and the reinforcement 
components (Xi et al., 2018). 



28 

2 Aim and objectives 

In this research, I have investigated and proposed the capability of a novel AM approach 
(SLM) for in-situ processing of enhanced additively manufactured Mo(x)S(x+1)-incorporated 
nanocomposite structures directly from the commercial feedstock. This research aimed 
to provide outstanding electrochemical properties for sustainable engineering and 
advanced electrochemical applications, i.e., corrosion-resistive composites and energy 
storage systems. This thesis has included five objectives (Figure 8). 

1. Considering the literature, it may be assumed that the optimization of SLM 
parameters based on laser scan strategy and scan orientation may not be an effective 
approach toward fabricating crack-free Mo and Mo-based alloys. According to objective 
1, the effect of the laser rescanning strategy was, hence, considered to process  
low-defect pure Mo (Paper I). 

2. On the other hand, MoS2 can be considered as a multifunctional candidate for 
different applications. Thus, objective 2 was to address and compare different 
conventional and AM techniques used for processing of MoS2, review the literature 
related to laser-based thinning of MoS2, and finally explore the capabilities of SLM and 
suggest the laser-based processing of MoS2 and Mo(x)S(x+1)-incorporated composites 
structures for electrochemical energy storage applications (Paper II). 

3. According to objective 3 (SLM-assisted fabrication of sustainable Mo/Mo(x)S(x+1) 
composite structures for EECSSs), Mo(x)S(x+1)-incorporated micro-lattice structures were 
fabricated to electrochemically evaluate the sustainability of the structure of composite 
at Na+-rich media as an important criterion to be addressed by employing 
electrochemical and corrosion studies. Therefore, obtaining a corrosion-resistive and 
sustainable Mo(x)S(x+1)-incorporated structure was the third objective to get assured that 
the 3D-printed composites are effectively sustainable to get utilized for Na-ion EECSS. 

4. Moreover, under objective 4, Mo/Mo(x)S(x+1) electrodes were fabricated to verify the 
capability of SLM to fabricate Mo(x)S(x+1)-incorporated composites and to evaluate its 
capability from different aspects of the properties (crystallography, morphologies, 
microstructure, etc.) of the additively manufactured electrodes for application in Na-ion 
EECSS (Paper III). 

5. Also, research on the electrodes fabricated by SLM from different Mo:MoS2 ratios 
of feedstock were conducted to understand the effect of the composition of feedstock 
on the crystallographic properties, morphology, and phase transformation toward 
enhancement of the pseudocapacitance performance of SLM-processed Mo/Mo(x)S(x+1) 
electrodes under objective 5. 

 

Figure 8. The schematic structure of the thesis is based on two objectives and five stages of research. 
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3 Materials and methods 

3.1 SLM processing 

3.1.1 Materials 
Commercial gas atomized pure Mo (99.99%) and MoS2 (99.99%, Sigma Aldrich) powders 
were mixed by a rotating mixer for 6 h at 20 rpm to prepare the different compositions 
of feedstock containing 2, 10, 20, 30, and 50 wt.% of MoS2 to fabricate functional 
composites.  

3.1.2 Method 
A stainless steel 316L platform, a Nd:YAG laser source, and a Realizer GmbH SLM-50 
instrument were utilized for SLM-based processing of pure Mo current collector and 
electroactive MoS2/Mo2S3 composite structure at ambient temperature. The LDS and LSS 
parameters, as a function of energy density, were altered to optimize printing 
parameters for different pure Mo and composite samples. The laser energy density is 
calculated by Eq. 1: 

𝐸𝑑 =
𝑃

(𝑣 × ℎ × 𝑡)
 Eq. 1 

where 𝑃 is the laser power (W), 𝑣 is the laser scan speed (mm/s), ℎ is the hatch 
distance (mm), and 𝑡 is the layer thickness (mm). The ℎ = 45 μm and 𝑡 = 25 were 
maintained unchanged for all samples. To print pure Mo samples, three different energy 
densities  
of 1300 J/mm3 (𝑃 = 85, 𝑣 = 58 mm/s), 900 J/mm3 (𝑃 = 85 W, 𝑣 = 84 mm/s), and 70  
(𝑃 = 42.5 W, 𝑣 = 540 mm/s)+900 (𝑃 = 85 W, 𝑣 = 84 mm/s) J/mm3 were employed. Figure 
9a depicts a schematic illustration of single laser scanning on a powder bed to form a 
single hatch. In addition, the distribution of Mo-MoS2 mixture feedstock onto the 
previously solidified layer to coat a layer of powder bed (Figure 9b) and subsequent laser 
scanning and melting of the loose powder bed (Figure 9c) are schematically illustrated. 
The scan speed and the laser power varied between 65-450 mm/s and 25-75 W, 
respectively (Figure 9d). Three different kinds of defects were observed in the  
single-layer laser scan of the powder bed; (i) the LOF defects (purple area), improved  
by a reduced scan speed and an increased laser power, (ii) balling defects (blue area)  
due to the insufficient energy densities either at low scan speed or high laser power,  
(iii) over-melting (red area) of the powder bed at excessive energy densities due to both 
low scan speed and high laser power. As a higher volumetric energy density can cause 
keyhole formation, the optimized parameters (yellow area) were selected for the SLM 
processing of some samples. The different composite electrodes were fabricated from 
the mixture feedstock of MoS2 and Mo by using the optimized SLM parameters. Energy 
densities of 400 J/mm3 (𝑃 = 37.5 W, 𝑣 = 85 mm/s),  650 J/mm3 (𝑃 = 62.5 W, 𝑣 = 85 mm/s), 
and 850 J/mm3 (𝑃 = 62.5 W, 𝑣 = 65 mm/s) were employed in a normal scan direction and 
a hatch rotation of 60° to print SLM-Mo/Mo(x)S(x+1) lattice structures, disc-shaped electrodes 
(Paper III), and cube-shaped electrodes, respectively. 
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Figure 9. Schematic illustration of (a) SLM process, (b) distribution of feedstock by re-coater to coat 
loose powder bed, and (c) laser scanning and melting of the powder bed to consolidate a new layer of 
composite; (d) a stereomicroscope image of laser single-layer scan as a function of scan speed and 
laser power. The scale bar in (d) equals 1 mm and the different colored areas denote: purple – lack of 
fusion (L.O.F.); blue – balling effects; red – over melted power bed; yellow – optimized conditions. 

3.1.3 SLM parameter optimization for composites 
To study the sustainability of the electrodes and the mechanism of the enhancement  
of corrosion resistivity in Na-rich electrolytes, the lowest optimum energy density  
(400 J/mm3) was applied to reduce the size of the melt pool and print the struts with the 
least possible diameter, the most accumulated lattice strain, and the highest residual 
stress in the structure of Mo matrix (Higashi et al., 2020; D. Wang et al., 2017). To fabricate 
solid structures and study the electrochemical properties of nanocomposites, two different 
laser energy densities (650 and 850 J/mm3) were applied. The lower laser energy density is 
considered and applied with the aim of sublimation, thinning, transforming the phase of 
MoS2 from 2H to 1T, and having 2H/1T phase in the 3D printed structure (Paper III).  
The higher laser energy density, however, is applied to completely melt the feedstock 
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and get assured of creation of a melt pool of dissociated MoS2 and a more complete 
reaction and phase transformation from MoS2 to Mo2S3 (Paper III; Pan et al., 2020).  
(For more details, see Paper III). 

3.2 Electrochemical characterization 

3.2.1 Materials 
An ultra-pure water with a conductivity of 18.2 MΩcm and a pH of 6.5±0.1 at 25 °C, and 
the NaCl, Na2SO4, and H2SO4 (Merck) with a purity of ≥99.0% were used to prepare 
aqueous electrolytes of 0.1 M NaCl (pH = 5.4±0.02), 0.1 M Na2SO4 (pH = 5.47±0.02), and 
0.1 M H2SO4 (pH = 1.05±0.02). 

3.2.2 Methods 
Degassing and preparation of electrolytes and cleaning the surface of the 3D-printed 
electrodes were carried out by using an ultrasonic bath (USC300TH, VWR, Malaysia).  
The pH values of the electrolytes were measured by using a standard pH meter (PHM210, 
Radiometer Analytical, France). An Ag/AgCl-, 3M-, or saturated KCl reference electrode 
(AMETEK, Princeton Applied Research, USA), a Pt wire counter electrode (CHI115,  
CH Instruments Inc., USA), a VersaStudio 2.61.3 software, and a PARSTAT MC 
multichannel potentiostat (AMETEK, Princeton Applied Research, USA) were used for the 
electrochemical characterizations at room temperature (25 °C). 

3.2.2.1 Electrochemical energy conversion/storage studies 
The scan rates between 10 and 100 mV s-1 in a potential window between -1.1 and 0.2 V 
were adopted for CV characterizations. The frequency range between 10-1 Hz and 10 kHz 
was adopted for EIS measurements. The GCD measurements were carried out at different 
current densities from 4 to 10 mA cm-2. 

3.2.2.2 Electrochemical polarization and corrosion studies 
For the OCP vs. time, a scan rate of 1 mV s-1 for 1 h was adopted to relatively stabilizing 
and determine the surfaces of SLM-processed Mo (SLM-Mo) and SLM-Mo/Mo(x)S(x+1) in 
the different electrolytes. Cyclic potentiodynamic polarization (CPP) was carried out 
starting from -0.8 V vs. OCP, ending at 1.2 V, and cycling back from 1.2 to  
0 V. CPP was carried out with a low scan rate of 0.25 mV s-1 in 0.1 M NaCl, 0.1 M Na2SO4, 
and 0.1 M H2SO4 electrolytes, respectively, to determine anodic and cathodic corrosion 
potentials and corrosion currents. Electrochemical impedance spectroscopy 
measurements (EIS) were carried out in the frequency range between 10-1 Hz and 10 kHz 
by applying an alternating current (AC) with an amplitude of 10 mV. The corrosion 
current (Icorr), corrosion potential (Ecorr), cathodic (βc) and anodic (βa) Tafel constants, 
pitting potential (Epp), and pitting current (Ipp) were calculated by Tafel fitting of the 
polarization curve using the VersaStudio software. The corrosion current densities (icorr) 
and pitting current density (ipp) were calculated from Icorr and Ipp respectively normalized 
to the exposed geometric surface area (Karimi et al., 2020). The polarization resistance 
(Rp), was calculated according to Eq. 2: 

𝑅𝑝 = 𝛽𝑐 × 𝛽𝑎 (2.3 × (𝛽𝑐 + 𝛽𝑎) × 𝑖𝑐𝑜𝑟𝑟⁄ ) Eq. 2 
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3.3 Physical characterization 

3.3.1 Methods 

A wet laser scattering particle size distribution analyzer (LPSA, LA-950, HORIBA, Japan) 
was used to evaluate the particle size distribution of the Mo and MoS2 powders. To study 
the effect of LSS on the stability of the melt pool and to optimize the laser parameters,  
a stereomicroscope (V20, Zeiss, Germany) was used (Figure 9d). The densities of as-printed 
(unpolished) samples were measured by the Archimedes principle using a Metler Toledo 
ME240 instrument. Room temperature microhardness was determined by using a Buehler 
Micromet 2001 device with a load of 100 gf for 10 s. 

X-ray diffraction (XRD) studies were carried out by using a Smartlab (Rigaku, Japan) 
diffractometer with Cu-Kα1 radiation (λ = 1.5406 Å), and a silicon strip detector D/teX 
Ultra. The coherent domain size (D) and lattice strain (ε) were calculated based on the 
Scherrer formula shown in Eq. 3 and Eq. 4: 

𝐷 = 𝐾𝜆 (𝛽 × 𝑐𝑜𝑠𝜃)⁄  Eq. 3 

𝜀 = 𝛽 (4𝑡𝑎𝑛𝜃⁄ ) Eq. 4 

where β is the structural broadening of the peaks (FWHM) (Rabiei et al., 2020). The ICDD 
card numbers 1527605, 9008543, and 1531960 were used to identify the XRD patterns 
of Mo2S3, Mo, and MoS2, respectively. To show the crystallographic preference of growth 
in Mo matrix and evaluate its correlation with lattice strain, the texture coefficient (T.C.) 
of the samples was calculated using Eq. 5: 

𝑇𝐶(ℎ𝑘𝑙) = (𝐼(ℎ𝑘𝑙) 𝐼(ℎ𝑘𝑙)
0⁄ ) × {1 𝑛⁄ ∑ 𝐼(ℎ𝑘𝑙) 𝐼(ℎ𝑘𝑙)

0⁄ }
−1

 Eq. 5 

where I(hkl) is the intensity of the XRD peak of the (hkl) plane, I(hkl)
0  is the intensity of the 

(hkl) plane in the standard pattern of XRD, and n is the peak number (Alinejadian et al., 
2021). The dislocation density (δ) was calculated using Eq. 6: 

𝛿 = 1 𝐷2⁄  Eq. 6 

X-ray photoelectron spectroscopy (XPS, Kratos Axis SUPRA, Kratos Analytical) 
equipped with UltraDLD spectrometer and monochromatic 150W Al x-ray source was 
used to determine the chemical composition of the outermost surface of unexposed and 
exposed printed samples. Survey scans and detailed spectra (pass energy 80 eV) were 
acquired for Mo 3d, S 2p, and C 1s to calculate relative S to Mo ratios in the outermost 
surface of printed surfaces prior to and after exposure to the different electrolytes.  
The binding energy of adventitious carbon was used as a reference (285.0 eV). 

A Horiba LabRAM HR800 micro-Raman system equipped with the Nd:YAG laser 
(wavelength λ = 532 nm) with a spectral resolution of 1 cm−1 was used for Raman studies 
through excitation with a laser spot diameter size of approximately 5 μm. 

The study on the surface morphology of samples in both secondary electron (SE) and 
back-scattered (BSE) modes were carried out by means of a Zeiss Axioskop 40 optical 
microscope, a Hitachi TM-1000 scanning electron microscope (SEM), a Philips/FEI XL30 
ESEM, and a field emission scanning electron microscope (FE-SEM, Zeiss MERLIN, 
Germany). 
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4 Results and discussion 

4.1 Phase transformation and crystallographic studies 

XRD diffraction patterns of the powder feedstock and the SLM-processed parts are 
presented in Figure 10. The Mo and MoS2 powders show their corresponding peaks 
without any peaks originating from any impurity elements (Figure 10a,b). Similarly,  
no other impurities or undesirable crystalline phases were observed in the Mo-MoS2 
feedstock powder after mixing. However, the increase in the fraction of MoS2 resulted in 
a significant increase in the intensity of the MoS2 main crystallographic (002) plane as 
well as a significant decrease in the intensity of both Mo and other MoS2 corresponding 
peaks (Figure 10b). According to Bragg’s law, this can be attributed to higher alignment 
and orientation of the MoS2 basal plane. The diffraction pattern of the SLM-Mo lattice 
sample revealed only peaks assigned to Mo metal (Figure 10c). The fabricated  
SLM-Mo/Mo(x)S(x+1) sample showed peaks assigned to Mo, MoS2, and Mo2S3. The low 
intensities of the characteristic (002) and (103) peaks of MoS2 were attributed to the 
small fraction of MoS2 embedded on the surface of Mo (Figure 10c,d). Since MoS2 can 
react with Mo to form Mo2S3 at temperatures greater than 1300 °C (Alexaki et al., 2018), 
Mo2S3 peaks were observed in the SLM printed struts as well (Figure 10d). The increase 
in the fraction of MoS2 in the feedstock resulted in an increase in the intensity of Mo2S3 
peaks meanwhile a decrease in the intensity of MoS2 corresponding peaks due to higher 
laser absorption and higher transformation of MoS2 to Mo2S3 during the SLM  
process (Figure 10d). The XRD patterns of the Mo powder, SLM-Mo sample, and  
SLM-Mo/Mo(x)S(x+1) composite are presented in Figure 10e with peaks between 
40.0°<2ϴ<40.8° and 58.4°<2ϴ<58.8°. As illustrated in Figure 10e, the intensity, width, 
and peak position of the Mo peaks varied between the samples. This may be connected 
to effects induced by rapid cooling associated with complex thermal solidification cycles, 
as this is reported to result in a high degree of defect density in SLM samples and hence 
peak broadening along with changes in the crystallite size and internal strain (G. Wang 
et al., 2020; Z. Wang et al., 2020). (For more details, see Papers III) 

As shown in Figure 10f, the specific E2g
1  and Ag

1  peaks of MoS2, attributed to in-plane 

opposite vibrations of Mo and S and out-of-plane vibration of S atoms, were located at 
384 and 410 cm-1, respectively (Alexaki et al., 2018). In general, laser-based thinning 
down of the MoS2 can lead to a blue shift in Ag

1  and red shift in E2g
1  peaks in few-layered 

two-dimensional MoS2, freestanding or deposited onto the surface of Si/SiO2 substrates 
(Castellanos-Gomez et al., 2012). However, in our 3D composite structure including Mo 
and MoS2, the Raman peaks of laser-exposed MoS2 showed blue shifts (2 cm-1) to 382 
and 408 cm-1, which can be attributed to partial Nd:YAG laser-assisted thinning and the 
turning of MoS2 from a bulk to a few-layered structure (Alexaki et al., 2018) in the sample 
containing 20 wt.% of MoS2. It has already been studied that in a constant value of MoS2 
in the exposure of laser, the lower laser energy can cause sublimation and thinning-down 
of the 2D layered structure (Pan et al., 2020). However, the higher laser energy can 
provide higher fluence, resulting in both sublimation and melting (Pan et al., 2020).  
In the sample containing a low fraction of MoS2 (2 wt.%) no peak of MoS2 was observed 
while the blue shift in both Ag

1  and red shift in E2g
1  indicated the complete phase 

transformation of MoS2 in the feedstock to Mo2S3 incorporated in the 3D structure 
(Alexaki et al., 2018; Pan et al., 2020). Nanostructures of Mo2S3 have previously been 
shown to form in argon atmospheres at temperatures exceeding 1300 °C (Alexaki et al., 



34 

2018), and possibly be enhanced in the presence of molten Mo during the SLM process 
(Xiaowen Zhou et al., 2018). The thermal decomposition of Mo(VI) in MoS2 into Mo(III) 
in Mo2S3 and S also takes place at temperatures close to 1100 °C alongside a change in 
the stoichiometric ratio of Mo/S can cause a lattice strain mostly arise and accumulate in 
the interface between laser-thinned MoS2 and Mo2S3 nanostructures, resulting in a blue 
shift in E2g

1  peak (Alexaki et al., 2018; L. Hu et al., 2017). (For more details, see Paper III). 

 

Figure 10. X-ray diffraction patterns of (a) the different raw materials (Mo, MoS2, Mo-MoS2 powder 
feedstock with the compositions of 2, 10, 30, 50 wt.%, (b) the magnified XRD patterns of the Mo-
MoS2 powder feedstock between 28°<2ϴ<40°, (c) SLM-processed bulk and lattice structures of SLM-
Mo and SLM-Mo/Mo(x)S(x+1) of different compositions, (d) the magnified XRD patterns of the SLM-
Mo/Mo(x)S(x+1) micro-lattice structure between 10°<2ϴ<40°, (e) peaks between 40.2°<2ϴ<40.8° and 
58.4°<2ϴ<58.8° variations in full width half maximum (FWHM) and intensities of the two main 
(110) and (200) XRD peaks of Mo; (f) Raman spectra variations of MoS2 before and after SLM 
processing of feedstock containing 2 wt.% and 20 wt.% of MoS2 (Paper III). 
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The information shortlisted in Table 2 indicates that the preferential growth (texture) 
of SLM-processed samples occurs along the (110) plane, whereas the texture coefficient 
(110/200) alters from 0.90 to 1.08. As a result of the complex solidification conditions 
and cooling rates, such changes in preferential grain growth direction or texture are 
commensurately normal in the SLM-based fabricated samples (Xin Zhou, Liu, et al., 
2015). Nucleation of new randomly oriented grains alongside higher lattice strain 
(0.092% compared to 0.04% for Mo powder) due to rapid solidification can result in the 
formation of brittle cracks in SLM-Mo (Figure 13a) (Higashi et al., 2020). 

Table 2. Structural information was calculated from XRD patterns for the Mo feedstock, SLM-Mo, 
and SLM-Mo/Mo(x)S(x+1) samples. (FWHM-full width half maximum; T.C.-texture coefficient). 

 

4.2 Microstructural studies 

SEM micrographs (Figure 11a,b) illustrate the spherical shape of the gas atomized 
commercial Mo powder with an average particle size (d50) of 35 µm, the planar-shaped 
MoS2 with a d50 of approximately 5 µm, and the mixture feedstock consisting of both Mo 
and MoS2 powders. It is evident that the increasing addition (from 2 to 50 wt.%) of the 
smaller sized MoS2, a commonly used solid lubricant semiconductor material (Krishnan 
et al., 2019), to the Mo powder can improve the flowability of the feedstock at lower 
compositions (Kumar, 2014), due to the inherent rheological properties of MoS2 (Furlan 
et al., 2018; Yao et al., 2012). It can also increase the packing density at higher 
compositions (Körner et al., 2011) enhancing the mean laser absorptivity (Alexaki et al., 
2018; D. Wang et al., 2017) of the powder bed by covering the Mo powders and filling 
interspaces between the spherical Mo particles (Figure 11c–f). The considerably smaller 
particle size distribution of MoS2 compared with the Mo powders is presented in Figure 
11g. In Figure 11h, the solidified region (red arrow), the loose powder bed region (yellow 
arrow), and the sintered particles in the boundary between those two regions as well as 
the overlapping of hatches (vertical lines indicated by the blue arrow) are evident. 
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58.63 959 0.051 176 0.04 0.90 

SLM-Mo 40.47 1728 0.108 79 0.13 58.57 334 0.117 77 0.09 1.08 

SLM-Mo/Mo(x)S(x+1) 40.49 3051 0.042 199 0.05 58.61 654 0.044 203 0.044 0.97 
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Figure 11. (a) SEM micrograph of pure Mo, (b) SEM micrograph of layered MoS2, and SEM 
micrographs of Mo-MoS2 mixture powder feedstock with (c) 2 wt.%, (d) 10 wt.%, (e) 30 wt.%, and 
(f) 50 wt.% of MoS2; (g) Particle size distribution plot of Mo and MoS2 powders; (h) SEM micrograph 
showing the edge between the solidified zone (red arrow) and powder bed (yellow arrow), as well 
as the hatch overlap during continues single laser scanning process (blue arrow) (Paper III). 
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Microscopy images of the SLM-Mo samples (fabricated with Ed – 900 J/mm3) are 
presented in Figure 12a–c. The density and hardness values for each SLM parameter 
applied for printing the pure Mo samples were listed in Table 3. It may be observed from 
Figure 12a,b that using laser single scan (LSS) and decreasing the Ed from 1300 to  
900 J/mm3 resulted in an increased density and hardness from 97.5% to 98.7% and  
203 HV to 220 HV, respectively. From Figure 12a,b it is evident that using LSS and 
decreasing the Ed from 1300 to 900 J/mm3, result in a reduction in both the size and 
number of pores. In addition, the number of micro-cracks present in the microstructure 
also decreased with a decreased Ed. This is because a higher Ed results in a larger size of 
the melt pool with high-temperature gradients, which leads to the formation of coarser 
shrinkage pores (S. Liu et al., 2019). The high-temperature gradients also result in an 
increased amount of internal stresses, which lead to solidification cracking in the sample. 
On the other hand, a reduction of the Ed also decreases the size of the melt pool, from 
which follows lower temperature gradients and hence smaller and a less number of pores 
(D. Gu et al., 2012). (For more details, see Paper I). 

Table 3. Variation of the density and hardness of the SLM-processed bulk pure Mo samples prepared 
with different laser energy densities (Paper I). 

 
 
By employing LDS, both porosity and hardness show a marginal increase from 

97.5±0.7 to 99±0.1% and from 203±0.5 to 222±2 HV, respectively (Table 3). However,  
it was noted that LDS can eliminate the cracks that were observed when using LSS (Figure 
12c) counterpart. Using LDS, the powder bed is heated during the first scan, where the 
laser scan speed is kept very high (increased nearly six times), and the laser power is 
reduced by 50%. In addition, the heated powder bed undergoes melting during the 
second scan which could selectively increase the temperature of the powder bed and the 
stability of the molten pool. This may lead to reduced residual stresses and reduced 
temperature gradient (Saunders, 2018; Yadroitsev et al., 2013). Moreover, LDS resulted 
in a larger proportion of columnar grain growth due to the 0° scan rotation, a decreased 
degree of supercooling, and reduced cooling rates (Figure 12c) (Saunders, 2018; D. Wang 
et al., 2017). However, only some micro-cracks were observed for the LDS treated 
sample. The grain size distribution in the laser re-scanned sample is displayed in Figure 
12e. The presence of elongated grains and some fine grains between the elongated 
grains suggest a bimodal distribution. A higher-resolution image of the grain size 
distribution is shown in Figure 12f and the corresponding high-resolution secondary 
image in Figure 12g. From Figure 12g it is evident that no cracks are observed though 
some submicron pores exist. (For more details, see Paper I). 
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Figure 12. Optical microscopy images of the SLM-processed bulk pure Mo samples with a laser 
single scan and the energy density of (a) 1300 J/mm3, and (b) 900 J/mm3, respectively; (c) optical 
image of the SLM-Mo sample with a laser double scan and an energy density of 70+900 J/mm3;  
(d) scanning electron microscopy (SEM) image of a laser double scan sample with an energy density 
of 900 J/mm3; (e) energy back scattered dispersion (EBSD) image showing the distribution of pure 
Mo grains, (f) higher magnification energy back scattered dispersed image showing the orientation 
of grains, and (g) the corresponding high resolution back scattered image of the columnar Mo 
grains (Paper I). Inset cubes in (a)-(d) illustrate the characterized top surface, perpendicular to the 
printing direction. 

From the SEM micrograph, despite optimization of the SLM parameters, the brittleness 
of Mo resulted in the formation and initiation of brittle micro-cracks from the hatch 
boundaries of the micro-lattice, indicated by red arrows  (Figure 13a) (Kaserer et al., 
2019; D. Wang et al., 2017). It was further evident that SLM fabrication of the Mo  
micro-lattice was unsuccessful (Figure 13c). Despite previous discussions related to crack 
formation in bulk Mo, the high melting point, the thermal conductivity, the DBTT of Mo, 
and the rapid cooling rate can intensify the thermal gradient in the small molten pool 
surrounded by the powder bed of lower thermal conductivity in SLM processing of  
micro-lattice Mo structures (Leitz et al., 2017; Chao Zhao et al., 2020). This can ease the 
thermal stress accumulation in the structure (especially at the intersection points) and 
result in the formation of cracks within the microstructure of SLM-Mo (Xin Zhou, Liu,  
et al., 2015). 

A fine equiaxial microstructure of the SLM-Mo/Mo(x)S(x+1) composite consisting of  
the Mo2S3 phase in the Mo matrix is observed in Figure 13b. The results imply that  
the addition of a small proportion of MoS2 (2 wt.%) to the Mo feedstock powder  
reduces crack formation in the SLM fabricated micro-lattices of small unit cell sizes  
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(750 µm) and tiny strut diameters (approximately 85 µm). The SEM micrograph of the 
SLM-Mo/Mo(x)S(x+1) micro-lattice in Figure 13d shows that the low-diameter SLM-fabricated 
struts remained undamaged during the process. 

 
Figure 13. SEM micrographs illustrating (a) crack formation in the brittle microstructure of Mo,  
(b) near crack-free microstructure of SLM-Mo/Mo(x)S(x+1); assembly SEM micrographs of (c) Mo 
micro-lattice structure (inset image – optical image of the printed lattice), and (d) SLM-Mo/Mo(x)S(x+1) 
micro-lattice structure (inset image – optical image of the printed lattice). Shown in (b) and (d) are 
the characterized SLM-Mo/Mo(x)S(x+1) samples printed from the feedstock containing 2 wt.% of MoS2. 

SEM micrographs of the SLM-Mo and SLM-Mo/Mo(x)S(x+1) samples after 
potentiodynamic polarization in 0.1 M NaCl, 0.1 M Na2SO4, and 0.1 M H2SO4 solutions 
are presented in Figure 14. As previously discussed, residual stresses can accumulate at 
the grain boundaries. The unique properties of Mo can alongside a high cooling and 
intensive thermal gradient at the interface between the melt pool result in a higher 
dislocation density (δ = 5.2×10-6 m-2) than the conventional counterpart (δ = 5.85×10-7 m-2), 
which can result in the formation of micro-cracks in the microstructure (Figure 14a).  
The longitudinal grain boundaries can be considered as local high-energy zones, which 
can reduce the corrosion resistance via the oxidation of Mo to Mo(IV) and the formation 
of different oxides, Eq. 7,Eq. 8 (E. J. Martin et al., 2013; Rodriguez et al., 2018). The local 
oxidation of Mo, forming MoO2 and MoO4

2− in an aqueous NaCl solution, the presence 
of grain boundaries and micro-cracks, and the diffusion of Cl- ions within the cracks can 
result in a brittle surface susceptible to longitudinal stress corrosion cracking (SCC, blue 
arrows in Figure 14a) (Ren et al., 2020). Diffusion of hydrogen atoms (up to 12 atoms) 
into interstitial octahedral sites of the microstructure can result in increased local 
plasticity, grain boundary weakening, and especially in the embrittlement of the surface 
and tips of microcracks within the BCC structure of Mo (Pereira et al., 2019; You et al., 
2013). 
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𝑀𝑜(𝑠) + 2𝐻2𝑂 ⇌ 𝑀𝑜𝑂2(𝑠) + 4𝐻+ + 4𝑒− Eq. 7 

𝑀𝑜𝑂2 + 2𝐻2𝑂 ⇌ 𝑀𝑜𝑂4
2− + 4𝐻+ + 2𝑒− Eq. 8 

Comparing different zones (e.g., struts and unfused Mo particles attached to the 
struts), the SCC observed in the SLM-fabricated Mo struts can be a result of strains 
accumulated during rapid solidification conditions. However, the non-melted Mo particles 
attached to the struts did not get affected at the same rate as the solidified struts. 

 

Figure 14. SEM micrographs of 3D-printed micro-lattices after potentiodynamic polarization:  
(a,b) SLM-Mo and SLM-Mo/Mo(x)S(x+1) at 0.1 M NaCl electrolyte, (c,d) SLM-Mo and SLM-Mo/Mo(x)S(x+1) 
at 0.1 M Na2SO4 electrolyte, (e,f) SLM-Mo and SLM-Mo/Mo(x)S(x+1) at 0.1 M H2SO4 electrolyte. Scale 
bars in the insets equal 25 µm. The coloured arrows denote different corrosion types: blue – SCC; 
green – surface cracking due to oxidized surfaces of different PBR; yellow – the presence of Mo2S3 in 
the corroded structures of SLM-Mo/Mo(x)S(x+1); red – pitting zones. Shown in (b), (d), and (f) are the 
characterized SLM-Mo/Mo(x)S(x+1) samples printed from the feedstock containing 2 wt.% of MoS2. 



41 

The formation of MoO2 has been shown to efficiently hinder corrosion of Mo-based 
alloys (Ha et al., 2018; Lutz et al., 2017; Lyon, 2010; E. J. Martin et al., 2013; Rodriguez  
et al., 2018). Other oxides such as MoO3 have lower protective properties as indicated 
by their Pilling–Bedworth ratios (PBR), which is greater than 2 (Bradford, n.d.; Du et al., 
2021). Despite a very similar pH of the NaCl and the Na2SO4 electrolytes, SLM-Mo was 
more corroded in Na2SO4 (Figure 14c) forming H2S (Eq. 9) compared with its behavior in 
NaCl (Figure 14a) (Sridhar et al., 2018). This uniform cracking and corrosion, observed in 
both attached Mo particles and struts regardless of localized residual stress, may be 
attributed to the formation of MoO3 which enables the initiation of cracks all over the 
sample (green arrows in Figure 14c). The possible transformation of MoO3 to Na2MoO4 
(Eq. 10) can take place along with a volume increase, which leads to the pilling of 
Na2MoO4 from the surface of both attached particles and struts (Lutz et al., 2017; 
Schofield, 2005). However, no evidence for such an oxide or the presence of Na (by 
means of XPS) at the outermost surface was obtained even though Na2MoO4 in the 
presence of H2S (Eq. 11) can result in the formation of MoS3 (Jin et al., 2020; Lutz et al., 
2017; Lyon, 2010). 

4 𝑀𝑜 + 3 𝑁𝑎2𝑆𝑂4 +  3 𝐻2𝑂 ⇌  4 𝑀𝑜𝑂3  +  3 𝑁𝑎2𝑂 + 3 𝐻2𝑆 Eq. 9 

𝑀𝑜𝑂3 +  𝑁𝑎2O ⇌ 𝑁𝑎2𝑀𝑜𝑂4 Eq. 10 

𝑁𝑎2𝑀𝑜𝑂4 +  3 𝐻2𝑆 ⇌ 𝑀𝑜𝑆3 + 2 𝑁𝑎𝑂𝐻 + 2 𝐻2𝑂 Eq. 11 

Figure 14e illustrates the corrosion performance of SLM-Mo in 0.1 M H2SO4. It has 
been reported that Mo in sulfurizing media (H2SO4) can be transformed into stable MoS2 
which reduces the corrosion rate (Lyon, 2010). As previously discussed, SLM-Mo, 
however, has structural defects and micro-cracks on the surface of the struts (Figure 
13c). In the acidic H2SO4 electrolyte (pH ≈ 1), diffusion of H atoms into the cracks can 
intensify the embrittlement and SCC susceptibility. Therefore, compared to findings in 
Figure 14a, the SCC (blue arrows) cracks were deeper (Figure 14e). On the other hand, 
compared with Figure 14c, oxidation cracks (green arrows) also occurred due to the 
presence of SO4

2− and the possible transformation of MoO2 to MoO3 (PBR≈3.4, Eq. 7-Eq. 
9). However, due to the lack of Na in the solution, the remaining MoO3 layer was more 
stable and protective against H2S, without any change in oxide volume and less pilling 
from the surface of both Mo particles and struts. 

The addition of 2 wt.% MoS2 considerably increased the corrosion resistance of  
SLM-Mo/Mo(x)S(x+1) in both the NaCl and the Na2SO4 electrolyte. The yellow arrows in 
Figure 14b,d,f indicate the presence of Mo2S3 on the surface of the 3D-printed struts 
after cyclic potentiodynamic polarization. Comparing Figure 14a,b, the incorporation of 
Mo2S3 into the Mo matrix can hence in this way positively influence the resistance 
towards SCC (Figure 14b) in NaCl. 

The surface structures of SLM-Mo and SLM-Mo/Mo(x)S(x+1) after potentiodynamic 
polarization in Na2SO4 are displayed in Figure 14c,d. Similar to the observations made in 
the NaCl solution, the incorporation of Mo2S3 into the SLM-Mo/Mo(x)S(x+1) structure 
substantially reduced the extent of surface oxidation cracking by preventing the Na+ 
accessibility to MoO3 and hence a reduced formation rate of Na2MoO4 (Figure 14d). 

Extremely low defect stoichiometric structures of MoS2 can, as earlier discussed, 
improve the corrosion resistance of Mo(x)S(x+1)-incorporated structures (S. Hu et al., 2020; 
Mujib et al., 2020). However, other studies show that the existence of bulk or few-layered 
MoS2 can be removed from the surface under strongly oxidizing conditions, but that a 
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monolayer can remain on the surface still acting as a barrier for corrosion (Schulman et al., 
2018). In an H2SO4 electrolyte, the Mo matrix is exposed to both oxidizing (SO4

2−) and 
sulfurizing (H2S) species. Oxidation of Mo and the H+-rich media can hence result in SCC, 
specifically in the solidification direction and within grain boundaries (Eq. 7,Eq. 8). SEM 
micrographs of the samples polarized in H2SO4 (Figure 14e,f) revealed in contrast that 
the addition of 2 wt.% MoS2 and the subsequent incorporation of Mo2S3 into the Mo 
matrix could neither prevent SLM-Mo/Mo(x)S(x+1) from SCC (blue arrows) nor surface 
oxidation cracking (green arrows). In H+-rich media, the process can be Intensified since 
the processing of MoS2 by high-energy Nd:YAG lasers and the incorporation of Mo2S3 into 
the composite can impose structural crystallographic defects into the SLM-Mo/Mo(x)S(x+1) 

structure. According to the Pourbaix diagrams of Mo–H–O–S systems, all phases (MoO2, 
MoO3, and Mo2S3) can be transformed to H2MoO4 at pH ≈ 1 (Davoodi et al., 2011; 
Schulman et al., 2018). The formation of H2MoO4 with a PBR>2 and the depletion of 
Mo2S3 from the structure during interactions with H2S result in higher susceptibility for 
SCC. Thus, SCC on the struts (blue arrows), deeper oxidation cracks on struts and 
attached particles (green arrows), as well as the different extent of pitting corrosion of 
varying pit morphology (red arrows) can be associated with the crystallographic  
plane corroded by H2S during cyclic potentiodynamic polarization. These types of 
corrosion, which can occur simultaneously, can lead to lower corrosion resistance for 
SLM-Mo/Mo(x)S(x+1) compared to SLM-Mo in aqueous H2SO4 (Figure 14e,f). 

Variations in surface morphology by increasing the MoS2 fraction in SLM-Mo/Mo(x)S(x+1) 
samples are illustrated in Figure 15. As expected from the XRD results, embedded bulk 
MoS2 to the surface (red arrows in Figure 15a) can arise from lower packing density and 
subsequently a lower mean laser absorptivity of the feedstock, which lead to a lack of 
complete integration of MoS2 into the structure of composite. 
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Figure 15. SEM micrographs obtained from the surface of SLM-Mo/Mo(x)S(x+1) printed of the mixture 
feedstock containing (a) 10 wt.% MoS2, (b) 30 wt.% MoS2, and (c) 50 wt.% MoS2. The colored arrows 
denote: red – surface embedded MoS2; yellow – laser-thinned MoS2 integrated into the structure 
of SLM-Mo/Mo(x)S(x+1) composite. The scale bars in the insets equal 10 µm. 

The gradually increased fraction of MoS2 up to 50 wt.% not only resulted in an 
increased laser absorptivity but also integrated the MoS2 layers into the structure of 
nanocomposite and changed the surface topology to a lamellar shape (yellow arrows in 
Figure 15b,c). The layered morphology can intensively increase the electroactivity of 
SLM-Mo/Mo(x)S(x+1) although the weak van der Waals force of MoS2 in the higher fractions 
(50 wt.%) led to the appearance of microcracks in the structure. This was attributed to a 
higher thermal gradient in a larger metastable melt pool consisting of two different 
components as well as delamination of the layered structure of MoS2 due to weak 
interlayer van der Waals force. 

As shown in different polished sections in Figure 16a, a similar microstructure of  
SLM-Mo(x)S(x+1) can be attributed to the optimized LSS and a nearly constant thermal 
gradient in stable melt-pool during the SLM process (Leitz et al., 2017; Yuan et al., 2020). 
The presence of MoS2 layers of low density was elucidated by both the secondary-electron 
(SE) and the back-scattered electron (BSE) micrographs (Figure 16b,c). The presence of 
Mo2S3 nanoparticles separated at the top surface- and coalesced at the lower parts of 
the nanocomposite, delimited by a transparent laser-thinned layer attributed to MoS2,  
is identified by both yellow arrows in Figure 16b and the yellow dashed lines in Figure 
16c. The coalescence of the nanoparticles at the lower layers can occur via partial and 
layer-wise re-melting of the subsequent layers during the SLM process. A uniform 
distribution of Mo2S3 nanoparticles (25 and 50 nm) was revealed by FE-SEM micrographs 
(Figure 16d). The variation of Mo/S ratios and the high surface tension between MoS2 
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and Mo2S3 can result in the formation of spherical particle morphology due to the 
tendency of re-solidified nanostructures to reduce their surface energies (Alexaki et al., 
2018). (For more details and information, see Paper III). 

 

Figure 16. (a) SEM image from different polished surfaces of SLM-Mo(x)S(x+1), (b) BSE and SE 
micrographs of a cross-section showing the transparent laser-thinned MoS2 layers alongside 
coalesced Mo2S3 nanoparticles, (c)  BSE and SE modes of FE-SEM micrographs of SLM-Mo(x)S(x+1) 
indicating coalescence zones of Mo2S3 nanoparticles, and (d) magnified FE-SEM micrograph 
showing the distribution of Mo2S3 nanoparticles in the structure of the nanocomposite. The scale 
bar in (a) equals 25 µm and the characterized samples were printed from the feedstock containing 
20 wt.% of MoS2 (Paper III). 

4.3 Physical characterization of phase transformation 

Compositional analysis of the outermost surface (top 5-10 nm) of the SLM-Mo and  
SLM-Mo/Mo(x)S(x+1) samples was performed by means of XPS before and after 
polarization in the different electrolytes. The results are compiled in Table 4. As discussed 
above, SCC was the dominant corrosion mechanism of pure Mo in NaCl due to the 
diffusion of atomic hydrogen into the structure. This resulted in grain boundary 
weakening and especially in the embrittlement of the surface and tips of microcracks, 
being intensified by the presence of Cl-

 ions. The presence of Na+ ions in the NaCl and 
Na2SO4 solutions has been shown to result in an increased corrosion rate of SLM-Mo due 
to the intermediate formation of Na2MoO4 and its transformation into MoS3 (Eq. 11) at 
the same time as Na+ is dissolved into the solution to form NaOH. However, none of the 
SLM-Mo surfaces revealed any presence of Na upon polarization, which supports a 
complete transformation. However, the extent of this formation seems small as indicated 



45 

by the low S2- to Mo (3s) atomic ratios observed for SLM-Mo (0.01-0.02) in the solutions. 
The relative fraction of Mo(VI) on the surface decreased in the following order;  
Na2SO4 ≥ un-pol. > NaCl > H2SO4, at the same time as the relative fraction of Mo(IV) 
increased according to un-pol. ≤ NaCl < Na2SO4 < H2SO4, indicative of the presence of 
MoO3 and MoO2 (Baltrusaitis et al., 2015), respectively. Exposure in both NaCl and H2SO4 

indicated the presence of large amounts of Mo(VI). The presence of S (as S2-), even 
though in minor amounts, after polarization in Na2SO4 and H2SO4 (Table 4) implied the 
formation of MoS2. 

Table 4. Binding energies of oxidized Mo (Mo(ox)) and S (as S2- and/or SO4
2-) and atomic S2-/Mo(ox) 

ratio determined by means of XPS for SLM-Mo and SLM-Mo/Mo(x)S(x+1) before (Un-pol.) and after 
polarization in 0.1 M electrolytes of NaCl, Na2SO4 and H2SO4. S2-/Mo(ox) atomic ratios were 
calculated using the Mo 3s to avoid any possible influence of peak overlap with S 2s. The reported 
data were obtained from micro-lattice samples, printed from the feedstock containing 2 wt.% of 
MoS2. 

 

As shown in Table 4, S2-/Mo(ox) ratios were calculated using the Mo 3s to avoid any 
possible influence of peak overlap with S 2s. Increased S2-/Mo(ox) ratios after polarization 
were observed for SLM-Mo/Mo(x)S(x+1). with ratios increasing from (0.12-0.13) for the 
non-polarized surface to 0.18-0.20 in Na2SO4, 0.42-0.45 in H2SO4 and 0.36-0.95 in NaCl. 
The high S2-/Mo(ox) ratios observed upon polarization in H2SO4 and NaCl may correlate 
with the highest relative fraction of Mo(IV), which may indicate the presence of Mo2S3. 
The relative fraction of Mo(VI) on the surface decreased in the following order;  
un-pol. > NaCl > Na2SO4 > H2SO4, whereas the relative fraction of Mo(IV) increased 
according to un-pol. ≈ Na2SO4 < NaCl ≈ H2SO4. Polarization in both Na2SO4 and H2SO4 

indicated the presence of large amounts of Mo(VI). As previously mentioned, the observed 
values of Mo(V) can be attributed to the formation of MoS3 as a by-product alongside 
MoS2. Less stable MoS3 can be formed as a mixture of MoS2 and nanocrystalline sulfur 
(Weber et al., 1995). Therefore, the increase in the relative fraction of Mo(V) up to  
52.6-53.2 may be correlated with the formation of a less stable MoS3 structure in the 
highly H2S-rich 0.1 M H2SO4 solution. This could support the low polarization resistance 
(Rp) observed for the SLM-Mo/Mo(x)S(x+1) sample due to general surface corrosion and 
corrosion in the grain boundaries (Eq. 13Eq. 16). 
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4.4 Electrochemical characterization 

4.4.1 Corrosion studies 
The CPP results of SLM-Mo and SLM-Mo/Mo(x)S(x+1) in the different electrolytes are 
presented in Figure 17a,c,e. Corrosion potentials (Ecorr), corrosion current densities (icorr), 
polarization resistance (Rp), pitting potentials (Epp), and pitting current densities (ipp) of 
the AM samples are summarized in Table 5. At the first glance, icorr for all samples seems 
to increase in the following order of electrolytes; NaCl<Na2SO4<H2SO4. The presence of a 
small cathodic reaction peak/shoulder in the active region, which is more obvious in the 
Tafel curves of SLM-Mo rather than of SLM-Mo/Mo(x)S(x+1), can be attributed to hydrogen 
formation (green arrows in Figure 17a,c,e) (Sridhar et al., 2018). Thus, hydrogen 
embrittlement, and consequently SCC, can occur due to diffusion of H+ as a result of 
cathodic polarization through galvanic coupling with more active Mo (Pereira et al., 2019; 
Sridhar et al., 2018; You et al., 2013). It is evident that the cathodic reaction 
peak/shoulder (green arrows) became more evident with increasing H+ concentration. 
Since the presence of reduced sulfur species (SO4

2−) also can promote the diffusion of 
atomic hydrogen into the Mo matrix (Sridhar et al., 2018), the cathodic reaction 
peak/shoulder became more evident in the Na2SO4 electrolyte. The integration of Mo2S3 
into the structure of the Mo matrix resulted in a reduced cathodic reaction due to limited 
active sites for galvanic coupling onto the surface of the Mo matrix in both the NaCl and 
the Na2SO4 electrolyte. However, in the H+-rich and SO4

2−-rich aqueous electrolyte 
(H2SO4), a wide area of H+-dominant cathodic reactions resulting from hydrogen 
generation lead to the excessive hydrogen embrittlement (Davoodi et al., 2011; Sridhar 
et al., 2018) as observed in the Tafel curves of both SLM-Mo and SLM-Mo/Mo(x)S(x+1) 
(green arrow in Figure 17e). 

When comparing the corrosion findings of the two samples (SLM-Mo and  
SLM- Mo/Mo(x)S(x+1) composite), it was evident that the presence of 2 wt.% MoS2, which 
resulted in the formation of Mo2S3, resulted in a considerably increased polarization 
resistance (Rp), i.e., improved corrosion resistance in both NaCl and Na2SO4. A reduced 
Ecorr, observed for SLM-Mo/Mo(x)S(x+1) in all electrolytes, can be attributed to the lower 
crystallographic lattice strain resulting from the incorporation of laser-treated Mo2S3 into 
the metallic Mo matrix. An almost constant Epp (red arrows indicating the interface 
between the passive and the transpassive regions of the Tafel curves in Figure 17a,c,e) 
before and after the addition of MoS2 to Mo can be attributed to pitting and the 
consequential initiation of corrosion cracking on the surface, and the possible 
subsequent formation of MoO4 (Eq. 8) (Rodriguez et al., 2018). Lower icorr and ipp and 
higher ΔE(corr-pp) may reflect the positive effect of Mo2S3 on Rp in SLM-Mo/Mo(x)S(x+1) in 
both NaCl and Na2SO4. In contrast, exposure to H2SO4 of lower pH compared with NaCl 
and Na2SO3 resulted in increased Ecorr and Epp for both SLM-Mo and SLM-Mo/Mo(x)S(x+1). 

Higher icorr and ipp, as well as reduced ΔE(corr-pp), were observed for SLM-Mo/Mo(x)S(x+1). 
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Figure 17. Cyclic potentiodynamic polarization curves of SLM-Mo and SLM-Mo/Mo(x)S(x+1) in (a) 0.1 M 
NaCl, (c) 0.1 M Na2SO4, (e) 0.1 M H2SO4; EIS plots recorded at OCP for SLM-Mo and SLM-Mo/Mo(x)S(x+1) 
in (b) 0.1 M NaCl, (d) 0.1 M Na2SO4, (f) 0.1 M H2SO4. The different coloured arrows denote; green – 
cathodic polarization reaction peak/shoulder; red – pitting and transformation of Mo2S3 to MoO3 
and production of H2S. 

As shown in Figure 14e,f, a lower Rp can be attributed to the degradation of Mo2S3 in 
an H+-rich medium, which increases the susceptibility to pitting and SCC, and finally 
cracking and corrosion of SLM-Mo/Mo(x)S(x+1) by H+ and SO4

2− (Eq. 13). According to  
Eq. 12, the more evident Epp peak in the passive region (red arrow in Figure 17e) can be 
attributed to pitting corrosion (red arrows in Figure 14f) and oxidation of defect-rich 
laser-exposed Mo2S3 which will result in the formation of H2S (Davoodi et al., 2011).  
On the other hand, according to Eq. 13, exposure of the Mo matrix to H+ and SO4

2− can 
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result in the formation of MoO3 and H2S, which subsequently can be transformed to 
H2MoO4, preferentially in the grain boundaries possessing higher residual stress, leading 
to SCC (Eq. 14). An obvious Epp peak was observed for SLM-Mo/Mo(x)S(x+1). According to 
Eq. 14, the structure of the Mo/Mo2S3 can be degraded via SCC and pitting, which  
can promote the transformation of MoO3 to H2MoO4 resulting in the oxidation cracking 
of the micro-lattice structure. An obvious Epp peak was therefore observed for  
SLM-Mo/Mo(x)S(x+1). On the other hand, according to Eq. 15 and Eq. 16, the final product 
on the surface of SLM-Mo/Mo(x)S(x+1) may be MoS2 and MoS3 that can be peeled off from 
the surface of the structures during cyclic potential sweeping from +1.2 V to 0 V. 

4 𝑀𝑜2𝑆3 + 3 𝐻2𝑆𝑂4 + 12 𝐻2𝑂 ⇌  8 𝑀𝑜𝑂3 + 15 𝐻2𝑆 Eq. 12 

4 𝑀𝑜 + 3 𝐻2𝑆𝑂4  ⇌  4 𝑀𝑜𝑂3 +  3 𝐻2𝑆 Eq. 13 

𝑀𝑜𝑂3 +  𝐻2O ⇌ 𝐻2𝑀𝑜𝑂4 Eq. 14 

𝐻2𝑀𝑜𝑂4 +  2 𝐻2𝑆 ⇌ 𝑀𝑜𝑆2 + 2 𝐻2𝑂 + 2 𝑂𝐻 Eq. 15 

𝐻2𝑀𝑜𝑂4 +  3 𝐻2𝑆 ⇌ 𝑀𝑜𝑆3 + 4 𝐻2𝑂 Eq. 16 

Table 5. Comparison of crystallographic and corrosion parameters for SLM-Mo and SLM-
Mo/Mo(x)S(x+1) samples exposed in 0.1 M NaCl, 0.1 M Na2SO4, and 0.1 M H2SO4. The reported data 
were obtained from micro-lattice samples, printed from the feedstock containing 2 wt.% of MoS2. 

 
 
Figure 17b,d,f show Nyquist plots at OCP recorded for SLM-Mo and SLM-Mo/Mo(x)S(x+1) 

in the different electrolytes. EIS is a non-destructive method to study the characteristic 
of surface layers and prevailing corrosion mechanisms. The size of the semi-circle arc (Rct) 
accounts for the corrosion resistance of the electrode, i.e., the larger Rct, the higher Rp at 
given conditions (Atapour et al., 2020). The Rct can also be directly attributed to the 
charge transfer at the electrode-electrolyte interface (Pal et al., 2018). In all investigated 
samples and electrolytes, no straight Warburg line was observed in the low-frequency 
range. This implies an insufficient ion (Na+, Cl-, etc.) exchange between the structure of the 
Mo lattice and the electrolytes within the timeframe of the experiment. For all samples, 
the semi-circle diameters were reduced in the following order NaCl > Na2SO4 > H2SO4. 
However, when comparing SLM-Mo and SLM-Mo/Mo(x)S(x+1) in the different electrolytes, 
an opposite correlation between the corrosion mechanism and the semi-circle diameter 
was observed. In comparison with SLM-Mo, Rct of SLM-Mo/Mo(x)S(x+1) changed from 7.00 
to 1.79 kΩ in NaCl, from 2.55 to 1.75 kΩ in Na2SO4, and from 2.43 to 1.43 kΩ in H2SO4. 

This could have various explanations, e.g., a heterogeneous structure of SLM-Mo/Mo(x)S(x+1) 
including Mo2S3 with a 2D structure, different oxidation potentials, and the formation of 
protective surface layer, different crystallographic characteristics, a variety of Faradic 
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charge transfer resistance, etc. Despite a lower icorr and considerably higher Rp for  
SLM-Mo/Mo(x)S(x+1), the smaller Rct values observed in the different electrolytes could be 
attributed to faster interface kinetics between H+ and Mo2S3. The 2D semi-layered 
structure of Mo2S3 with an atomic interlayer space of 8.6 Å can provide preferable sites 
for the diffusion of more H+ protons (Junke Li et al., 2022; D. Liu et al., 2019). On the other 
hand, the generation of a highly interlocked equiaxial microstructure of SLM-Mo/Mo(x)S(x+1), 
aside from higher coherent domain size and lower crystallographic lattice strain, can 
further reduce the diffusion of H+ into the Mo structure (Pereira et al., 2019). As shown 
in Figure 13, a lower number of micro-cracks in SLM-Mo/Mo(x)S(x+1) compared to SLM-Mo 
can also reduce the SCC susceptibility of the micro-lattice structure (Pereira et al.,  
2019). However, during the rapid melting and cooling process in the Ar atmosphere,  
a defect-implanted MoS2 can subsequently be transformed to Mo2S3, a highly potential 
material for hydrogen evolution reactions (L.-F. Zhang et al., 2016; Xiaowen Zhou et al., 
2018). Therefore, induction of more active sites can result in absorption of H+  and 
preferably transforming to H2 (a lower Rct at a high-frequency range) at the interface of 
Mo2S3-electrolyte (L.-F. Zhang et al., 2016; Xiaowen Zhou et al., 2018). This can result in 
a lower ionic diffusion of H+ into the structure of the Mo matrix. Hence, less extent of 
hydrogen embrittlement of the Mo matrix can result in a lower Rct and a higher Rp, which 
leads to further mitigation of SCC in SLM-Mo/Mo(x)S(x+1) in NaCl (Figure 17b). The same 
mechanism is suggested for the oxidation and corrosion resistance of SLM-Mo and  
SLM-Mo/Mo(x)S(x+1) in Na2SO4. Since the effect of hydrogen-induced corrosion, hydrogen 
embrittlement, and oxidation cracking can take place in the presence of sulfur-containing 
species (SO4

2−), higher Rct and Rp values were observed for both SLM-Mo and  

SLM-Mo/Mo(x)S(x+1) in NaCl compared with Na2SO4 (Figure 17d). In H2SO4 of low pH (⁓1) 
and very high concentration of H+ and SO4

2−, both SLM-Mo and SLM-Mo/Mo(x)S(x+1) were 
in different stages corroded via SCC, oxidation cracking, and pitting corrosion (Eq. 12-Eq. 
16). As a by-product of chemical reaction (Eq. 16), an amorphous MoS3 structure can also 
be derived during the interaction of H2MoO4 with H2S, which is less stable than MoS2 and 
results in increased corrosion rate (Weber et al., 1995). As a result, both Rp and Rct were 
considerably reduced in H2SO4 for both SLM-processed materials compared to their 
performance in NaCl and Na2SO4 (Figure 17f and Table 5). 

4.4.2 Study on energy conversion/storage  
The SLM-Mo/Mo(x)S(x+1) samples were studied by different electrochemical characterization 
techniques to understand the electrochemical energy conversion/storage performance of 
3D-printed electrodes. As shown in Figure 18, CV curves revealed the variation of 
electrochemical behavior with the increased amount of MoS2 from 10 to 50 wt.%.  
The CV loops in each sample maintained their specific shape at different scan rates from 
10 to 100 mV s-1. The addition of the lower amount (10 wt.%) of MoS2 to the structure of 
SLM-Mo/Mo(x)S(x+1) resulted in higher negative currents at potentials lower than -0.85 V. 
This can be ascribed to water electrolysis and hydrogen evolution/reduction reactions in 
the presence of embedded bulk MoS2 on the surface of the electrodes (Figure 15a).  
A small fraction of MoS2 and transformed electroactive Mo2S3 can however contribute 
to the pseudocapacitance performance of the electrode (Figure 18a and Figure 10d). 
Higher loading of MoS2 (30 wt.%) into the structure resulted both in the formation of a 
higher fraction of electroactive Mo2S3 (Figure 10d) and in a gradual reduction in the 
current related to hydrogen evolution/reduction reactions, small faradic oxidation peaks 
located at -0.25 V, and a more pseudocapacitance shape and higher oxidation currents 
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(Figure 18b). Interestingly, SLM-Mo/Mo(x)S(x+1) containing 50 wt.% of MoS2 demonstrated 
a nearly rectangular supercapacitance shape for all scan rates (Figure 18c). 

 

Figure 18. Cyclic voltammograms in a 0.5 M Na2SO4 for different scan rates from 10 to 100 mV s-1 
associated with (a) SLM-Mo/Mo(x)S(x+1) 10 wt.%, (b) SLM-Mo/Mo(x)S(x+1) 30 wt.%, and (c) SLM-
Mo/Mo(x)S(x+1) 50 wt.%. 

Compared to SLM-Mo, the considerable improvement in current density and 
rectangular shape of the CV curves by increasing the fraction of MoS2 displayed in Figure 
19a can be attributed to a higher amount of transformed Mo2S3 and a lamellar-shaped 
morphology facilitating the intercalation of Na+ ions and charge transfer performance of 
the SLM-Mo/Mo(x)S(x+1) electrodes. The Nyquist plots (Figure 19b) show an approximately 
equivalent series resistance (ESR) of 16 Ω for all electrodes, which can be attributed to 
the aqueous Na-rich electrolyte resistance. The quasi-semicircles, at the high-frequency 
region, indicate a considerably lowering Rct from 193 to 85 Ω by increasing the fraction 
of MoS2 from 10 to 50 wt.% at the SLM-Mo/Mo(x)S(x+1), compared to solid and dense  
SLM-Mo. This can be attributed to faster interface kinetics offered by the laser-thinned 
layered MoS2, separated by Mo2S3 nanoparticles (Figure 15c and Figure 16). Moreover, 
an increased fraction of MoS2 from 10 to 50 wt.% resulted in a higher slope of the 
Warburg line and a lower diameter of the quasi-semicircle region in SLM-Mo/Mo(x)S(x+1). 
This confirms the facilitated diffusion of Na+ into the laser-thinned MoS2 on the surface 
(Figure 15c) (Y. Li et al., 2019). Regardless of a rate performance of almost 56.7%,  
the increased fraction of MoS2 resulted in an increased areal capacitance of 112 mF cm-2 
at 10 mV s-1, compared to 63 mF cm-2 at a scan rate of 100 mV s-1. The achieved areal 
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capacitances of SLM-Mo/Mo(x)S(x+1) were considerably higher than their counterpart 
electrodes processed by different additive manufacturing (Giannakou et al., 2020; 
Jiantong Li et al., 2017; Y. Lin et al., 2017; Shao et al., 2020; Sollami Delekta et al., 2020; 
Teng Wang et al., 2019) (Figure 19c) and conventional techniques (Bissett et al., 2015a; 
Cao et al., 2013; S. Wang et al., 2017; Winchester et al., 2014; Yang et al., 2014) (Figure 
19d). 

 

Figure 19. (a) Cyclic voltammograms comparing SLM-Mo and SLM-Mo/Mo(x)S(x+1) samples with 
different MoS2 compositions (10 - 50 wt.%) by using a scan rate of 50 mV s-1; (b) Nyquist plot of 
SLM-Mo and SLM-Mo/Mo(x)S(x+1) samples with different MoS2 compositions in the frequency range 
between 10-1 Hz to 10 kHz; Areal capacitance vs. scan rate comparing SLM-Mo/Mo(x)S(x+1) samples 
with (c) different 3D-printed materials and (d) different Mo(x)S(x+1)-incorporated nanocomposites 
processed by conventional methods for energy storage applications. 

Figure 20 shows quasi-symmetrical triangle GCD plots indicating nearly 1.0 V output 
voltage even at high current densities (10 mV cm-2) in SLM-Mo/Mo(x)S(x+1) electrodes 
printed from the mixture feedstock containing 30 to 50 wt.% MoS2 (Figure 20b,c).  
The electrodes offered an areal power density of 1.67 mW cm-2 and energy density of 
3.92 μWh cm-2. However, the SLM-Mo/Mo(x)S(x+1) electrode was printed using a feedstock 
containing 10 wt.% MoS2, the discharge curves leveled off at potentials lower than  
-0.85 V. This is due to the hydrogen reduction reaction which limits the output voltage 
to values less than 1.0 V and commensurately reduced the areal power density and 
energy density to 1.36 mW cm-2 and 3.18 μWh cm-2, respectively (Figure 20a). 
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Figure 20. Galvanostatic charge-discharge curves for SLM-Mo/Mo(x)S(x+1) with different MoS2 
content (10, 30, 50 wt.%) in the printing powder at different current densities from 4 to 10 mA cm-2 
associated with (a) SLM-Mo/Mo(x)S(x+1) (10 wt.% MoS2), (b) SLM-Mo/Mo(x)S(x+1) (30 wt.% MoS2), and 
(c) SLM-Mo/Mo(x)S(x+1) (50 wt.% MoS2). 
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5 Conclusion 

Employing novel AM processes like laser-based powder bed fusion can overcome the 
drawbacks observed for both conventional manufacturing processes and AM approaches 
to fabricate functional 3D structures for the engineering applications extended to 
electrocatalytic devices and electrochemical energy storage electrodes.  

1. We demonstrated that although the SLM processing of pure Mo can be challenging, 
due to its intrinsic properties, the double laser scanning strategy can positively affect the 
reduction of accumulated stress, DBTT, and crack susceptibility of bulk SLM-processed 
Mo. However, it has been shown that the SLM processing of micro-lattice structures of 
pure Mo has still been challenging as a result of the high cooling rate, thermal 
conductivity, thermal gradient, and less stable melt pool. 

2. MoS2, possessing multifunctional properties, is a promising candidate for being 
processed by laser-based powder bed fusion for a wide range of applications. In this 
thesis, It has been shown that the laser beam is a versatile source for thinning of MoS2 
and simultaneously delivering the functionality in-situ to the sustainable and functional 
additively manufactured components. 

3. The addition of a small amount of MoS2 to the Mo feedstock for the SLM-based 
fabrication of Mo-based composite structures positively influences the microstructure, 
crystallographic properties, and electrochemical performance. The transformation of 
MoS2 to Mo2S3 considerably increases coherent domain, changes preferential 
solidification conditions and hence texture, decreases structural lattice strain, 
crystallographic defects, and the extent of crack formation in SLM fabricated  
micro-lattices of small unit cell sizes (750 µm) and tiny strut diameters (approximately  
85 µm). Furthermore, It was also demonstrated that the phase transformation from 
MoS2 to Mo2S3 considerably decreased the corrosion rate mainly via decreasing the 
residual stress to alleviate SCC susceptibility in NaCl electrolyte, hindering the Na+ 
accessibility to Mo components in Na2SO4 electrolyte to reduce oxidation corrosion, and 
finally increased polarization resistance values upon exposure in both Na-rich aqueous 
solutions. 

4. Employing Nd:YAG laser source, it is elucidated that in-situ thinning and tuning of 
the structure of MoS2, as well as distribution of electroactive Mo2S3 nanoparticles into 
the structure, can considerably enhance the areal energy density and power density of 
3D-printed composite structures. The successful fabrication of SLM-processed 
Mo/MoS2/Mo2S3 electrodes, compared to other 3D-printed counterparts, showed a 
remarkable capacitive behavior, promoting a novel manufacturing approach for the next 
generation of additively manufactured electrochemical components and devices.  
The initiative results propose an innovative research line on laser-assisted processing of 
2D material-incorporated structures with a wide range of functionality applied in  
high-temperature solid-state energy conversion/storage systems, EECSS, aerospace 
parts, and more eco-friendly energy storage devices fabrication. 

5. Also, it has been demonstrated that a higher load of MoS2 (up to 50 wt.%) into the 
powder feedstock can increase the packing density of feedstock, laser absorptivity,  
and more stable melt pool, serving for phase transformation of MoS2 to higher fractions 
of Mo2S3, resulted in higher rate capacitance and lower resistance (Rct) of printed anodes. 
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6 Outlook 

According to the research output and achievements, having been presented in this 
dissertation, a novel and innovative research path have been proposed on the basis of 
laser-based AM of 2D-materials-incorporated functional 3D structures, paving the way 
for the applications extended to electrocatalytic, electrochemical, and engineering 
devices and components. However, since this research field is in its very initial stages, 
further in-depth studies on the mechanisms are highly required for SLM-processed 
functional composites. 

Moreover, limited attention to the processing of TMDCs-based composites by L-PBF 
techniques urges scientists to extensively research in the above-mentioned fields should 
be conducted to develop the functional benefits of Mo(x)S(x+1)-incorporated structures 
and expand their applications, especially for electrochemical sensors and actuators, 
hydrogen evolution cells, biomedical implants, and sustainable electrochemical 
applications. 

Overall, SLM of Mo(x)S(x+1)-incorporated electroactive structures can generate 
promising advanced energy conversion/storage system components based on the 
present industrial and economic demands, such as Li-ion and Na-ion batteries, 
supercapacitors, etc. Hence, extensive research on the academic development of the 
above-mentioned achievements must be carried out along with the LCA, environmental, 
and economic investigations, simultaneously, to pave the way for scaling up or industrial 
fabrication of SLM-processed TMDCs-incorporated functional components. 

Beyond the stated outlook, it is worth noticing that laser-based AM techniques have 
yet to fully reach their groundbreaking potential in the fabrication of 3D structures from 
2D nanomaterials, and it would be a promising approach for the next-generation 
technologies. 
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Abstract 
Additive Manufacturing of Mo-Mo(x)S(x+1) Functional 
Structures: Engineering and Electrochemical Applications 

MoS2-based/-incorporated structures are well-known candidates for various engineering 
and electrochemical applications having been processed by a wide range of 
conventional- and AM techniques. As an initiative and innovative research field, selective 
laser melting (SLM), as a novel approach, has been employed for the first time to 
simultaneously thin the bulk MoS2 down and tune its crystallographic structure to a 
2H/1T phase. Having been elaborated in this dissertation, the SLM technique is able to 
in-situ distribute Mo2S3 nanoparticles in Mo(x)S(x+1)-incorporated electroactive 
nanocomposites to boost the electrochemical performance of the generated composite 
for energy conversion/storage applications. As an outstanding achievement of the 
research activities, substantial enhancement of areal power density, areal energy 
density, rate capacitance, and charge-discharge stability was obtained through direct SLM 
processing of 3D-printed Mo/MoS2/Mo2S3 nanocomposite structures (SLM-Mo/Mo(x)S(x+1)) 
from commercial raw materials without any complex or costly pre-processing or  
post-processing stages. 

Regarding the distinctive characteristics of MoS2 and unique properties of Mo, 
additions of MoS2 to refractory hard Mo metal can significantly facilitate the printability 
of different Mo-MoS2 mixture feedstock and remarkably mitigate the crack formation 
and defects in the microstructure of the micro-lattice Mo/MoS2/Mo2S3 composite 
structures processed by SLM technique. Dissociated MoS2 in the melt pool and a more 
complete reaction and phase transformation from MoS2 to Mo2S3 can result in fine 
interlocked equiaxial grains. The refinement of the microstructure and alleviation of 
lattice strains, along with constant maintenance of the texture coefficient (T.C.), resulted 
in nearly crack-free micro-lattice structures. These structures hindered stress-corrosion 
cracking (SCC) and surface oxidation corrosion of the micro-lattice Mo/MoS2/Mo2S3 
composite structures  upon exposure in 0.1 M NaCl (pH = 5.4) and 0.1 M Na2SO4  
(pH = 5.4).  

These preliminary results propose an in-depth investigation of laser-assisted 
processing of 2D materials for fabrication of a wide range of sustainable and functional 
3D-printed components of improved corrosion resistance and high-temperature 
durability, particularly for solid-state energy conversion/storage systems, novel sodium-
ion energy storage applications, power semiconductor heat sinks, offshore-, aerospace-, 
defense-, and electronic applications. 
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Lühikokkuvõte 
Lisandustehnoloogia teel valmistatud Mo-Mo(x)S(x+1) 
funktsionaalsed struktuurid inseneri- ja elektrokeemilistele 
rakendustele 

MoS2-põhised/integreeritud struktuurid on tuntud kandidaadid erinevatele 
elektrokeemilistele ja insenertehnilistele kasutusvaldkondadele, mida on valmistatud 
paljude tavapäraste ja ka lisandustehnikatega (AM). Uuendusliku uurimisvaldkonnana 
kasutatakse käesolevas töös esmakordselt selektiivset lasersulatamist (SLM), et 
üheaegselt kihistada MoS2 ja häälestada selle kristallograafilist struktuuri 2H/1T faasile. 
Pärast käesolevas väitekirjas väljatöötamist on SLM-tehnika abil võimalik in situ 
dispergeerida Mo2S3 nanoosakesi Mo(x)S(x+1)-ga integreeritud elektroaktiivsetesse 
nanokomposiitidesse, et tõsta genereeritud komposiidi elektrokeemilist jõudlust energia 
muundamise/salvestamise rakendustes. Teadustegevuse silmapaistva saavutusena 
saavutati 3D-prinditud Mo/MoS2/Mo2S3 nanokomposiitstruktuuride (SLM-Mo/Mo(x)S(x+1)) 
üheastmelise SLM-töötlusega materalide võimsustiheduse, pindala energiatiheduse, 
mahtuvuse ja laengu-tühjenemise stabiilsuse oluline paranemine.) kaubanduslikust 
toorainest ilma keerukate või kulukate eel- või järeltöötlusetappideta.  

Seoses MoS2 iseloomulike omaduste ja Mo ainulaadsete omadustega võib MoS2 
lisamine kõrgtemperatuursele ja kõvale Mo metallile oluliselt hõlbustada erinevate  
Mo-MoS2 segude prinditavust ja märkimisväärselt leevendada pragude teket ja defekte 
SLM-tehnikaga töödeldud Mo/MoS2/Mo2S3 mikrovõre komposiitstruktuuride 
mikrostruktuuris. Sulavannis dissotsieerunud MoS2 ja reaktsioon ning faasimuutus  
MoS2-st Mo2S3-ks võivad põhjustada peeneid omavahel haakuvaid ekviaksiaalseid 
terasid. Mikrostruktuuri peenenemine ja võrepingete leevenemine koos 
tekstuurikoefitsiendi (TC) pideva säilitamisega andsid tulemuseks peaaegu pragudeta 
mikrovõre struktuurid. Need struktuurid olid vastupidavad 0.1 M NaCl (pH = 5.4) ja  
0.1 M Na2SO4 (pH = 5.4) mikrovõrestiku Mo/MoS2/Mo2S3 komposiitstruktuuride pinge-
korrosioonipragunemisele (SCC) ja pinna oksüdatsioonikorrosioonile.  

Need esialgsed tulemused annavad aluse põhjalikule uurimisele 2D-materjalide laseri 
abil töötlemise kohta, et toota mitmesuguseid jätkusuutlikke ja funktsionaalseid  
3D-prinditud komponente, millel on parem korrosioonikindlus ja vastupidavus kõrgele 
temperatuurile, eriti energia muundamiseks/salvestamiseks, uudseteks naatriumioonide 
energiasalvestusrakendusteks, pooljuhtide baasil jahutusradiaatoriteks ning, avamere-, 
kosmose-, kaitse- ja elektroonikarakendusteks. 
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Publication I 
N. Alinejadian, P. Wang, L. Kollo, K.G. Prashanth, Selective Laser Melting of Commercially 
Pure Molybdenum by Laser Rescanning, 3D Print. Addit. Manuf. 00 (2022) 1–7. 
https://doi.org/10.1089/3dp.2021.0265. 
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Appendix 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
N. Alinejadian, L. Kollo, I. Odnevall, Progress in additive manufacturing of MoS2-based 
structures for energy storage applications – A review, Mater. Sci. Semicond. Process. 
139C (2022) 106331. https://doi.org/10.1016/j.mssp.2021.106331. [adapted with 
permission from Elsevier dated May 12, 2022 (Fleischmann et al., 2020)] 
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@�8{z@|{,,H.2*+1-)/1-(.,(5,.*�1:)*.*'/1-(.,3/.45/614'-.),3*1�(0+,5(',1�*,='(6*++-.),(5,54.61-(./>,3/1*'-/>+,/.0,(55*'-.),='(0461+,A-1�,-3='(2*0,=*'5('3/.6*�54.61-(./>-1-*+,�/+,/>A/<+,;**.,/,6�/>>*.)*,-.,1*'3+,(5,*.*')<,*5�6-*.6<D,6(+1:*55*61-2*.*++D,/.0,*6(:5'-*.0>-.*++�,@00-1-2*,3/.45/614'-.),�@7�,/11'-;41*+,1(,'/=-0,='(1(1<=-.),1*6�.-�4*+,1�/1,='(2-0*,.*A,(==('14.-1-*+,1(,1*+1,.*A,6(.6*=1+,/.0,0*+-).,6(3=>*�,��,+1'4614'*+,5'(3,3*1/>+D,6*'/3-6+D,/.0,6(3=(+-1*+�,7('*(2*'D,/+,/,A*>>:�.(A.,1'/.+-1-(.,3*1/>,0-6�/>6()*.-0*D,7(><;0*.43,0-+4>�0*,�7(89�,-+,/,1A(:0-3*.+-(./>,�9��,3/1*'-/>,A-1�,(41+1/.0-.),*>*61'(6�*3-6/>D,=�<+-6/>D,/.0,3*6�/.-6/>,='(=*'1-*+,1�/1,3/�*,-1,/,=(1*.1-/>,6/.0-0/1*,5(',*.*')<,+1('/)*,*>*61'(0*+,2-/,-.1*'6/>/1-(.,(5,0-55*'*.1,��D,F-�D,B/�D,/.0,G�6/1-(.+�,H.,1�-+,'*2-*AD,A*,0-+64++,1�*,*�-+1-.),6(.2*.1-(./>,7(89:='(6*++-.),3*1�(0(>()-*+,/.0,6(3=/'*,1�*3,A-1�,1�*,.(2*>,/00-1-2*,3/.45/614'-.),='(6*++*+,�*+=*6-/>><,>/+*':;/+*0,=(A0*',;*0,54+-(.��,{�*,/41�('+,/'*,6(.2-.6*0,1�/1,1�*,='(6*++-.),(5,='(3-.*.1,7(89:;/+*0,54.61-(./>,+1'4614'*+,;<,1�*,.(2*>,/00-1-2*,3/.45/614'-.),='(6*++*+,6/.,='(2-0*,6(3=>*�,+1'4614'*+,5(',0-55*'*.1,*>*61'(6�*3-6/>,/==>-6/1-(.+D,=/'1-64>/'><,5(',*.*')<,6(.2*'+-(.�,+1('/)*,+<+1*3+�,,,��������������,7(><;0*.43,0-+4>�0*,�7(89�D,/,A-0*+='*/0,3/1*'-/>,/+,3(><;0/1*,-.,./14'*D,;*>(.)+,1(,/,6>/++,(5,/02/.6*0,.*�1:)*.*'/1-(.,3/1*'-/>+,6/>>*0,1'/.+-1-(.,3*1/>,0-6�/>6()*.-0*+,�{7�+�,��?���,7(89,A-1�,0-55*'*.1,+1'4614'*+,(55*'+,+1'(.),6(2/>*.1,;(.0+,;*1A**.,1�*,7(,/.0,8,/1(3+,/.0,A*/�,2/.,0*',�//>+,5('6*,;*1A**.,1�*,>/<*'+D,/>>(A-.),1�*3,1(,;*,3*6�/.-6/>><,+*=/'/1*0,/.0,5('3-.),9�,+�**1+,(5,7(89�,z*6*.1><D,'*+*/'6�*'+,�/2*,5(64+*0,(.,1�*,-3='(2*3*.1,(5,1�*,54.61-(./>-1-*+,/.0,;'(/0*.*0,1�*,/==>-6/1-(.,(5,.(2*>,)'/=�*.*:>-�*,9�,3/1*'-/>+,����,�4*,1(,1�*,0-'*61,;/.0)/=D,7(89,�/+,/,)'*/1,/02/.1/)*,(2*',)'/=�*.*,-.,+*2*'/>,/==>-6/1-(.+,+46�,/+,=�(1(0*1*61('+D,+(>/',6*>>+D,6�*3-6/>,+*.:+('+D,+4=*'6/=/6-1(',*>*61'(0*+D,�/>>*<1'(.-6,0*2-6*+D,(=1-6/>,+*.+('+D,/.0,�*>0:*55*61,1'/.+-+1('+,����,��,;4>�,3/1*'-/>+,3/<,'*2*/>,+-3->/',='(=*'1-*+,6(''*+=(.0-.),1(,1�*-',9�,6(4.1*'=/'1+,����,7(89,�/+,/,3*>1-.),=(-.1,(5, ��¡�,¢|,/.0,£(4.)¤+,3(04>4+,(5,¥���,¦¥�¥¥§,{&/�,7(.(>/<*',7(89,-+,/,1<=-6/>,+1/;>*,*�-+1-.),+*3-6(.0461(',3/1*'-/>,A-1�,

/,0-'*61,;/.0)/=,(5, ��¡,*�,A�-6�,3/�*+,-1,/02/.1/)*(4+,6(3=/'*0,1(,)'/=�*.*,A-1�,̈*'(,;/.0)/=,�9D�D©��,{�-+,+=*6-�6,='(=*'1<,3/�*+,7(89,/,='(3-+-.),.*�1:)*.*'/1-(.,3/1*'-/>,-.,/==>-6/1-(.+,+46�,/+,+A-16�-.),0*2-6*+D,(=1(*>*61'(.-6,0*2-6*+D,+1'*16�/;>*,*>*61'(.-6+D,/.0,*.*')<,6(.2*'+-(.�+1('/)*,�§?�¥��,|(.+-0*'-.),1�*,/02/.1/)*+,/.0,=(1*.1-/>,(5,7(89,/+,/,.*�1:,)*.*'/1-(.�;*.6�3/'�,3/1*'-/>D,*+=*6-/>><,-.,1�*,�*>0,(5,*.*')<,+1(':/)*D,-1,�/+,;**.,A-0*><,='(6*++*0,/.0,+140-*0,4+-.),/,2/'-*1<,(5,6(.:2*.1-(./>,3*1�(0+,���?9©��,�(A*2*'D,0'/A;/6�+,'*>/1*0,1(,1�*,='*=/'/1-(.,/.0,='(6*++-.),(5,7(89:;/+*0,+1'4614'*+,A-1�,6(.2*.1-(./>,3*1�(0+,�/2*,>-3-1*0,1�*-',-.04+1'-/>,/==>-6/1-(.+�,8*2*'/>,@7,1*6�:.-�4*+,�/2*,;**.,-.1'(046*0,1(A/'0,1�*,*>-3-./1-(.,(5,0'/A;/6�+,(5,6(.2*.1-(./>,3*1�(0+,='*2-(4+><,4+*0,5(',='(6*++-.),9�,3/1*'-/>+,�9§?�9�,+46�,/+,7(89:;/+*0,=/'1+,/.0,+1'4614'*+,5(',*.*')<,+1('/)*,+<+1*3+,��§D�¡D��?�¡��,�(A*2*'D,1�*'*,+1->>,*�-+1,+(3*,0'/A;/6�+,'*)/'0-.),1�*-',3*6�/.-+3+�,@7,='(6*++*+,+46�,/+,>/+*':;/+*0,=(A0*',;*0,54+-(.,�F:&�~�,6/.,(2*'6(3*,+(3*,(5,1�*,0'/A;/6�+,�*�)�D,>/6�,(5,E|(''*+=(.0-.),/41�('�,�*=/'13*.1,(5,7*6�/.-6/>,/.0,H.04+1'-/>,}.)-.**'-.)D,{/>>-..,ª.-2*'+-1<,(5,{*6�.(>()<,�{/>{*6��D,}�-1/C/1*,1**,�D,�«¥¡©D,{/>>-..D,}+1(.-/�D,]sPMWX,MYYNK\\K\�,.�/>-.*C/0-/.¬(41>((��6(3D,./2-0�/>-.*C/0-/.¬1/>1*6��**,�B�,@>-.*C/0-/.��,,

|(.1*.1+,>-+1+,/2/->/;>*,/1,86-*.6*�-'*61,7/1*'-/>+,86-*.6*,-.,8*3-6(.0461(',&'(6*++-.),®̄°±²³,́®µ¶·²̧¶¹,ººº»¶³¼¶½¾¶°»¿®µÀ³®¿²Á¶Àµ¼¼·,

�11=+Â��0(-�(')��¥��¥�©�C�3++=�9¥9���¥©���,z*6*-2*0,�¥,@4)4+1,9¥9�Ã,z*6*-2*0,-.,'*2-+*0,5('3,9�,8*=1*3;*',9¥9�Ã,@66*=1*0,��,B(2*3;*',9¥9�,,,
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Appendix 3  
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for energy conversion/storage applications, Sci. Rep. 12, 5030 (2022). 
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�����������cVTUUSU[�NRNVLfQU�\SVfQ]VQen�S\T[N]�QP�����eXfN�bQ�eQglNfq�����RTnNfNl��bQcd�eQglNfq�TUl�����bQabQcd�eQglNf�\SOLXfN�PNNl]LQVmY�� ��¡TfLSVRN�]StN�lS]LfŜXLSQU�eRQL�QP�bQ�TUl��bQcd�eQglNf]�̂T]Nl�QU�MS[MafN]QRXLSQU�]VTUUSU[�NRNVLfQU�\SVfQ]VQen�S\T[N]�QP�����RTnNfNl��bQcd�eQglNf�TUl��¢��LMN�bQabQcd�\SOLXfN�PNNl]LQVmY
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DEFGHI�JKKL�MNOOKPQ�RGSGTUV�RWG�UE�UXG�KPVWYTKGPU�KZDEVGR�GPGHQ[�RGPVKU[�GKUXGH�NU�XKQX�VTNP�VDGGRV�EH�OEF�ONVGH�DEFGHVI�NPR�JKKKL�E\GH�ZGOUKPQ�ES�UXG�DEFRGH�MGR�NU�XKQX�GPGHQ[�RGPVKUKGV�RWG�UE�MEUX�XKQX�ONVGH�DEFGH�NPR�OEF�VTNP��VDGGR]̂_�̀ G�ab�cde�ZKTHEQHNDX�SHEZ�RKfGHGPU�DEOKVXGR�VGTUKEPV�ES�cgeheEJiLcJijkL�KPRKTNUGR�N�VKZKONH�ZKTHEVUHWTUWHG�FXKTX�TNP�MG�NVTHKMGR�UE�UXG�EDUKZKlGR�gcc�JONVGH�DEFGH�ES�m]_n�o�NPR�N�ONVGH�VTNP�VDGGR�ES�n̂�ZZ��VpkL�HGVWOUKPQ�KP�N�HGONUK\GO[�VUNMOG�ZGOUhDEEO�FKUX�N�PGNHO[�TEPVUNPU�UXGHZNO�QHNRKGPU�RWHKPQ�UXG�cge�DHETGVV�JqKQ_�]NLarIan_�cTNPPKPQ�GOGTUHEP�ZKTHEQHNDXV�JcdeL�KOOWVUHNUG�UXG�GiSEOKNUKEP�ES�MWOs�]theEc]�KPUE�UXKP�kuheEc]�PNPEVXGGUV�NPR�UXG�RKVUHKMWUKEP�ES��eE]ca�PNPEDNHUKTOGV�KP�UXG�ZNUHKi�JqKQ_�]ML_�vEUX�UXG�MNTshVTNUUGHGR�JvcdL�NPR�UXG�VGTEPRNH[hGOGTUHEP�JcdL�ZKTHEQHNDXV�GOWTKRNUG�UXG�DHGVGPTG�ES�kuheEc]�ON[GHV�ES�OEF�RGPVKU[�JqKQ_�]TIRL_�wPRKTNUKPQ�KRGPUKTNO�lEPGVI�UXG�NHHEFV�KP�qKQ_�]T�NPR�UXG�RNVXGR�OKPGV�KP�qKQ_�]RI�TEPxHZ�UXG�DHGVGPTG�ES��eE]ca�PNPEDNHUKTOGV�TENOGVTGR�NU�UXG�OEFGH�DNHUVh�NPR�VGDNHNUGR�NU�UXG�UED�VWHSNTG�ES�UXG�PNPETEZDEVKUGI�RGOKZKUGR�M[�N�UHNPVDNHGPU�kuheEc]�ON[GH_�̀ G�TENOGVTGPTG�KV�NUUHKMWUGR�UE�DNHUKNO�HGZGOUKPQ�ES�UXG�VWMVGyWGPU�ON[GHV�RWHKPQ�UXG�ON[GHhFKVG�cge�DHETGVV_�tzhcde�ZKTHEQHNDXV�JqKQ_�]GL�HG\GNO�N�WPKSEHZ�RKVUHKMWUKEP�ES��eE]ca�PNPEDNHUKTOGV�VKlGR�MGUFGGP�]n�NPR�n{�PZ_�̀ G�VDXGHKTNO�DNHUKTOG�ZEHDXEOEQ[�KV�NUUHKMWUGR�UE�UXG�XKQX�VWHSNTG�UGPVKEP�MGUFGGP��eEc]�NPR��eE]ca�RWG�UE�\NH[KPQ�eE|c�HNUKEV�NPR�UXG�UGPRGPT[�ES�HGVEOKRKxGR�PNPEVUHWTUWHGV�UE�HGRWTG�UXGKH�VWHSNTG��GPGHQKGV]n_`G�}hHN[�RKfHNTUKEP�J}zbL�DNUUGHPV�\GHKxGR�UXG�DWHKU[�ES�eE�NPR��eEc]�MEUX�MGSEHG�NPR�N~GH�UXG�ZKiKPQ�DHETGVV�JqKQ_�aNL_�̀ G�OEFhKPUGPVKU[�}zb�DGNsV�TEPxHZ�UXG�DHGVGPTG�ES��eE]ca�NOEPQ�FKUX�DWHG�ku|]theEc]�TH[VUNOOEQHNDXKT�DONPGV�JqKQ_�aML_�vEUX�UXG�GiSEOKNUKEP�NPR�UXG�DXNVG�UHNPVSEHZNUKEP�ES�]theEc]�HGVWOUGR�KP�RKShSHNTUKEP�DGNsV�HGONUGR�UE�UXG�{{k�DONPG�ES�kuheEc]�J]����k{_r�n�L�_�wOOWVUHNUGR�KP�qKQ_�aTI�UXG�MHENRGPKPQ�NPR�MOWG�VXK~�ES�UXG������NPR�����zNZNP�DGNsV�SHEZ�âr��TZpk�J������L�NPR�r{���TZpk�UE�â{��TZpk�NPR�r{m��TZpkI�HGVDGTUK\GO[I�TEPxHZ�UXG��R�����ONVGHhNVVKVUGR�UXKPPKPQ�NPR�UHNPVSEHZNUKEP�ES�]theEc]�UE�N�SGFhON[GHGR�kuheEc]�NU�UXG�UGZDGHNUWHG�GOG\NUGR�NME\G�mn{����]nI]m_�vGVKRGVI�UXG�GiKVUGPTG�ES��eE]ca�PNPEDNHUKTOGV�FNV�\GHKxGR�M[�UXG�NDDGNHhNPTG�ES�UFE�VXEWORGHV�NVVETKNUGR�FKUX������NPR�����zNZNP�DGNsV�ES��eE]ca�NU�a�m��TZpk�NPR�r{a��TZpkI��HGVDGTUK\GO[]n_�[TOKT�\EOUNZZEQHNZV�J��L�VXEF�TEPVKRGHNMO[�GPXNPTGR�TWHHGPU�RGPVKUKGV�SEH�UXG�cgeheEJiLcJijkL�VNZDOG�TEZDNHGR�UE�MEUX�DWHG�eE�NPR��eEc]�GOGTUHERGV�JqKQ_�rNL_�bWG�UE�UXG�DHGVGPTG�ES�UXG��eE]ca�PNPEDNHUKTOGV�NV�FGOO�NV�UXG�ONVGHhMNVGR�UXKPPKPQ�NPR�TH[VUNOOEQHNDXKT�DXNVG�UHNPVSEHZNUKEP�ES��eEc]�SHEZ�]t�UE�kuI�KU�KV�G\KhRGPU�UXNU�UXG����OEEDV�HGUNKPGR�UXGKH�PGNHO[�HGTUNPQWONH�VXNDGV�G\GP�NU�XKQX�VTNP�HNUGV�Jk{{�Z���VpkL�JqKQ_�rML�_��WNVKhV[ZZGUHKTNO�UHKNPQOG�DOEUV�ES�UXG�QNO\NPEVUNUKT�TXNHQG�RKVTXNHQG�J��bL�NU�RKfGHGPU�TWHHGPU�RGPVKUKGV�HG\GNOGR�PGNHO[�k_{���KP�EWUDWU�\EOUNQG�G\GP�NU�N�TWHHGPU�RGPVKU[�ES�kn�Z���TZp]�SEH�UXG�cgeh��eEJiLcJijkL�GOGThUHERGV�JqKQ_�rTL_�tGHGKPI�FG�EMVGH\GR�TEPVKRGHNMOG�TNDNTKUNPTG�GPXNPTGZGPU�WD�UE�]{{{�T[TOGV�ES���b�NU�N�TWHHGPU�RGPVKU[�ES�̂�Z���TZp]_�̀ KV�TEPxHZV�NP�KPTHGNVGR�NHGNO�TNDNTKUNPTG�JSHEZ�rk�UE�k]k_]�Zq��TZp]L�NPR�N�RGTHGNVGR�Kz�\EOUNQG�RHED_�̀ G�GPXNPTGR�TNDNTKUNPTG�KPRWTGR�M[�KPTHGNVKPQ�UXG�PWZMGH�ES���b�T[TOGV�TNP�MG�NUUHKMWUGR�UE�SNTKOKUNUGR�KPUGHTNONUKEP�ES���Nj�TNUKEPVI�NTUK\NUKEP�ES�UXG�GOGTUHERG�UGiUWHGI�NPR�KZDHE\GR�GOGTUHKTNO�TEPRWTUK\KU[�JqKQ_�rRL_�wU�TNP�NOVE�MG�NVTHKMGR�UE�UXG�DGPGUHNUKEP�ES�GOGTUHEO[UG�KPUE�ZKTHEhXEOGV�ES�UXG�VUHWTUWHGI�

�������� ��cde�ZKTHEQHNDXV�ES�¡¢£�DEOKVXGR�VWHSNTGV�ES�cgeheEJiLcJijkL�JVTNOG�MNH���]n�¤ZLI�¡¥£�WPDEOKVXGR�UEDhVWHSNTG�KPTOWRKPQ�ONVGHhNVVKVUGR�GiSEOKNUGR�kuheEc]�PNPEVXGGUV�NPR��eE]ca�PNPEDNHUKTOGVI�¡¦£�XKQX�ZNQPKxTNUKEP�VGTEPRNH[�NPR�MNTsVTNUUGHGR�GOGTUHEP�ZKTHEQHNDXV�NTyWKHGR�SHEZ�UXG�DEOKVXGR�THEVVhVGTUKEP�KP�FXKTX�UXG�NHHEFV�KPRKTNUG�UXKP�UHNPVDNHGPU�kuheEc]�ON[GHV�NOEPQVKRG�TENOGVTGR��eE]ca�PNPEDNHUKTOGVI�¡§£�tzhcde�ZKTHEQHNDX�ES�UXG�DEOKVXGR�VWHSNTG�ES�cgeheEJiLcJijkL�KP�FXKTX�UXG�[GOOEF�RNVXGR�OKPGV�KPRKTNUG�TENOGVTGPTG�lEPGV�ES��eE]ca�PNPEDNHUKTOGVI�NPR�¡�£�XKQX�ZNQPKxTNUKEP�tzhcde�ZKTHEQHNDX�ES�N�THEVVhVGTUKEP�VXEFKPQ��eE]ca�PNPEDNHUKTOGV�FKUXKP�UXG�VUHWTUWHG�ES�UXG�PNPETEZDEVKUG_



��������	
������������������������� ����������	�		���	���
��� � !""#$%&&'()*(+,&-.*-./0&$�-1203.443.024-35

666�789:;<�=�>?@=A<79ABA=;<C�;9@?

DEFFGDDHIGJK�LFMHILMHNO�PGGQGR�GJGFMRSTLFMHIG�DHMGDU�LNP�QSDDHVJK�L�FSNMHNEGP�LFMHILMHSN�SW�DEVTJLKGRD�VGNGLMX�MXG�YZ[T[S\]̂Y\]_̀ �̂�DERWLFGabUacdeD�DXSfN�HN�gHOd�hGU�WLDMGR�iHNGMHF�SW�MXG�FXLROG�MRLNDWGR�LM�MXG�HNMGRWLFG�SjGRGP�VK�MXG�JLKGRGP�̀kT[SYlU�DGQLRLMGP�VK��[SlYa�NLNSQLRMHFJGDU�RGDEJMGP�HN�L�FSNDHPGRLVJK�JSfGR��mFM�\cndab�ô�LNP�L�pELDHTDGqHFHRFJG�DXLQG�SW�MXG�rKpEHDM�QJSM�SW�YZ[T[S\]̂Y\]_̀ �̂FSqQLRGP�MS�QERG�[Sd�sG�XHOXGR�DJSQG�SW�MXG�PHjEDHSN�HqQGPLNFG�HN�MXG�JSfTWRGpEGNFK�RGOHSN�WSR�YZ[T[S\]̂Y\]_̀ �̂FSqQLRGP�MS�QERG�ltT[SYlU�FSNuRqD�WLFHJHMLMGP�PHjEDHSN�LNP�LFFEqEJLMHSN�SW��rL_�FXLROGD�HNMS�MXG�PGWGFMTRHFX�̀kT[SYl�NLNSJLKGRD�fHMXHN�MXG�QSRSED�DERWLFG�\gHOd�hĜavd�wSqQLRHNO�MXG�YZ[T[S\]̂Y\]_̀ �̂GJGFMRSPG�VGWSRG�LNP�LxGR�lyyy�FKFJGD�zw{�HN�gHOd�hWU�DXSfGP�L�FSNDHPGRLVJK�PGFRGLDGP�PHLqGMGR�SW�MXG�pELDHTDGqHFHRFJG�SW�MXG�rKpEHDM�QJSM�\FXLROG�MRLNDWGR�RGDHDMLNFĜ�LM�XHOX�WRGpEGNFHGD�LD�fGJJ�LD�LN�HNFRGLDGP�DJSQG�SW�MXG�PHjEDHSN�HqQGPLNFG�HN�MXG�JSfTWRGpEGNFK�RGOHSNd�sHD�WERMXGR�IGRHWK�WLDMGR�

|}~�������������m{�QLMMGRND�SW�MXG�QERG�[S�QSfPGRU��[SYl�QSfPGRU�[ST[SYl�QSfPGR�qH]MERGU�LNP�YZ[T[S\]̂Y\]_̀ �̂DLqQJGDU�����qLONHuGP��m{�QGLiD�VGMfGGN�̀y���l����hy�DXSfHNO�MXG�QRGDGNFG�SW�̀kT[SYlU�ltT[SYlU�LNP��[SlYa�QXLDGD�HN�MXG�NLNSFSqQSDHMG�LNP�����mLqLN�DQGFMRL�fHMX�MXG�PGFSNISJEMGP�QRSuJGD�SW�̀kT[SYlU�ltT[SYlU�LNP��[SlYa�NLNSQLRMHFJGD�DXSfHNO�MXG�DXHx�HN�MXGHR�QSDHMHSNd

|}~���������JGFMRSFXGqHFLJ�FXLRLFMGRH�LMHSN�HN�L�ydn�[��rLlY�h������w��FERIGD�SW�QERG�[S�DXGGMU�QERG��[SYlU�LNP�YZ[T[S\]̂Y\]_̀ �̂VK�EDHNO�L�DFLN�RLMG�SW�ny�q���DT̀U�����FKFJHF�ISJMLqqSORLqD�WSR�PHjGRGNM�DFLN�RLMGD�WRSq�ỳ�MS�̀yy�q���D�̀U�����zw{�FERIGD�WSR�PHjGRGNM�FERRGNM�PGNDHMHGD�WRSq�a�MS�̀n�qe��Fq�lU�����PHDFXLROG�RGMGNMHSN�DMLVHJHMK�LxGR�nyyU�̀yyyU�̀nyyU�LNP�lyyy�FKFJGD�SW�zw{�LM�L�FERRGNM�PGNDHMK�SW�v�qe��Fq�lU�LNP�����rKpEHDM�QJSM�SW�QERG�[S�DXGGMU�QERG��[SYlU�LNP�YZ[T[S\]̂Y\]_̀ �̂HN�MXG�WRGpEGNFK�RLNOG�VGMfGGN��̀y�̀�t��MS�̀yy�it�U�����rKpEHDM�QJSM�SW�YZ[T[S\]̂Y\]_̀ �̂HN�MXG�WRGpEGNFK�RLNOG�VGMfGGN��̀y�̀�t��MS�̀yy�it��VGWSRG�LNP�LxGR�lyyy�FKFJGD�SW�zw{�LM�L�FERRGNM�PGNDHMK�SW�v�qe��Fq�ld
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>>>�?@ABCD�E�FGHEID?AIJIECDK�CAHG
LMNOPMQR�ST�PUO�MNPOVTWQO�QUWVXO�PVWNRTOV�WNY�TWQMZMPWPOY��[W\�MNPOVQWZWPMSN�MNPS�PUO�YOO]OV�WQPM̂O�RMPOR�WNY�R]WQOR�ST�OZOQPVSYO�_WPOVMWZR̀�VOR]OQPM̂OZà�ba�MNQVOWRMNX�PUO�Nc_bOV�ST�def�QaQZORghVOWZ�VWPO�QW]WbMZMPa�RPcYMOR�ST�PUO�ijklkSmnoimp\no�OZOQPVSYO�VÔOWZOY�QW]WQMPWNQO�VOPONPMSN�ST�qrs�ÔON�WP�W�RQWN�VWPO�ST�qt�_u��Rvp�mwwgpx�_y��Q_vzo�QS_]WVOY�PS�W�ZS{�RQWN�VWPO�ST�pt�_u��Rvp�m|rgp�_y��Q_vzog�}MR�MR�QSNRMYOVWbZa�UMXUOV�PUWN�PUOMV�QScNPOV]WVP�OZOQPVSYOR�]VSQORROY�ba�YM~OVONP�rf�]VMNPMNX�POQUNM�cOR�myMXg�qẀbog�ycVPUOV_SVÒ�WQQSVYMNX�PS�PUO��WXSNO�]ZSP�myMXg�qQò�PUO�ijklkSmnoimn\po�OZOQPVSYOR�S~OVOY�UMXUOV�]S{OV�mqrgrw�_���Q_vzo�WNY�ONOVXa�YONRMPa�mpgxx�_�U��Q_vzo�QS_]WVOY�{MPU�MNLl�OP�]VMNPOY�k�ONOlr�̀�WNY�XVW]UONOlbWROY��OZOQPVSYORpx̀p�̀wt̀�WR�{OZZ�WR�p�lkSiz�XVW]UONOlbWROY��OZOQPVSYORpwg������������������}O�RcQQORRTcZ�TWbVMQWPMSN�ST�ijkl]VSQORROY��kSiz�kSzir�OZOQPVSYOR�{MPU�W�VO_WVLWbZO�QW]WQMPM̂O�bOUŴMSV�QS_]WVOY�PS�SPUOV�rfl]VMNPOY�QScNPOV]WVPR�]VŜMYOR�W�NO{�]SRRMbMZMPa�PS�_WNcTWQPcVO�PUO�NOnP�XONOVWPMSN�ST�rfl]VMNPOY�OZOQPVSQUO_MQWZ�YÔMQORg��N�PUMR�RPcYà�{O�OZcQMYWPO�PUWP�W�UMXUlONOVXa�[Y��hd�ZWROV�QWN�RM_cZPWNOlScRZa�OnTSZMWPO�WNY�PcNO�PUO�RPVcQPcVO�ST��kSiz̀�YMRPVMbcPO�OZOQPVSWQPM̂O��kSzir�NWNS]WVPMQZOR�MNPS�PUO�RPVcQPcVO�ST�PUO�NWNSQS_]SRMPÒ�WNY�PUOVOTSVO�QSNRMYOVWbZa�ONUWNQO�PUO�]S{OV�YONRMPa�WNY�ONOVXa�YONRMPa�ST�rfl]VMNPOY�RPVcQPcVORg�}O�]VOZM_MNWVa�VORcZPR�]VS_SPO�TcVPUOV�VOROWVQU�SN�ZWROVlbWROY�]VSQORRMNX�ST�zf�NWNS_WPOVMWZR�TSV�W�{MYO�VWNXO�ST�TcNQPMSNWZ�RPVcQPcVOR�OgXg̀���eiì�UMXUlPO_]OVWPcVO�RSZMYlRPWPO�ONOVXa�QSN̂OVRMSN�RPSVWXO�RaRPO_R̀�WOVSR]WQO�]WVPR̀�WNY�XVOON�ONOVXa�RPSVWXO�YÔMQO�TWbVMQWPMSǸ�ÔON�MN�R]WQOg���������������������dWR�WPS_M�OY�]S{YOV�mdh�o�ST�QS__OVQMWZ�]cVO�_SZabYONc_�mkS̀���g��so�{WR�cROY�WR�PUO�TOOYRPSQL�PS�TWbVMQWPO�bSPU�PUO�QcVVONP�QSZZOQPSV�WNY�PUO�OZOQPVSWQPM̂O�NWNSQS_]SRMPOg��cVO�_SZabYONc_�YMRcZ�YO�]S{YOV�mz�lkSiz̀���g��s̀�iMX_W�hZYVMQUo�{WR�cROY�WR�TOOYRPSQL�TSV�ijk�]VSQORRMNX�ST�PUO�OZOQPVSWQPM̂O�NWNSQS_l]SRMPOg�h�_MnPcVO�ST�kS�WNY��kSiz�mzt�{Pgso�{WR�]VO]WVOY�ba�_MnMNX�TSV�x�U�WP�zt�V]_�PS�SbPWMN�W�US_SXONScR�_MnPcVO�myMXg�xẀYog�}O��[Wzi�w�m����gts̀�kOVQLo�WNY�cZPVW]cVO�{WPOV̀�{MPU�W�QSNYcQPM̂MPa�ST�p|gz�k�Q_�WNY�W�]��ST�xgq���tgp�WP�zq��è�{WR�cROY�PS�]VO]WVO�PUO�tgq�k��[Wzi�w�m]��qgq���tgpo�OZOQPVSZaPO�TSV�PUO�OZOQPVSQUO_MQWZ�MN̂ORPMXWPMSNRgh�ZWROV�RQWPPOVMNX�]WVPMQZO�RM�O�YMRPVMbcPMSN�WNWZa�OV�mj�ih̀�jhl�qt̀������h̀� W]WNo�{WR�cROY�PS�ÔWZcWPO�PUO�]WVPMQZO�RM�O�YMRPVMbcPMSN�ST�PUO�kS�WNY��kSiz�]S{YOVRg�h��OWZM�OV�d_b��ijklqt�YÔMQO�O�cM]]OY�{MPU�[Y��hd�ZWROV�{WR�cROY�TSV�ijk�]VSQORRMNX�ST�]cVO�kS�WR�W�RcbRPVWPO�QcVVONP�QSZZOQPSV�WNY��kSiz�kSzir�NWNSQS_]SRMPO�WR�PUO�OZOQPVSWQPM̂O�RPVcQPcVOg�}O�rpxj�RcbRPVWPO�]ZWPTSV_�{WR�cROY�PS�TWbVMQWPO�PUO�RW_]ZOR�WP�W_bMONP�QSNYMPMSNRg�jWROV�RMNXZO�RQWNNMNX�mjiio�{WR�QWVVMOY�ScP�WR�W�TcNQPMSN�ST�ONOVXa�YONRMPa�PS�SbPWMN�PUO�S]PM_M�OY�]VMNPMNX�]WVW_OPOVR̀�{UOVO�PUO�ONOVXa�YONRMPa�MR�YO�NOY�MN���g�mpo�{UOVO�¡�MR�PUO�ZWROV�]S{OV̀�¢�MR�PUO�ZWROV�RQWN�R]OOỲ�£�MR�PUO�UWPQU�YMRPWNQÒ�WNY�¤�MR�PUO�ZWaOV�PUMQLNORRg�}O�UWPQU�YMRPWNQO�WNY�ZWaOV�PUMQLNORR�{OVO�LO]P�QSNRPWNP�WP�tgtwq�__�WNY�tgtzq�__̀�VOR]OQPM̂OZag�}O�RQUO_WPMQ�ST�RMNXZO�ZWROV�RQWNNMNX�SN�W�]S{YOV�bOY�PS�TSV_�W�RMNXZO�UWPQU�UWR�bOON�MZZcRPVWPOY�MN�yMXg�xbg�QS__ONRcVWPOZa�RUS{N�MN�yMXg�xÒ�PUO�ZWROV�]S{OV�WNY�RQWN�R]OOY�{OVO�̂WVMOY�bOP{OON�zq�WNY��q���WNY�xq¥qqt�__��Rvp̀�VOR]OQPM̂OZag�}O�YMRLlRUW]OY�OZOQPVSYOR�{OVO�TWbVMQWPOY�ST�W�_MnPcVO�ST�kS�WNY��kSiz�mzt�{Pgso�ba�cRMNX�S]PM_M�OY�ijk�]WVW_OPOVR�mZWROV�]S{OV�v�xzgq���WNY�RQWN�R]OOY�v�|q�__��Rvpog�yMXcVO�xQ�MZZcRPVWPOR�PUO�QSNPMNcOY�RQWNNMNX�ST�]S{YOVlbOY�ZOWYMNX�PS�QSNRSZMYWPMSN�WNY�TSV_WPMSN�ST�SNO�ZWaOV�SNPS�PUO�]VÔMScRZa�]VMNPOY�WNY�RSZMYM�OY�RcblZWaOVR�mic]]ZO_ONPWVa��NTSV_WPMSNog��WQU�ZWaOV�QWN�QSNPWMN�W]]VSnM_WPOZa�pw�_X��kSizg�iUS{N�MN�yMXg�xT̀�bSPU�PUO�RMNPOVOY�]WVPMQZOR�MN�PUO�bScNYWVa�bOP{OON�_OZPOY�RSZMYM�OY�VOXMSN�mVOY�WVVS{o�WNY�cNl_OZPOY�]S{YOV�bOY�maOZZS{�WVVS{o�WNY�ŜOVZW]]MNX�ST�UWPQUOR�m̂OVPMQWZ�ZMNOR�MNYMQWPOY�ba�PUO�bZcO�WVVS{o�WVO�ÔMYONPg��WPQU�RM�O�mWo�WNY�UWPQU�ŜOVZW]�mW�v�¦no�UŴO�bOON�MZZcRPVWPOY�MN�yMXg�xb̀Q̀�VOR]OQPM̂OZag
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E�FGHIHJKLMIJFMJNH�OPQRS�THLFFS�UHIKVWXY�ZVF�[FH\�GJ�FG[\X�G]H�ĤHMG�J_�\L̂HIHWG�FLẀaH�aVFHI�FMVWWLẀ�NVIVKHGHIF�JW�G]H�FGVbLaLGX�J_�G]H�KHaG�NJJa�GJ�JNGLKLcH�G]H�de�NILWGLẀ�NVIVKHGHIF�OfL̀g�hHYg�EW�[aGIVFJWLM�bVG]�OijkdRRlmS�PnoS�pVaVXFLVY�ZVF�[FH\�GJ�NIHNVIH�VW\�\H̀VF�G]H�Rgq�p��rVQjst�HaHMGIJaXGH�VF�ZHaa�VF�GJ�MaHVW�G]H�F[I_VMH�J_�G]H�deuNILWGH\�HaHMGIJ\HFg�E�FGVW\VI\�Nm�KHGHI�OvmpQwRS�oV\LJKHGHI�EWVaXGLMVaumVMxS�fIVWMHY�ZVF�[FH\�GJ�KHVF[IH�G]H�Nm�J_�G]H��rVQjst�HaHMGIJaXGHg�E�vEojlEl�pk�K[aGLM]VWWHa�NJGHWGLVGH\�OEpylyzS�vILWMHGJW�ENNaLH\�oHFHVIM]S�ijEYS�VW�È{Èka�IH_HIHWMH�HaHMGIJ\H�OEpylyzS�vILWMHGJW�ENNaLH\�oHFHVIM]S�ijEYS�VW\�V�vG�ZLIH�MJ[WGHI�HaHMGIJ\H�Okm|wwqS�km�|WFGI[KHWGF�|WMgS�ijEY�ZHIH�[FH\�_JI�G]H�HaHMGIJM]HKLMVa�FG[\LHFg�}H�F[I_VMH�VIHV�J_�G]H�ZJIxLẀ�HaHMGIJ\H�OVWJ\HY�ZVF�Rgdd��MKQg�kXMaLM�~JaGVKKHGIX�OkPY�ZVF�MVIILH\�J[G�[FLẀ�FMVW�IVGHF�bHGZHHW�wR�VW\�wRR�KP��F�w�LW�V�NJGHWGLVa�ZLW\JZ�bHGZHHW��wgw�VW\�RgQ�Pg�yaHMGIJM]HKLuMVa�NJGHWGLJFGVGLM�LKNH\VWMH�Oy|jY�KHVF[IHKHWGF�ZHIH�MVIILH\�J[G�LW�G]H�_IH�[HWMX�IVẀH�bHGZHHW��wR�w�mc�VW\�wRR�xmc�OfL̀[IH�jtbYg�UVa~VWJFGVGLM�M]VÌH�\LFM]VÌH�OUkeY�KHVF[IHKHWGF�ZHIH�MVIILH\�J[G�VG�\L̂HIHWG�M[IIHWG�\HWFLGLHF�OdS�tgqS�hS��S�wRS�VW\�wq�KE��MK�QYg�QRRR�MXMaHF�J_�Uke�VG�V�M[IIHWG�\HWFLGX�J_���KE��MK�Q�ZHIH�NHI_JIKH\�JW�G]H�HaHMGIJ\HF�GJ�H~Va[VGH�G]HLI�FGVbLaLGX�VW\�MVNVMLGX�IHGHWGLJWg�uIVX�\L̂IVMGLJW�O�oeY�FG[\LHF�ZHIH�MVIILH\�J[G�bX�[FLẀ�V�jKVIGaVb�OoL̀Vx[S��VNVWY�\L̂IVMGJKHGHI�H�[LNNH\�ZLG]�V�IJGVGLẀ���xn�k[�VWJ\H��uIVX�G[bH�ZLG]�k[uz�w�IV\LVGLJW�O����wgqtRh��YS�VW\�V�FLaLMJW�FGILN�\HGHMGJI�e{GH��iaGIVg��VFH\�JW�G]H�oL̀Vx[�\VGVbVFHS�|kee�MVI\�W[KbHIF��RR�qtdS�wqdw�hRS�VW\�wqdw�hR�ZHIH�FHaHMGH\�GJ�L\HWGL_X�G]H��oe�NVGGHIWF�J_�pJS��pJjQS�VW\��pJQjdS�IHFNHMGL~HaXg�oVKVW�KHVF[IHKHWGF�ZHIH�MVIILH\�J[G�[FLẀ�V�mJILbV��VboEp�mo�RR�KLMIJuoVKVW�FXFGHK�H�[LNNH\�ZLG]�V�MJJaH\�K[aGLM]VWWHa�kke�\HGHMGLJW�FXFGHK�LW�G]H�bVMxuFMVGGHILẀ�MJW�̀[IVGLJW�ZLG]�V�FNHMGIVa�IHFJa[GLJW�J_�w��MK�wg�E�r\��EU�aVFHI�O����qdQ�WKY�ZVF�[FH\�_JI�H�MLGVGLJW�ZLG]�V�aVFHI�FNJG�FLcH�\LVKHGHI�J_�VNNIJ�LKVGHaX�q��Kg�E�]L̀]uIHFJa[GLJW�FMVWWLẀ�HaHMGIJW�KLMIJFMJNH�OmoujypS�THLFF�pyo�|rS�UHIKVWXY�ZVF�HKNaJXH\�GJ�FG[\X�G]H�F[I_VMH�KJIN]JaJ̀X�J_�deuNILWGH\�FVKNaHF�LW�bJG]�bVMxuFMVGGHIH\�O�yY�VW\�FHMJW\VIX�OjyY�HaHMGIJW�KJ\HF�Oj[NaHKHWGVIX�|W_JIKVGLJWYg�����������������Eaa�\VGV�̀HWHIVGH\�JI�VWVaXcH\�\[ILẀ�G]LF�FG[\X�VIH�LWMa[\H\�LW�G]LF�N[baLF]H\�VIGLMaHS�VW\�G]H�\VGVFHGF�[FH\�VW\�VWVaXcH\�\[ILẀ�G]H�M[IIHWG�FG[\X�VIH�V~VLaVbaH�_IJK�G]H�MJIIHFNJW\LẀ�V[G]JI�JW�IHVFJWVbaH�IH�[HFGg�������������� ¡¢£¡¤��¥��¦�§���̈©����ª«�¬£¡���¥����®��������wg�p[FFVS��gS�E]KH\S�fgS�EIFVaVWS�pg�̄�EaF]VIVH]S�yg�lZJ�\LKHWFLJWVa�OQeY�IH\[MH\�̀IVN]HWH�J�L\H�OoUsY{]H�V̀JWVa�bJIJW�WLGIL\H�O]u�rY�bVFH\�WVWJMJKNJFLGHF�VF�VWJ\HF�_JI�]L̀]�GHKNHIVG[IH�IHM]VÌHVbaH�aLG]L[KuLJW�bVGGHILHFg�°±²³�́µ¶³�·̧S�w�wd�OQRQRYg�Qg��JJS�mg�egS�pVIxH~LM]S�ygS�jVaLGIVS�UgS�j]VIJWS�eg�̄�E[IbVM]S�eg�sW�G]H�M]VaaHẀH�J_�\H~HaJNLẀ�V\~VWMH\�GHM]WJaJ̀LHF�_JI�HaHMuGIJM]HKLMVa�HWHÌX�FGJIV̀H�VW\�MJW~HIFLJWg�¹º»µ¼³�½¾¿ºÀ�·ÁS�wwR�wQw�OQRwtYg

ÂÃÄÅÆÇ�ÈÉ��jM]HKVGLM�Laa[FGIVGLẀ�G]H�ÊËÌ�KL�LẀ�J_�pJ�VW\��pJjQ�NJZ\HIFS�ÊÍÌ�FLẀaH�aVFHI�FMVWWLẀS�VW\�ÊÎÌ�aVFHIubVFH\�_[FLJW�J_�G]H�NJZ\HI�bH\�ZLG]�NVIGLVa�IHKHaGLẀ�J_�G]H�NIH~LJ[FaX�FJaL\L�H\�aVXHIg�ÊÏÌ�jyp�LKV̀HF�J_�V�]JKJ̀HWJ[F�KL�G[IH�J_�pJ�VW\��pJjQ�NJZ\HIFS�ÊÇÌ�FGHIHJKLMIJ̀IVN]�J_�aVFHI�FLẀaH�FMVW�VF�V�_[WMGLJW�J_�HWHÌX�\HWFLGXS�VW\�ÊÐÌ�jyp�LKV̀H�J_�G]H�]Va_uKHaGH\�FVKNaH�F]JZLẀ�G]H�bJ[W\VIX�bHGZHHW�G]H�KHaGH\{FJaL\L�H\�OIH\�VIIJZYS�[WuKHaGH\�NJZ\HI�bH\�OXHaaJZ�VIIJZYS�VW\�]VGM]�J~HIaVN�\[ILẀ�MJWGLW[HF�FLẀaH�aVFHI�FMVWWLẀ�J_�NJZ\HI�bH\�Oba[H�VIIJZYg
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>>>�?@ABCD�E�FGHEID?AIJIECDK�CAHG�LM�NOOPQRSSRT�UM�VW�XYZ�[\�]O\̂ _̀abc�Pd�aQPef_̂\g̀_PgRS�SRc\b\f�abRg̀_a_Pg�̂\aRS�f_]ORS]Ph\g_f\�gRgP̀O\\àM�iXWZ�jkVlZ�mT�noLpnqr�sntuLvM�wM�xyT�zMT�x_yT�{MT�|P}T�~M��M����PQT�NMe{M{M��ga\bR]a_Pg̀��\aQ\\g�SR̀\b̀�Rgf�aQPef_̂\g̀_PgRS�abRg̀_a_Pg�̂\aRS�f_]ORS]Ph\g_f\̀M�jkVlZ����Z��V�Z��mT�nw�wpnrur�sntuovM�rM��S\_̀]Ô RggT��M�VW�XYZ��̀\yfP]R�R]_aRg]\���bP̂ �dygfR̂\gaRS�ygf\b̀aRgf_gh�aP�O_hO��PQ\b�\g\bhc�̀aPbRh\�̂Ra\b_RS̀M�jkVlZ��V�Z����T�oqL�poq�n�sntntvM�oM��S_g\�Rf_RgT��MT��PSSPT�xM����fg\�RSST��M�URa\b_RS̀�̀]_\g]\�_g�̀\̂ _]Pgfy]aPb��bP]\̀̀_gh��bPhb\̀̀�_g�Rff_a_�\�̂RgydR]ayb_gh�Pd��UP�ne�R̀\f�̀aby]ayb\̀�dPb�\g\bhc�̀aPbRh\�R��S_]Ra_Pg̀���b\�_\QM��XWV�Z����Z��Vl�����Z�����V��Z�� ¡T�utoLLu�sntnnvM�qM��]\b]\T�UMT�¢P_bcT�£M���NOOPQRSSRT�UM�U\aRSS_]�u|��OR̀\��UP�n�gRgP̀O\\à�R̀�̀y�\b]R�R]_aPb�\S\]abPf\�̂Ra\b_RS̀M�iXWZ�iX��WV�k��YZ���T�LuLpLu��snturvM��M�¤RghT��M�VW�XYZ�[b\\ef_̂\g̀_PgRS��UP�n�¥N�|¦§̈ ��g\aQPb}�]P̂ �P̀_a\̀�dPb�O_hOe�\bdPb̂Rg]\�©\ª_�S\�̀y�\b]R�R]_aPb̀M�jkVlZ�«�¬�Z�®Z�� T�LwL�pLwwo�sntuqvM��M�̄_̀̀\aaT�UM��MT��_gSP]OT��M��M���£bcd\T�§M��M�¤M�NORbR]a\b_°Ra_Pg�Pd��UP�nehbR�O\g\�]P̂ �P̀_a\̀�dPb�O_hOe�\bdPb̂Rg]\�]P_g�]\SS�ỳ�\b]R�R]_aPb̀M�«j��«±±YZ��XWV�Z�²�WV�³X�V��́T�uqL��puqL���snturvM�utM�µRghT�µMT��\_T�{MT�§yRgT�̈MT�¶_RghT�NM���|PybT�zM�UM�~fh\ePb_\ga\f��UP�n�gRgP�PbPỳ�·Ŝ �̀R̀�©\ª_�S\�\S\]abPf\̀�dPb�OcfbPh\g�\�PSyea_Pg�b\R]a_Pg̀�Rgf�̀y�\b]R�R]_aPb�f\�_]\̀M�«��Z��XWV�Z��̧T��uoLp�uo��sntuwvM�uuM�¤_g]O\̀a\bT��M�VW�XYZ�~S\]abP]O\̂_]RS�]ORbR]a\b_°Ra_Pg�Pd�S_¹y_f��OR̀\�\ªdPS_Ra\f�aQPef_̂\g̀_PgRS�SRc\b̀�Pd�̂PSc�f\gŷ �f_̀yS·f\M�«j��«±±YZ��XWV�Z�²�WV�³X�V��̧T�nunrpnuLt�sntuwvM�unM�NRPT�xM�VW�XYZ�£_b\]a�SR̀\be�Raa\bg\f�̂_]bPèy�\b]R�R]_aPb̀�dbP̂ ��R_gaR�S\��UP�n�·Ŝ M̀��lXYY�¡T�n�trpn�ut�sntuLvM�uLM�x_gT�ºM�VW�XYZ��PSya_Pge�bP]\̀̀R�S\�n£�̀\̂ _]Pgfy]aPb̀�dPb�O_hOe�\bdPb̂Rg]\�SRbh\eRb\R�\S\]abPg_]̀M�iXW�V�m̧�T�nrwpnr��sntu�vM�uwM��ORPT�µM�VW�XYZ�L£�]bŷ �S\f�ySabRaO_g�u|��UP�n�dPb�_g}�\a��b_ga_gh�Pd�Uhe_Pg�R̀ĉ \̂ab_]�̂_]bPèy�\b]R�R]_aPb̀M�«j��iX�����T�qLt�pqLu��sntntvM�urM�¤RghT�|M�VW�XYZ�L£��b_ga_ghe�R̀\f�]\SSySRb�̂_]bP\S\]abPf\̀�dPb�O_hOe�\bdPb̂Rg]\�R̀ĉ \̂ab_]�¹yR̀_èPS_fèaRa\�̂_]bPe�̀\yfP]Re�R]_aPb̀M�®Z��XWV�Z�jkVlZ�«�»T�uqw�puqro�sntntvM�uoM��PSSR̂_�£\S\}aRT��MT�xRyb_SRT�UMeUMT�U¼gac̀RSPT�UM���x_T�zM�£bc_ghê\f_Ra\f�̀\SdeR̀̀ \̂ �Sc�Pd�hbR�O\g\�dPb�_g}�\a��b_ga_gh�Pd�O_hOebRa\�̂_]bPèy�\b]R�R]_aPb̀M�iX��½������¾VWWZ���T�wt�sntntvM�uqM�x_T�zM�VW�XYZ��]RSR�S\�dR�b_]Ra_Pg�Rgf�_ga\hbRa_Pg�Pd�hbR�O\g\�̂_]bP̀y�\b]R�R]_aPb̀�aObPyhO�dySS�_g}�\a��b_ga_ghM�«j��iX�����T��nw�p�nro�sntuqvM�u�M�x_gT�µMT�̈RPT�µM����RgT�ºM��b_gaR�S\�dR�b_]Ra_Pg�Pd�gRgP]PbRSèaby]ayb\f�\S\]abPf\̀�dPb�O_hOe�\bdPb̂Rg]\�©\ª_�S\�Rgf��SRgRb�̀y�\be]R�R]_aPb�Q_aO�Rba_̀a_]�f\̀_hgM�«��Z��XWV�Z��¡T�up��sntuqvM�u�M�̈_RggR}PyT��MT�|R̀T�UM��MT�x\�̄Pbhg\T�̄M����O}ygP�T�UM�¤Ra\beabRg̀d\bb\fT�_g}�\ae�b_ga\f�̀y�\b]R�R]_aPb̀�aPQRbf�]PgdPb̂RS�Rgf�\�_f\b̂RS�\g\bhc�̀aPbRh\M�«j��«±±YZ��XWV�Z�²�WV�³X�V����T��wrop�wor�sntntvM�ntM�NOP_T��M�{MT�µPPT�zM�|MT�x\\T�NM��M���x\\T��M�µM��SSe_g}�\ae�b_ga\fT�̀PS_fèaRa\�©\ª_�S\�̀y�\b]R�R]_aPb̀�Pg��R�\bM�¬�V�¿À�¬������Z����Z�¡T�n�unpn�nu�sntuovM�nuM�NO\ghT�UMT�£\_�RgRcRhR̂T�§M����ORO�R°_RgeµR̀̀RbT�§M�L£��b_ga_gh�Pd�\S\]abP]O\̂_]RS�\g\bhc�̀aPbRh\�f\�_]\̀����b\�_\Q�Pd��b_ga_gh�a\]Og_¹y\̀�Rgf�\S\]abPf\¦\S\]abPSca\�Rb]O_a\]ayb\̀M�ÁXWWV�Z��±V��X±�� T�uLtpuwo�sntntvM�nnM�~hPbP�T�¢M�VW�XYZ�~�PSya_Pg�Pd�L£��b_ga_gh�̂\aOPf̀�Rgf�̂Ra\b_RS̀�dPb�\S\]abP]O\̂_]RS�\g\bhc�̀aPbRh\M�«��Z��XWV�Z� �T�upnq�sntntvM�nLM�ºORghT��M�VW�XYZ�L£��b_ga_gh�a\]OgPSPh_\̀�dPb�\S\]abP]O\̂_]RS�\g\bhc�̀aPbRh\M�iX���¬�V�¿À���T�wu�pwLu�sntuqvM�nwM�NR̀a\SSRgP̀ëP̂ \°T��M�VW�XYZ�xR̀\beaO_gg_gh�Pd�UP�n���g�f\̂ Rgf�h\g\bRa_Pg�Pd�R�̀_ghS\eSRc\b�̀\̂ _]Pgfy]aPbM�iX���¾VWWZ���T�Lu�qpLu�n�sntunvM�nrM��S\ªR}_T��MT��P̀aP�PySPyT��MT��chS\aPyT�UMT��\gRgR}_̀T�̈M����abRaR}_̀T�~M�Âg�\_S_gh�aO\�̀aby]ayb\�Pd��UP�ª�gRgP]bc̀aRS̀��bPfy]\f�y�Pg�SR̀\b�dbRĥ \gaRa_Pg�Pd��UP�n��SRa\S\àM�«j��ÃlV¿X� T�uoqn�puoqLw�sntu�vM�noM�{yT�xMT��ORgT�¶MT�¤yT�µMT�ºORPT�zM���xyT�¶M�xR̀\b�aO_gg_gh�Rgf��Raa\bg_gh�Pd��UP�n�Q_aO�SRc\be�ceSRc\b��b\]_̀_PgM����Z��V±Z�́T�up��sntuqvM�nqM�ºOPyT�¶M�VW�XYZ�Âb]O_geS_}\��UPn�L��b\�Rb\f��_R�R�̂PSa\g�̀RSa�R̀̀ _̀a\f�̂\aOPf�dPb�\Ä]_\ga�OcfbPh\g�\�PSya_PgM�jkVlZ�j�ll�Z�m�T�unquwpunquq�sntu�vM�n�M�¤RghT�£MT�µyT�NMT�URT�zMT�x_yT�¤M����O\gT�ºM�£\g̀_·]Ra_Pg�Rgf�]bR]}�̀y��b\̀̀_Pg�_g�̀\S\]a_�\�SR̀\b�̂\Sa_gh�Pd��yb\�̂PSc�f\gŷ M��XWV�Z�ÅV�Z���¡T�wwprn�sntuqvM�n�M�~fRT�̈M�VW�XYZ��OPaPSŷ _g\̀]\g]\�dbP̂ �]O\̂_]RSSc�\ªdPS_Ra\f��UP�nM�iX���¾VWWZ���T�ruuupruuo�sntuuvM�LtM�¤RghT�£M�VW�XYZ��OR̀\�\gh_g\\b_gh�Pd�R�̂ySa_�OR̀_]�u|¦n{��UP�n�]RaRSc̀a�dPb�O_hOSc�\Ä]_\ga�OcfbPh\g�\�PSya_PgM�®Z��XWV�Z�jkVlZ�«�mT�no�upno���sntuqvM�LuM�x_gT�µM�NMT�£ŷ ]\g]PT�£M��MT�{yRghT�µM��M����y\gRhRT��M��aP̂ _]�̂\]ORg_̀̂ �Pd�aO\�̀\̂ _]Pgfy]a_gheaPê\aRSS_]��OR̀\�abRg̀_a_Pg�_g�̀_ghS\eSRc\b\f��UP�nM�iXWZ�iX��WV�k��YZ�¡T�L�upL�o�sntuwvM�LnM�ºOyT�NM�VW�XYZ�L£��b_ga\f�dyg]a_PgRS�gRgP̂ Ra\b_RS̀�dPb�\S\]abP]O\̂_]RS�\g\bhc�̀aPbRh\M�iX���Æ��XÀ��mT�utqpunt�sntuqvM�LLM��Çbg\bT�NMT��aaRbT�~M���{\_gST��M�U\̀P̀]P�_]�̀_̂ySRa_Pg�Pd�̀\S\]a_�\��\R̂ �̂\Sa_gh��bP]\̀̀\̀M�®Z��XWV�Z�����V��Z�ÆV�k��YZ����T��q�p��q�sntuuvM�LwM�µyRgT�¤MT�NO\gT�{MT�NO\ghT�|M���¤\_T�ÈM�~É\]à�Pd�SR̀\b�̀]Rgg_gh�̀�\\f̀�Pg�f_É\b\ga�̀aRa\̀�Pd�aO\�̂PSa\g��PPS�fyb_gh�̀\S\]a_�\�SR̀\b�̂\Sa_gh���_̂ySRa_Pg�Rgf�\ª�\b_̂\gaM��XWV�Z�ÅV�Z��»¡T�ut�rwn�sntntvM�LrM�x\_a°T��M�{M�VW�XYZ�UySa_e�Oc̀_]RS�̀_̂ySRa_Pg�Pd�̀\S\]a_�\�SR̀\b�̂\Sa_ghM��VWZ���Ê�V���V±Z�́�T�LLupLL��sntuqvM�LoM��R°\̂ _T��M�{MT�{P̀ \̀_g°Rf\OT�̄MT��R°\̂ _T�{MT��_Rg_T�UM��M���{R�Ra_T��M��R]_S\�̀cgaO\̀_̀�Pd�̂_ª\f�̂\aRSePbhRg_]�dbR̂ \QPb}̀��~S\]abPf\�̂Ra\b_RS̀�dPb�̀y�\b]R�R]_aPb̀�Q_aO�\ª]\SS\ga�Rb\RS�]R�R]_aRg]\�Rgf�P�\bRa_PgRS�̀aR�_S_acM�«j��«±±YZ��XWV�Z�²�WV�³X�V����T�nLtoLpnLtqL�sntu�vM�LqM�̄RÔ Rg_T��M�VW�XYZ��NyUg�neb\fy]\f�hbR�O\g\�Pª_f\�gRgP]P̂ �P̀_a\�R̀�R�db\\èaRgf_gh�\S\]abPf\�dPb�O_hOe�\bdPb̂Rg]\�̀y�\b]Re�R]_aPb̀M�jkVlZ�¬�¿Z�®Z� ́mT�unu�oo�sntu�vM�L�M�x_T�µM�VW�XYZ�{_\bRb]O_]RS��UP�n�OPSSPQ�Rb]O_a\]ayb\̀�Q_aO�R�ygfRga�UP��R]Rg]_\̀�dPb�\Ä]_\ga�̀Pf_ŷ �̀aPbRh\M�«j��iX���� T�rrLLprrwt�sntu�vM�L�M�ºORghT�NM�VW�XYZ��ff_a_�\edb\\�U¶\g\�_g}̀�Rgf�f_b\]a��b_ga_gh�Pd�̂_]bPèy�\b]R�R]_aPb̀M�iXWZ�j�ll�Z���T�up��sntu�vM�wtM�x_T�xM�VW�XYZ�{_hOe�\bdPb̂Rg]\�̀PS_fèaRa\�̀y�\b]R�R]_aPb̀�Rgf�̂_]bP̀y�\b]R�R]_aPb̀�f\b_�\f�dbP̂ ��b_gaR�S\�hbR�O\g\�_g}̀M�«��Z�¬�V�¿À��XWV�Z�̧T�uott�t��sntuovMË�Ì��ÍÎ�ÏÐ�Ñ����£bM�xRyb_��PSSPT��bPdM�URRb�R�̈bP̀ �̀\bhT�Rgf�£bM��ShR�¢PSP�y�\�RT�Rb\�R]}gPQS\fh\f�dPb�aO\_b�b\̀\Rb]O�̀y��Pba�Rgf�a\]Og_]RS�f_̀]ỳ _̀PgM�£bM�¶yc_gh�¤Rgh�_̀�R]}gPQS\fh\f�dPb��bP�_f_gh�\S\]abPf\̀�Rgf�aPPS̀M��bPdM��bR̀ORgaO��PgfR̈P}ySfP̀ �̀_̀�R]}gPQS\fh\f�dPb�̀ORb_gh�O_̀�_g_a_RS�P�_g_Pg̀�Rgf��bP�_f_gh��PQf\b�d\\f̀aP]}M�£bM��\_�¤Rgh�_̀�R��b\]_Ra\f�dPb��bP�_f_gh��yb\�UP��PQf\bM�[\�b\̀\Rb]O�QR̀�dygf\f��c�aO\�~ybP�\Rg�§\h_PgRS�£\�\SP�̂ \ga��ygf�Ò��|§�oeoÓT�aO\�~̀aPg_Rg�~fy]Ra_Pg�Rgf�µPyaO�̄PRbf�Rgf�aO\�~̀aPg_Rg�̈P�\bĝ \ga�Ò]PgabR]a�gŷ �\b��rMuteoMu¦nu¦nLew�Rgf�rMuteoMu¦nu¦LnqenÓM
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