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ABSTRACT 

 

Hybrid composite nanomaterials have long been fabricated and extensively used in our 

daily lives. In the past decades, with rapid development of nanotechnology, these class of 

material have gained even more attention owing to their outstanding properties which 

directly results in their prospects to revolutionize technological development in many 

fields, ranging from medicine to electronics. Nevertheless, for certain applications, 

including electrochemical energy storage/conversion devices, the chemically inert nature 

of these materials creates obstacles and thus requires their coupling with other active 

species. This thesis explores the use of Laser Ablation Synthesis in Solution (LASiS) in 

tailoring promising strategies and pathways for the synthesis of hybrid nanocomposites in 

various carbonaceous matrices; more specifically, this dissertation presents (1) synthesis 

of metal-oxide/ reduced-graphene-oxide hybrid nanocomposites and the rational-design of 

their structure–property for selective improvements in electrocatalytic/ and or 

supercapacitive properties, (2) fabrication of nanoparticles within Metal-Organic 

Frameworks (MOFs) and characterization of their performance as electrocatalysts for 

Oxygen Reduction Reaction (ORR). For each synthetic route, a comprehensive analysis of 

reaction pathways, formation mechanisms and structure-property relationship is developed 

taking into account elemental, structural, physicochemical and morphological 

characterizations of the final products, setting the ground for the use of LASiS for rational 

design and synthesis of a wide library of diverse hybrid nanocomposites structures in 

future.  
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CHAPTER ONE  

MANUFACTURING OF CARBON-BASED NANOCOMPOSITES 

VIA LASER ABLATION SYNTHESIS IN SOLUTION (LASIS) 

 

 

Introduction   

 

The manufacturing and design of nanostructured materials (NSM) have gained tremendous 

interested over the past decades; many efforts have been made towards the development of 

methodologies and synthetic routes to enable the precise control over the 

physicochemical properties of these structures1-3. Quantum effects associated with the 

nanoscale along with the astonishing surface-to-volume ratio in NSM give this class of 

materials unique properties when compared to their bulk counterparts, opening the door 

for a multitude of novel applications in innumerous fields including medicine4-6, energy7-

10 and electronics11, 12. In that scenario, carbon-based nanostructures have been specifically 

investigated due to unique mechanical, chemical, electrical and thermal properties13, 14. 

Carbon atoms can covalently bond to each other in different hybridization states (sp, sp2 

and sp3), giving rise to a myriad of allotropes with unique properties including carbon 

nanotubes, fullerenes, graphene, buckyballs and graphite15. This versatility combined with 

the high abundance and availability of carbon in our planet have encouraged scientists and 

engineers from different fields of studies to continue the development and search for novel 

carbon-based materials. A major issue commonly faced, however, is closely related to the 

chemical inertness of pristine carbon materials; uses in certain sensing, catalytic and 

electrochemical systems such as energy storage and conversation system, for instance, 

would require these materials to chemically to interact with other components, which is 

impractical in many conditions16, 17. To address this, some researchers have relied on 

coupling these carbon-based nanostructures to other components, in particular 0D/1D 

metal and metal oxide nanomaterials, generating hybrid architectures with enhanced 

functionalities18-20. Nevertheless, the nanoscale in these materials also imposes another 
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central issue during the fabrication of such structures: in order to decrease the high surface 

energy arising from the high surface-to-volume ratio, nanomaterials in colloidal solutions 

commonly undergo agglomeration21,22. Other phenomena such as NMs electrostatic 

interactions, or hydrogen bonding can further exacerbate the agglomeration processes, 

compromising the novel properties of these materials23. As an attempt to tackle the 

aforementioned challenges, some synthesis routes often opt for surfactant or binding agents 

as a strategy of surface treatment, nevertheless, these agents can contaminate the active 

surface of NMs and strongly diminish their performance in practical applications24. To this 

end, relatively inexpensive, environmental-friendly, rapid and yet, high-throughput methods 

and synthetic routes for the fabrication of functional NSMs architectures, specifically, for 

carbon-based functional hybrid composites, allowing control over size, morphology and 

functionalities without the utilization of undesired binding agents/surfactants, are still limited. 

Laser-based synthesis of nanomaterials is emerging as a great candidate for the design of 

many hierarchical architectures based on functional NSM. This growing interest is a direct 

result of the many advances made in the past decade towards the better understanding of 

the mechanisms that drive the formation of materials under those conditions. The interest 

in this particular technique stems from the major advantages that the high-energy technique 

offers; the extreme temperatures and pressures in the interior of the laser-induced plasma 

plume favors non-equilibrium pathways which are inviable using conventional wet 

chemistry routes25. Although many studies have investigated the synthesis of different 

NSMs via LASiS26, 27, reports focused specifically the fabrication of NSM/carbon-based 

architectures are still elusive. 

   

Carbon-based nanomaterials   

    

The electronic configuration arising from their unique atomic arrangement gives to carbon 

the ability to form single, double or even triple covalent bonds among themselves or with 

other elements. These unique sp sp2 and sp3 hybridizations states, along with the potential 

of forming extensive molecular chains through polymerization, allows carbon to co-exist 

in nature in the form of many different thermodynamically stable arrangements15. 
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Diamonds, characterized by a sp3 hybridization state of carbon, and graphite, a typical sp2 

hybridization, are a few examples of the common forms of carbon allotropes that have been 

known by humankind for centuries. Despite the long familiarity of our society with carbon-

based materials, it was only a few decades ago, with the developments in the field of 

nanotechnology, that the unique properties of carbon allotropes in the nanoscale started to 

be investigated28. The discovery of graphene in 2004 by Andre Geim and Konstantin 

Novoselov is up-to-date one of the most significant breakthroughs in the history of carbon 

materials and has greatly motivated the interest on the research of carbon-based 

architectures within the international scientific community. Graphene is as an atom-thick 

two-dimensional (2D) sheet-like material consisting of sp2 hybridized carbon atoms 

arranged in a hexagonal (or honeycomb) structure15. This specific sp2 hybridized 

hexagonal structure can in fact serve as building-blocks to another nanoscale forms of 

carbon allotropes, such as carbon nanotubes and fullerenes18. Moreover, the unique 

electronic structure of graphene arising from the sp2 hybridization states along with the 

typical nanoscale dimensions give rise to its astonishing properties, including high specific 

surface area (up to 2630 cm2/g), high intrinsic electron mobility (up to 200,000 cm2/Vs), 

high thermal conductivity (up to 5000 W/mK), optical transmittance (up to 97.7%), 

chemical stability and quantum Hall effect at ambient temperature18. Such extraordinary 

features have triggered the curiosity of scientists and engineers and as a result, inspired the 

applications of graphene in a myriad of fields, ranging from electronics to biomedical 

sciences.  To this end, the reports and patents on the applications of graphene-based 

systems have experienced a significant increase in the past decade, with projections 

indicating the continuance of this rising trend in the next years29. Such facts demonstrate 

that the discovery of graphene has not only revolutionized the technological development 

in recent years, but it is also expected to contribute significantly to the scientific and 

technical progress over the next generations. Herein, the interested in exploring the 

fabrication of functional nanocomposites predominantly consistent of carbon-based nano-

architectures arises from the wide-availability of this element in the nature, combined with 

aforementioned remarkable properties resulting from the unique effects observed in the 

nanoscale form of these materials. 
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Laser Ablation Synthesis in Solution (LASiS)  

    

Fabrication of NSM are often characterized by techniques based on chemical synthetic 

routes   consisting of multiple stages, many of which involve precise control of synthesis 

parameters such as reaction temperature and pressure, requiring the use of a sophisticated 

experimental set-up2,30. Additionally, in these methodologies, common coalescence events 

driven by the characteristic high-surface energy of NSMs, often makes the use of 

surfactants or capping agents indispensable. To this end, NSMs obtained via such routes 

are frequently; (1) subject to surface contamination, requiring additional purification 

procedures before their applications in many systems, and (2) produced at the cost of a 

massive waste generation, creating practical challenges for their sustainable mass 

production. In this scenario, Laser Ablation Synthesis in Solution (LASiS) have gained 

increasing attention in the past years, owing mainly to its inherent low-cost, simple and 

environment friendly experimental operation. The LASiS experimental set-up basically 

consist of a high-energy laser source in which the generated-beam is aligned toward a 

liquid-immersed metal target. Commonly, pulsed-laser beams are utilized for the purposes 

of nanomaterials fabrication via LASiS, continuous-wave (CW) laser sources, on the other 

hand, are generally limited secondary post-processing techniques. During the LASiS 

procedure, the liquid-immersed metal target is subjected to an incoming high-energy 

pulsed laser beam; which induces the thermal evaporation of this metal phase, giving rise 

to a liquid-confined plasma plume. As the resulting plasma-plume expands into the liquid 

environment, a cavitation bubble is generated, which in turn also expands until, after 

hundreds of microseconds, it finally collapses. In terms of temporal evolution, the events 

that lead to the formation of the LASiS-based NSMs are immediately initiated at the 

emergence of the aforementioned plasma plume. The supersaturation of the metal 

monomers arising from the drastic conditions in the laser-induced plasma plume 

(temperatures and pressures close to 103 K and 106 Pa, respectively) leads to the formation 

of a secondary-phase through the nucleation phenomena31-34. In fact, these extreme 

conditions can promote non-equilibrium pathways, resulting in the formation of metastable 

species that are unconceivable through alternative techniques 31. Following the nucleation 
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events, a growth stage progresses until the just-formed NSMs are ejected into the solution 

due to the collapse of the cavitation bubble. Once in solution, the stabilization of the 

LASiS-formed NSMs is obtained by the virtue of mutual repulsive interactions arising 

from their inherent plasma-generated charge screening effects. This specific mechanism 

eliminates the requirement for any surfactant or capping agent, thus avoiding the above-

mentioned complications associated to their use.  Despite the many advantages in the 

fabrication of NSMs via LASiS over conventional methodologies, a few particular 

drawbacks are also generally associated to this technique. The limited selection in terms of 

the LASiS target-solution pair, for instance, imposes crucial obstacles in controlling the 

composition of all LASiS-derived NSMs. To address this issue, Mukherjee et al. recently 

developed the Laser Ablation Synthesis in Solution-Galvanic Replacement Reaction 

(LASiS-GRR) technique (Pat. No.: US 2017/0296997 A1), characterized by the 

incorporation of ionic species in the initial liquid solution, which subsequently, can partake 

chemical-redox pathways at the plasma-liquid interface during the ablation process, giving 

rise to the formation of NSMs with selected elemental compositions35. 

 

Application of LASiS-synthesized nanocomposites  

    

The increasing global demand for clean and sustainable energy sources has triggered 

significant impetus towards the research and development of electrochemical energy 

storage and conversion systems such as anion exchange membrane fuel cells (AEMFCs) 

and supercapacitors36,37. Although the very elegant operation mechanism inherent of fuel 

cell devices holds a great promise in terms of sustainable energy conversion, the typical 

rate-determining and sluggish oxygen reduction reactions (ORR) at the cathode creates the 

need for highly active and cost-effective catalysts, resulting in obstacles in terms of the 

large-scale utilization of such devices38. On the other hand, supercapacitors, including 

electrochemical double-layer capacitors (EDLCs) and faradaic supercapacitors (pseudo-

capacitors), have concurrently gained prominence due to their superior power densities and 

longer life cycles comparing with typical batteries, however, despite such remarkable 

features, these devices are still generally characterized by much lower energy densities than 
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traditional energy storage methodologies, which in turn imposes innumerous constraints in 

terms of their practical applications39.  In this regard, the aim of this dissertation is to 

efficiently apply LASiS in the rational design of nanocomposites predominantly consistent 

of earth-abundant elements, namely carbon, oxygen and transition metals, for 

enhancements in the above-mentioned energy storage and conversion systems. To this end, 

a brief description of the operation mechanism as well as particularities of each application 

system assessed in this dissertation is presented in the following sections. 

 

Anion Exchange Membrane Fuel Cells (AEMFCs)  

Anion exchange membrane fuel cells (AEMFCs) are electrochemical devices that have the 

ability to convert the chemical energy, from fuel and oxidizers, into electricity, generating 

water as a by-product40. This process is achieved through two semi-redox reactions, the 

oxygen reduction reaction (ORR) at the cathode (Reaction 1), and the hydrogen oxidation 

reaction (HOR) at the anode (Reaction 2)41. In this configuration, hydrogen gas is supplied 

in the anode, where it reacts with hydroxyl species generating water and producing four 

free electrons. The electrons are then transported to the cathode through an external circuit, 

where along with oxygen, and water they partake in the ORR reaction, generating a 

hydroxyl radical as the final product40-41.  As compared to the different variations of fuel 

cell devices, such as polymer exchange membrane fuel cells, for instance, AEMFCs exhibit 

a few advantages, including superior reaction kinetics, higher energy efficiency and lower 

operating temperatures42. Despite the great potential of fuel cells towards sustainable 

energy generation, a few intrinsic limitations of these systems still constrain their 

widespread utilization. 

𝐴𝑛𝑜𝑑𝑒 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (1) 𝐻2 + 2𝑂𝐻−  → 2𝐻2𝑂 + 2𝑒− 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (2)  𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−  

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑒𝑙𝑙 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (3)  2𝐻2 + 𝑂2 → 2𝐻2𝑂 

One of the major challenges in such devices is related to the unfavorable 

thermodynamically conditions, typical of ORR pathways. The sluggish kinetics of this 
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reaction makes the use of electrocatalysts indispensable for the practical applications of 

fuel cells41. At this stage, materials based on metallic platinum (Pt) are commonly regarded 

as the most efficient electrocatalysts towards ORR43, 44, however, the low availability and 

inherent high-cost of this element along with its low-stability under the common fuel cell 

operational conditions, impose critical limitations in terms of the large-scale utilization of 

such materials45.  To this end, many efforts have been made toward the design of ORR 

electrocatalysts that can reduce the utilization of Pt, as well as endure the typical fuel-cell 

operational conditions, while maintaining their overall performance. Fig. 1.1 illustrates the 

operation mechanism of a typical AEMFCs, the anion exchange membrane between the 

electrodes serves as a both; separator and ionic conduction media. Additionally, catalyst 

and gas diffusion layers are present in each one of the electrodes. 

 

Supercapacitors  

Supercapacitors (or ultracapacitors) are energy storage devices characterized by much 

higher energy density than conventional capacitor systems46. The increasing attention on 

these devices stems for their ability to undergo multiple charge-discharge processes at 

ultrafast rates, resulting in the production of astonishing amounts of power, which in turn 

could potentially serve as the efficient power-source for many electric-based systems46. In 

fact, the intrinsic power-density of a typical supercapacitor can overcome a state-of-art 

battery by orders of magnitude, however, in terms of energy-density, the correlation is the 

opposite; the charge-storage capacity of supercapacitors is typically much inferior to ones 

observed in batteries47. To address this issue, many efforts have been made focusing on the 

design of novel-materials for enhancements in the overall capacitance of these 

aforementioned devices. The rational design of materials to compose the electrode of 

supercapacitors must be, in fact, inspired by the operation mechanism that is intended for 

the resulting device. In reality, supercapacitors can be classified based on their operational 

energy-storage mechanism as either electrochemical double layer supercapacitors 

(EDLCs), or faradaic supercapacitors (commonly denoted as pseudocapacitors) 48. EDLCs 

are characterized by the energy-storage via the charge separation across a thin interface 

between an electrolyte and the electrode, this later commonly composed of a highly porous 
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Figure 1.1. Typical AEMFC working principle 
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material49, 50. Faradaic supercapacitors, on the other hand, rely on charge-transfer processes 

arising from Faradaic reactions between the electrode material and the electrolyte, 

presenting similarities to batteries from a mechanist operational perspective51, 52. Although 

the design of a supercapacitor is determined by the particularities of its configuration, the 

use of nanoscale-based materials have demonstrated to greatly enhance the intrinsic 

features of devices from both classifications51, 53-55. 

 

LASiS experimental set-up and methodologies   

    

In terms of experimental set up, the fabrication of all the nanocomposites reported in this 

dissertation were carried out through a system consisting of a laser-source along with an 

in-house-built jacketed-reactor cell, as schematically represented in Fig. 1.2. Specifically, 

Q-switched Nd:YAG pulsed laser source was utilized (Manufacturer: Brilliant Inc.; Model: 

Brilliant Easy) providing a laser beam with wavelength of 1064 nm and 4ns long pulses 

with an energy of 330 mJ per pulse at a repetition rate of 10 Hz. The generated beam is 

focused on the surface of a specific metal target, which in turn is immersed in the selected 

liquid solution. The metal target-liquid pair is contained in the interior of a sealed stainless 

steel jacketed-reactor cell, the temperature in the core of the reactor-cell can be precisely 

determined through a connected-thermostat, and subsequently controlled by means of 

circulation of heating-exchange fluids (hot or cold water) through the external walls of this 

compartment. A high damage threshold tested laser window is used to seal reaction-cell, 

while the two-perforating canals allow selected-purge gases (commonly high-purity N2) to 

flow in-and-out of the system.  

 

Dissertation Outline   

    

The main goal of this dissertation is to investigate the fabrication of functional carbon-

based hybrid nanocomposites via LASiS, specifically focusing on the systematic synthesis–

structure–property characterizations and their relationship in the performance of these materials 
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for applications in selected electrochemical energy storage and conversion systems, namely 

oxygen reduction reaction (ORR) catalysis and faradaic supercapacitive devices. As illustrated 

in Fig. 1.3, this study proposes two main synthesis routes: (1) Fabrication of reduced graphene-

oxide (rGO)/Metal Oxide hybrid nanocomposites and (2) Synthesis of Metal-Organic 

Framework (MOF) and their functional composites. For each case, this work aims towards the 

fundamental understanding of the role of solution-phase parameters (e.g., reagents 

concentration and temperature) along with laser properties in driving the chemistry for the 

formation process during LASiS. Furthermore, structural, elemental and morphological 

characterizations are proposed in order to gain a deep understanding of the synthesis–structure–

property relationship of the final products. 
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Figure 1.2. Schematic representation of LASiS experimental set-up 

 
 
 
 

 

Figure 1.3. Outline of the current dissertation  
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CHAPTER TWO  

LASER-INDUCED SYNTHESIS OF ZIF-67: A FACILE APPROACH 

FOR THE FABRICATION OF CRYSTALLINE MOFS WITH 

TAILORED SIZE AND GEOMETRY 

        

  

This chapter is based on the submitted article: “Laser-induced synthesis of ZIF-67: a 

facile approach for the fabrication of crystalline MOFs with tailored size and geometry” 

by Erick L. Ribeiro, Seyyed Ali Davari, Sheng Hu, Dibyendu Mukherjee, and Bamin 

Khomami.  

 

 Introduction    

    

Metal-Organic Frameworks (MOFs) are a class of crystalline and highly porous hybrid 

materials self-assembled through the coordination of metal ion nodes to organic linkers56. 

Such networked structures are tunable with near infinite possible combinations of nodes 

and linkers. Furthermore, MOFs are highly permeable with pore sizes ranging from 0.3 to 

10 nm2 that can provide astonishing porosities (over 90%)57-58 and surface areas (over 

10,000 m2/gm)59. Currently, there exist over 20,000 MOFs that have been characterized60, 

and the field is rapidly growing. Thus far, MOFs have been utilized for gas storage61, fluid 

separations62, sensing63, catalysis64, luminescence65, and photovoltaics66. Recently, a 

considerable amount of research efforts have been employed specifically around the 

synthesis of Zeolitic Imidazolate Frameworks (ZIF), a subclass of MOFs, wherein Co2+ or 

Zn2+ ions are bonded through N atoms of imidazole molecules to form unique crystalline-

scaffold-like architectures67.  ZIF morphologies and structures can be tuned by tailoring 

the synthesis conditions, making it an excellent candidate for a wide range of 

applications68-69. Zinc 2-methylimidazolate (ZIF-8) was first synthesized via solvothermal 

method using dilmethylformamide (DMF) as a solvent70. Nonetheless, typical 

solvothermal techniques require high temperature conditions apart from the inherent need 
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for solvent exchange routes to remove the DMF molecules that can remain confined inside 

the framework pores due to their large sizes when compared to the apertures for the 

soldalite (SOD) cage71. Cobalt 2-methylimidazolate (ZIF-67) is isostructural with ZIF-8, 

and by virtue of the similar structure and organic linkers, both crystals have an analogous 

formation mechanism72. Furthermore, in recent years various other techniques such as 

microwave73, ultrasound74, mechanochemical75, and numerous other fabrication 

methodologies have also been extensively studied and developed to synthesize ZIF 

structures. Nevertheless, despite all these efforts, to date very few sustainable, rapid and 

yet, high-throughput methods have been reported that can facilitate systematic tailoring of 

ZIF geometries, crystal structures and sizes in the race for the rapid screening of a wide 

library of MOFs fabrication with desired engineering functionalities. 

In fact, for the particular application of MOF synthesis, one can easily envision the 

potential use of LASiS in tailoring promising strategies and pathways for the synthesis of 

active metal NPs encaged in MOF structures that can exhibit unique functionalities even 

under extreme environments. In fact, previous studies have demonstrated that NPs can 

either serve as nucleation sites for the growth of MOF crystals, or they can be incorporated 

into the frameworks of the MOF materials76. Such encapsulation strategies can be of 

paramount importance in active and harsh environments where NPs need to be stabilized 

within the MOF structures to minimize their aggregations while conserving their 

properties. To this end, Lu et al.76, have reported the fabrication of a wide range of NPs 

confined within ZIF-8 crystals that go onto exhibit active catalytic, magnetic and optical 

properties. Although LASiS provides a remarkably facile and rapid route for such NP 

encapsulations in MOF, the first step towards making such designer materials demands a 

fine control on the size and shape of the parent MOF network produced via LASiS. Hence, 

in this work, we report for the first time LASiS-driven fabrication of ZIF-67 as a model 

system for MOF designs with tailored size and morphology. The objective of this chapter 

is to establish a fundamental understanding of the role of solution-phase parameters (e.g., 

reagents concentration and temperature) along with laser properties in driving the 

chemistry for the coordination complexation process during LASiS-based MOF formation, 

as illustrated in Fig. 2.1. 
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Figure 2.1. Graphical Abstract of the Laser-induced synthesis of ZIF-67 
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Experimental procedure  

    

Laser-based synthesis of MOF-structures   

All chemicals and precursors were purchased from Sigma-Aldrich. Cobalt pellets were 

obtained from Kurt J. Lesker (99.95% purity, 1/4” diameter×1/4” height). LASiS 

experiment was performed in the previously discussed reactor-cell. For the synthesis of 

ZIF-67 structures, the desired amount (60, 120, 180 and 240 mg) of 2-methylimidazole 

(Hmim) was dissolved in 6 mL of potassium hydroxide solution (3 mol⋅L-1 KOH in 

deionized water) before transferring into the LASiS reactor cell. The solutions were 

maintained at 65 °C during for the entire experiment. The target metal was ablated using 

an unfocused 1064 nm pulsed Nd-YAG for different ablation times (2-5 min). To ensure 

complete crystallization of the MOFs, the suspension was maintained at 65 °C for 12 hours. 

The products were then collected by centrifuging at 4700 rpm for 15 min and decanted 

after washing two times with methanol. For the sake of comparison, the same procedure 

was repeated at a different synthesis temperature. 

 

Characterizations  

For the detailed morphological characterization of the final products, Scanning electron 

microscopy (SEM) images were obtained using a Philips XL-30ESEM equipped with an 

energy dispersive X-ray spectroscopy. Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (Perkin Elmer, Optima 4300 DV) was used to measure the metal 

cobalt concentrations in the solutions for each ablation time, where cobalt chloride salts 

were used as standards to obtained the calibrations curves. For the detailed crystallographic 

caractherization of the final products, X-ray diffraction (XRD) was carried out on a Phillips 

X'Pert-Pro diffractometer equipped with a Cu Ka source at 45 kV and 40 mA. Fourier 

transformed infrared (FTIR) spectrum was recorded using a Nicolet 6700 FT-IR 

Spectrometer in the wavenumber range of 400 to 3000 cm-1. For the thermal stability 

analysis of the final products in different heating atmospheres Thermogravimetric analysis 

(TGA) was carried out under a Nitrogen atmosphere using a Perkin Elmer Thermal 

Analyzer at a heating rate of 5 °C min-1.  

http://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
http://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
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Results and discussion    

    

Herein we report here the development of a general methodology to synthesize MOF 

structures using LASiS. Specifically, we present the results that depict our approach in 

understanding the influence of reaction parameters along with laser properties on the final 

MOF size and geometry. In doing so, we have studied the synthesis of ZIF-67 under a 

variety of experimental conditions for LASiS. Firstly, X-Ray Diffraction (XRD) analysis 

was carried out in order to investigate the purity and crystallinity of the as-synthesized 

structures. To this end, Fig. 2.2a shows the XRD patterns for the products synthesized using 

2 min of ablation with 40 mg⋅cm-3 of Hmim. The diffraction patterns obtained are clearly 

indexed to the standard ZIF-67 crystal structure patterns. Thus, the formation of a pure-

phase material is confirmed via comparisons with the simulated patterns. FTIR spectra for 

the products synthesized under the aforementioned conditions are indicated in Fig. 2.2b. 

The spectral bands observed at 687 cm-1 and 754 cm-1 are ascribed to the out-of-plane 

bending of the Hmim ring, whereas the peaks around 900 cm-1 and 1350 cm-1 are assigned 

to the in-plane bending. It is well-known that the band at 1678 cm-1 corresponds to the 

bending of the N-H in the Hmim molecule, while the peak at 1581 cm-1 is associated to the 

N-H vibrations in the same structure. Added to this, the intense peak observed at 1524 cm-

1 is attributed to the stretching of the Hmim aromatic ring and the bands at 2930 and 3124 

cm-1 arise from the Hmim aliphatic and aromatic C–H stretching, respectively.  Finally, 

Thermogravimetric analysis (TGA) for the synthesized ZIF sample, shown in Fig. 2.2c, 

clearly indicates the high thermal stability of these frameworks up to ~380 °C, where a 

weight loss of approximately 62.5 % is observed. This can be associated to the 

decomposition of the Hmim molecules in the ZIF-67 crystals, wherein the initial weight 

loss is attributed to the removal of water and free organic linker molecules that remain 

trapped inside the framework pores.   

 

A mechanistic picture of the laser-induced MOF formation  

Having verified the structural characteristics of the ZIF-67 crystals synthesized here, we 

turn our attention to elucidate the role of LASiS parameters in tailoring the synthesis of 
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Figure 2.2. (a) XRD pattern (b) FTIR spectra and (c) TGA thermographs of the frameworks synthesized 

under 2 min of ablation and Hmim concentration of 40 mg/mL 
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these MOF materials. Herein, we present a detailed mechanistic picture for the governing 

reaction pathways initiated by the high-energy laser ablation that give rise to the framework 

formations. To this end, the chemical stages of ZIF-67 production via LASiS are illustrated 

in Fig. 2.3. Initially, the pulsed laser beam thermally vaporizes the metal target in solution 

to generate a plasma plume with extremely elevated temperatures and pressures (~103 K 

and 106 Pa, respectively), which is confined by the surrounding liquid environment. The 

extreme conditions inside the plasma plume leads to supersaturation of vaporized metal 

monomers that ultimately nucleate to form the seeding Co nanoparticles (NPs) within an 

oscillating cavitation bubble formed by the shock waves emanating from the expanding 

plasma plume. This bubble ultimately collapses causing the NPs to undergo a collisional 

quenching that subsequently leads to reactions with the solution-phase species at the 

bubble–liquid interface. During our synthesis technique, the metallic Co NPs nucleated 

from the ablation process are rapidly oxidized by species present in the aqueous solution 

resulting in the production of Co2+ ions driven by the relative redox potentials: (O2 / OH- 

0.40 V vs. SHE.) / (Co / Co2+ -0.28 V vs. SHE)34.  

In a previous study, Ozturk et al.32 had proposed the reaction pathways that lead to the 

formation of ZIF-67 structures. According to the proposed mechanism, the MOF 

formations consisted of three main reaction steps: (1) coordination of Co2+ centers by the 

Hmim molecules, (2) deprotonation of Hmim, and finally (3) oligomerization by bridging 

separated Co2+ centers via the deprotonated Hmim. Correspondingly, in our methodology, 

once the initiation of the Co2+ ion generations is caused by the oxidation of the LASiS-

produced metallic Co NPs, the subsequent solution-phase reaction steps follow the 

proposed mechanisms as described by Ozturk et al. Based on these considerations and 

taking into account the LASiS experimental system,  it is reasonable to suggest that 

immediately upon the formation of Co2+, the Hmim molecules present in the solution 

initiate the coordination of these metal centers giving rise to the deprotonation and 

subsequently oligomerization that leads to the formation of the framework structures. In 

terms of the solution-phase, the elevated hydroxyl concentration in the system associated 

to the initial KOH is necessary considering that the Hmim deprotonation is not feasible at 

a lower pH due to the high value of its pKa (pKa(Hmim) = 14.2)68. 
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Effect of organic linker concentration along with ablation time 

During the synthesis of these frameworks, both solution-phase and laser parameters are 

expected to play an important in terms of the final products. A common observation in 

most previous MOF formation studies have been the obvious role played by the 

stoichiometric ratio of the organic linkers to metal ions in tailoring the different structural 

architectures in MOF materials77-78. While the linker concentration in our system can be 

adjusted by simply varying the quantity of Hmim initially injected into the reactor cell, the 

metal ion concentrations can be accurately regulated by varying the ablation time for a 

constant laser pulse energy. Based on this approach, taking into consideration the Co 

concentrations obtained for each ablation time (Fig. 2.4a), the molar ratios of organic linker 

(Hmim) to metal ion (Cobalt) for each of the LASiS experimental conditions used in this 

study are represented in Fig. 2.4b. The colored elliptical forms display the respective 

values/ranges of the Hmim:Co molar ratios obtained for the various combinations of linker 

concentrations and ablation times. Here, the ratios within a range of 15 units are grouped 

under the same area. Guided by these ratio maps, the final morphologies of the ZIF 

frameworks are analyzed using Scanning Electron Microscopy (SEM), as depicted in 

Figure 4a. The images reveal the well-known cubic crystalline geometry of ZIF-67 with a 

broad size distribution ranging from several ~10 - 100 nms, depending on the specific 

combination of the linker concentration and ablation time used. The SEM micrographs 

clearly show a decreasing trend in the average framework sizes when the concentration of 

Hmim is increased while maintaining the ablation time constant. For instance, for the 5 

min ablation time, the synthesized ZIF structures reach dimensions close to ~300-800 nm 

range for the lowest Hmim concentration. On the other hand, the frameworks are observed 

to reach a range of ~75 - 200 nm at the highest Hmim concentrations. 

For a more comprehensive analysis, a detailed and quantitative size distributions for the 

aforesaid experimental conditions are presented in Fig. 2.5b. These histograms indicate 

good agreements with the visual inspection provided by the SEM images in Fig. 2.5a.  In 

general, the most accepted models for the formation of crystalline structures are based on 

the hypothesis that these phenomena occur via two separated events: nucleation and 

growth.  
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Figure 2.3. Proposed mechanism for the laser-induced ZIF-67 formation 

 
 
 
 

 

Figure 2.4. (a) ICP-OES Co concentration as a function of ablation time (b) Stochiometric ratio of Hmim to 

Cobalt for the various experimental conditions used 
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Figure 2.5. (a) SEM micrographs and (b) framework size distribution for the various experimental conditions 

used 
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LaMer and coworkers79-80, specifically proposed the concept of burst nucleation, which has 

been widely applied for the study of crystal formation since its first publication in 1950. 

According to LaMer’s model, the nucleation events take place immediately when the 

concentration of monomers in the system reaches a critical supersaturation value (Cmax). 

At this stage, the burst nucleation occurs forming simultaneously a population of nuclei, 

bringing the monomers concentration below the supersaturation condition and finally 

ending the nucleation phenomena. The second stage is characterized by the growth of the 

just-formed nuclei via diffusion of monomers. Sugimoto et al.81-82 later on developed a 

simple analysis that extended LaMer’s model; the proposed modeling suggests a linear 

relationship between the population of nuclei (pT) and monomers supply rate (Q).   For our 

system Q can be interpreted in terms of the oligomerization rate, which is closely related 

to the deprotonation step. 

In summary, for our MOF system we observe two different phenomena: (I) increase in the 

average MOF size while increasing ablation time for a given Hmim concentration, and (II) 

decrease of average size with the increase of the Hmim concentration for a constant 

ablation time. These observations can be rationalized taking into consideration the above-

mentioned LaMer’s and Sugimoto’s models along with the stoichiometric ratio of 

Hmim:Co2+. For case I, for instance, the higher initial Hmim concentration indicates a 

greater number of Co2+ being coordinated by Hmim molecules. In turn, larger existence of 

these coordination centers can be associated with an increase in the Hmim deprotonation 

rates which promotes higher oligomerizations and hence, higher nuclei formations as 

predicted by Sugimoto’s model. This tendency to promote nucleation generates a large 

number concentration of MOFs with relatively limited sizes; particularly, if one takes into 

consideration that a vast majority of the Hmim/Co materials will form individual nuclei 

rather than participate in the growth stage. For the later case (II) a more detailed analysis 

is needed considering that the system becomes more complex as the increase in the 

concentration of Co2+ does not take place instantly, but rather, it occurs step-wise wherein 

as the ablation time increases. We hypothesize that this constant increase in the metal ion 

concentration induces the nucleation burst to take place more than once, generating 

multiple populations of framework that undergo the growth process during different 
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periods of time, giving also rise, in certain cases, to a multimodal size distribution (Fig. 

2.5b). An illustration of the proposed analysis can be seen in Fig. 2.6 as the concentration 

of monomers in the system rises over time as a result of the ongoing oligomerization 

process, it eventually reaches a Cmax value causing the first nucleation event (Nucleation 

Event I), where a population of nuclei in the system (P1) is formed. At this stage the 

concentration of monomers drops below Cmax and from this point forward P1 will undergo 

the growth process increasing continuously the size of the frameworks over time. During 

this phase, the oligomerization process has not been completely suppressed, in fact the 

continuous increase of the metal ion concentration in the system by the constant pulsed 

laser will enhance the monomers formation process, elevating these species concentration. 

Once the system reaches the critical supersaturation condition for the second time, 

Nucleation Event II will take place giving rise to P2.    Herein, P2  will initiate the growth 

process, although since this process has initiated earlier for  P1 it is natural to expect that at 

this stage the average framework size of P1 will greater than P2 . This sequence will take 

place N times, until the oligomerization is suppressed by the cease of ablation process 

resulting in the termination of the cobalt species supply to the system. Hence, one could 

plausibly argue that the multimodal phenomena are observed at the transition stages in 

between two unimodal MOF size distributions. 

These observations can in fact be analyzed as follows: once the ablation time increases for 

a given concentration of organic linker (higher Co concentration). we observe appearance 

of the secondary peaks as the overall size distributions shift to the higher peak modal 

values.  Fig. 2.5b clearly shows the occurrence of bimodal (e.g., 40 mg⋅cm-3/ 2 min and 30 

mg⋅cm-3 / 3 min cases) and even trimodal size distributions (e.g., 10 mg⋅cm-3/ 5 min) for 

certain synthesis conditions. These phenomena can be ascribed to the presence of N 

populations of frameworks with different size distribution. The expected evolution of the 

frameworks size distribution in the system is presented in Fig. 2.6, as above mentioned, it 

can be noted that when the ablation time increases, we can observe the emergence of 

distinct modal peaks in the overall frameworks size distribution. Nevertheless, as the 

ablation time continues to increase, it is expected that two or more modal peaks will merge 

to form one single unimodal size distribution.  These phenomena can be justified in terms  
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Figure 2.6. (a) Proposed sequence of nucleation events and (b) Expected evolution of the overall framework 

size distribution as the ablation time increases at a constant Hmim concentration. 
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of the variation in the frameworks growth rate. The growth of frameworks is driven by the 

diffusion of monomers from the solution to the frameworks surface, as the dimensions of 

these species reach greater values the thickness of the boundary layer also increases82, 

suppressing the diffusion of monomers and consequently limiting the attachments 

associated with the growth process.  In this regard we can rationalize that the rate of growth 

in a given population will decay as the MOF species become larger. Therefore, it is not 

hard to imagine that if enough monomers are available in the solution, smaller MOFs will 

grow at a faster rate and eventually as the growth rate of the larger frameworks decreases, 

all the MOF species will reach similar dimensions leading to a unimodal size distribution. 

 
Effect of the solution temperature  

In our effort to investigate the influence of synthesis temperatures on the LASiS-based 

MOF fabrications, here we analyze the formation of the frameworks under the identical set 

of experimental conditions as before, but for a different synthesis temperature. We study 

the final MOF products for different Hmim concentrations using 5 min as the ablation time, 

while maintaining the system at 25 °C. The results, as indicated in Fig. 2.7, show a gradual 

decrease in the average framework size (observed from inset size distributions) as the 

concentration of Hmim increases. These findings also corroborate our results obtained in 

the previous sections for the synthesis carried out at 65 °C. However, when carefully 

inspected, the products formed at lower temperature (25 °C) show larger average 

framework sizes when compare to the sizes obtained for the same set of previous 

experimental conditions at the higher temperature (65 °C). These observations clearly 

support the strong temperature dependence of the nucleation rates, and, as discussed earlier, 

a higher nucleation rate yields greater number of MOF structures with lower average sizes. 

The results at the lower temperature LASiS also indicate a distinct change in the MOF 

morphologies with increasing linker Hmim concentrations. Thus, for the lowest Hmim 

concentration, the MOF frameworks generate a truncated rhombic dodecahedron 

morphology with {100} and {110} faces expressed (Fig. 2.7a). On the other hand, as the 

Hmim concentration increased, the frameworks exhibit progressively smaller cubic 

morphologies with the {100} faces expressed (Fig. 2.7b-d). The synthesis temperature can 
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modify the attachment energy and hence, the rates of attachment during crystallization, 

which in turn, have a strong relationship to the morphology of the final crystal structure. 

This morphological control of the frameworks presents a remarkable advantage for MOF 

synthesis. It becomes immediately apparent that by adjusting the morphology it is possible 

to modify the orientation of the pore apertures and functional groups, thereby regulating 

their accessibility and hence, the degree of interaction with the species of interest.   

 

Conclusions    

    

We have presented here a systematic study of LASiS-based synthesis of MOF structures, 

specifically using ZIF-67 as the model MOF system. Our results provide fundamental 

insights into the mechanistic roles of solution-phase parameters and laser properties, 

heretofore not investigated in detail for laser-induced MOF formation routes. Specifically, 

we proposed a sequence of reaction pathways during the LASiS technique that is initiated 

by high-energy laser-driven ablation of a metal target resulting in the nucleation of metal 

NPs that subsequently undergo solution-phase oxidation to generate Co2+ ions. The large 

population of the metal ions coordinates with active sites on the Hmim molecules in the 

solution-phase that is immediately followed by the Hmim deprotonation and subsequent 

oligomerization reactions resulting in the final MOF crystal nucleation and growth 

phenomena. The organic linker to metal ion stoichiometric ratio, as controlled by the initial 

Hmim concentrations and ablation time for the LASiS technique, have been shown to bear 

substantial influence on the sizes of the framework. These results indicate that a higher 

Hmim concentration under a given laser ablation time yielded MOFs with smaller average 

sizes, while an increase in the ablation time using a constant Hmim concentration produced 

structures with larger average sizes. These findings have been rationalized based on the 

deprotonation rates; specifically, a higher Hmim to Co2+ stoichiometric ratio accelerates 

the Hmim deprotonation, inducing an enhanced oligomerization and hence, nucleation 

rates. We hypothesize that the enhancement in the nucleation rate is achieved at the expense 

of the framework sizes formed, while bearing in mind that most of the Hmim/Co centers 

participate in the formation of new nuclei and only a limited amount of material contributes 
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to the growth of existing MOF structures. We also investigated the role of the synthesis 

temperature during the LASiS process on the MOF formations. Our results indicate that 

the MOF morphology can be tailored by optimizing the temperature for a given set of 

experimental parameters during LASiS via modulating the attachment energy and rates of 

attachment during the MOF crystallization process. In summary, the present study lays the 

groundwork for LASiS as a facile, environmental-friendly and efficient technique for the 

rational design and synthesis of a wide library of diverse MOF structures in future. 
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CHAPTER THREE  

FACILE MANUFACTURING OF MOF-DERIVED PLATINUM-

COBALT NANOCOMPOSITES IN CARBONACEOUS MATRICES 

AS HIGH PERFORMING OXYGEN REDUCTION REACTION 

(ORR) ELECTROCATALYST VIA LASIS IN TANDEM WITH 

GALVANIC REPLACEMENT REACTION (LASIS-GRR) 

 

  

This chapter is based on the submitted article: “Facile manufacturing of MOF-derived 

PtCo/Co3O4 nanocomposites in carbonaceous matrices as high-performance Oxygen 

Reduction Reaction (ORR) electrocatalysts via Laser Ablation Synthesis in Solution-

Galvanic Replacement Reaction (LASiS-GRR)” by Erick L. Ribeiro, Elijah M. Davis, 

Mahshid Mokhtarnejad, Sheng Hu, Dibyendu Mukherjee, and Bamin Khomami. 

 

Introduction     

    

Renewable energy research and development has become a central theme in our dynamic 

and rapidly expanding societies. The continuous growth in the global economy combined 

with a constant increase of the population mandates more than ever, the development of 

low-cost, efficient, yet environment-friendly energy alternatives that can empower the 

global anthropogenic technological developments over the next decades83-85. In this 

scenario, anion exchange membrane fuel cells (AEMFCs) have gained tremendous 

attention owing to their ability to efficiently convert chemical energy, from fuels and 

oxidizers, into electrical energy through a clean and elegant process, with water-vapor as a 

byproduct4-5. The feasibility of these devices, however, relies on the utilization of highly 

active and stable catalysts that can accelerate the thermodynamically unfavorable Oxygen 

Reduction Reaction (ORR) at the fuel cell cathode86-87. Traditionally, Pt-rich materials 

have been employed as ORR electrocatalysts due to their superior activity when compared 

to other catalysts; nonetheless, the low-stability, scarcity and the overwhelming cost of 
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such materials impose serious obstacles for their large-scale utilization, both from an 

economic and supply chain perspective88-89. To this end, many efforts have been made 

toward the design of advanced-materials that can reduce Pt usage while maintaining 

superior electrocatalytic performance and high stability90-93. MOF structures are, on the 

other hand, one of the most promising classes of materials known to date for the design of 

advanced functional composites, owing to their versatility arising from their countless 

unique chemical arrangements, as well as their crystalline nature and remarkable 

porosity94-98. As such, the understanding gained through the laser-induced synthesis of 

MOFs, along with our previous reports on the LASiS-based synthesis of intermetallic 

electrocatalytic nanoparticles, have paved the way and revealed the tremendous potential 

of LASiS for the design of MOF-derived functional NCs. Herein, we explore coupling 

LASiS in tandem with Galvanic Replacement Reaction (LASiS-GRR) methodology to take 

advantage of the ensuing coordination-complexation chemistry during the laser-induced 

MOF synthesis route to generate a series of catalytic intermetallic nanoparticles 

encapsulated within the MOF structure. In turn, the highly robust and porous MOF 

scaffolds enable post-processing treatments to produce highly active electrocatalytic NCs. 

Specifically, in this report we present a methodology for the synthesis of Pt-Co bimetallic 

nanoparticles that are readily encapsulated within a ZIF-67 structure. As illustrated in Fig 

3.1, this chapter is aimed toward the investigation of LASiS-based synthetic routes on the 

fabrication of MOF-derived nanocomposites with low Pt-loading, yet, outstanding ORR 

performance.    

Experimental procedure  

 

Laser-based synthesis of MOF-derived nanocomposites    

All chemicals and precursors were acquired from Sigma-Aldrich and Cobalt pellets were 

purchased from Kurt J. Lesker Company (95% purity, 1/4” diameter×1/4” height). LASiS 

experiments were performed in an in-house built laser ablation reactor-cell, as described in 

the previous chapters. For the synthesis of Pt-rich nanoparticles encapsulated in ZIF-67 

structures, three different concentrations of potassium tetrachloroplatinate (II) (K2PtCl4) 

(>99.9%) K2PtCl4 solutions (namely 63, 95 and 125 mg⋅L-1) were prepared by the 
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Figure 3.1. Graphical abstract of the facile manufacturing of MOF-derived Platinum-Cobalt nanocomposites 

in carbonaceous matrices as high-performing Oxygen Reduction Reaction (ORR) electrocatalysts via LASiS 

in tandem with Galvanic Replacement Reaction (LASiS-GRR). 
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dissolution of a given amount of the salt in 40 mL of potassium hydroxide solution (3  

mol⋅L-1 KOH in deionized water). Thereafter, 1.6 g of 2-methylimidazole (Hmim) was 

added to each solution and stirred until complete dissolution. The LASiS procedure was 

initiated by transferring the desired solution into the reactor cell through the injection unit, 

followed by the ablation of the Co metal target using the unfocused 1064 nm pulsed Nd-

YAG laserfor 15 min. To ensure complete crystallization of the MOFs, the suspension was 

left aging for 24 hours. The products were then collected by centrifuging at 4700 rpm for 

15 min and decanted after washing two times with methanol, yielding samples 125-

Pt3Co@ZIF-67, 95-Pt3Co@ZIF-67 and 63-Pt3Co@ZIF-67 for the initial concentrations of 

the K2PtCl4 solutions of 63, 95 and 125 mg⋅L-1, respectively. For the sake of comparison, 

a Pt-free NC (ZIF-67) was prepared by the same procedure, excluding the addition of 

K2PtCl4. 

Post-treatments: For the synthesis of all bimetallic NCs, the products from the methanol 

wash were pyrolyzed at 750 °C under N2 atmosphere for 3 hours. Finally, the samples were 

cooled down at room temperature for approximately 6 hours, generating the 125-

Pt3Co@C-Co3O4, 95- Pt3Co@C-Co3O4, 63- Pt3Co@C-Co3O4 and C-Co3O4 NCs 

respectively from the pyrolysis of 125-Pt3Co@ZIF-67, 95-Pt3Co@ZIF-67 and 63-

Pt3Co@ZIF-67, and ZIF-67. 

 

Characterizations 

Scanning electron microscopy (SEM) images were obtained using a Philips XL-30ESEM 

capable of performing energy dispersive X-ray spectroscopy. Inductively coupled plasma 

optical emission spectroscopy (ICP-OES) (Perkin Elmer, Optima 4300 DV) was used to 

measure the Pt concentrations for each NC, where K2PtCl4 solutions were used as standards 

for the calibrations. X-ray diffraction (XRD) was carried out on a Phillips X'Pert-Pro 

diffractometer equipped with a Cu Ka source at 45 kV and 40 mA. A Zeiss Libra 200MC 

monochrome transmission electron microscope (TEM) was used with an accelerating 

voltage of 200 kV for regular TEM for sample characterizations in tandem with a high-

resolution transmission electron microscopy (HRTEM). Elemental mappings were 

obtained from electron energy loss spectroscopy (EELS) analysis with a resolution of 

http://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
http://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy


 

32 

 

0.1 eV measured at full width of half maximum (FWHM) of zero-loss peak in vacuum. 

Raman spectra were obtained using an NT-MDT NTEGRA instrument with a 532 nm laser 

beam. 

 

Electrochemical tests 

The rotating disk electrode (RDE) setup was purchased from Pine instruments, LLC. A 

conventional, three-compartment electrochemical cell comprising a saturated double 

junction Ag/AgCl electrode as the reference electrode, and a platinum coil as the counter 

electrode were used for all the EC tests. All potentials in this work are reported in reference 

to the reference hydrogen electrode (RHE). 

 

Oxygen Reduction Reaction (ORR) tests  

A glassy carbon RDE with a diameter of 5 mm was used as the working electrode, 1 M KOH 

solution was used as the electrolyte. 20% Pt/C from BASF was used as the standard catalyst for 

all comparisons. For preparing the working electrode, 2 mg of the synthesized hybrid NCs 

(HNCs) after the above-mentioned post-treatments were suspended in 0.5 mL ethanol and 25 

μL of 5 wt% Nafion solution (Sigma-Aldrich, density 0.874 g⋅mL−1) via 30 min of 

ultrasonication. Thereafter, 25 μL of the prepared catalyst ink was coated on the RDE where the 

catalyst loading density was calculated to be ∼30 μg⋅cm−2. For all ORR experiments, stable 

voltammogram curves were recorded after scanning for 15 cycles in the corresponding potential 

region. The dynamics of the electron transfer process in ORR were analyzed through the 

rotating disk voltammetry (RDV) at different speeds based on the Koutecky–Levich (KL) 

equation:  

 

      B = 0.62nFC0D0
2/3ν−1/6 
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Where J, JK, and JL are the measured, kinetic and diffusion limiting current densities 

respectively, n is the electron transfer number, F is the Faraday constant, C0 and D0 are the 

dissolved O2 concentration the O2 diffusion coefficient in the electrolyte respectively, ν is the 

kinematic viscosity of the electrolyte, ω is the angular rotation of the electrode and B is the 

Levich constant. All Tafel plots were generated using the kinetic current JK as determined 

from: 

 

Cyclic Voltammetry (CV) measurements  

The cyclic voltammetry (CV) profiles were obtained between 0.05 V and 1.10 V vs RHE 

at a scan rate of 100 mV⋅s−1, using a N2-saturated 1 M KOH solution as the electrolyte. The 

Pt-phase electrochemical active surface area (ECSA) of each sample was determined by 

integrating the charges in the hydrogen under potential desorption (Hupd) region from each 

corresponding CV, where a pseudo-capacity of 220 μC⋅cm−2 was assumed for the 

correction of the double layer current.  

 

Results and discussion 

    

Structural and morphological characterizations of the LASiS-based nanocomposites     

Pt3Co@C-Co3O4 NCs were synthesized via LASiS-GRR using three different K2PtCl4 salt 

concentrations, namely 125, 95, and 63 mg⋅L-1, yielding the 125-Pt3Co@C-Co3O4, 95-

Pt3Co@C-Co3O4, and 65-Pt3Co@C-Co3O4 NCs respectively. The SEM micrograph of 

sample 125-Pt3Co@ZIF-67 (before pyrolysis) is shown in Fig. 3.2a. The SEM image 

depicts formation of interconnected cubic ZIF-67 structures of a few hundred nanometer 

size. These MOF cubical structures are also evidenced in the TEM images for the same 

sample (see Fig. 3.2b). A higher-magnification image, Fig. 3.2c, of the 125- Pt3Co@ZIF67 

products is shown in the micrograph obtained via High-Resolution TEM (HRTEM). Fig. 

3.2c clearly shows formation of a dense population of spherical-shaped nanoparticles 
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embedded in the ZIF-67 matrix, which indicated complete incorporation of the LASiS-

derived nanoparticles within the concurrently formed MOF structures. The subsequent 

pyrolysis of this sample leads to formation of a hierarchical structure with uniformly 

decorated nanospheres (see, Fig. 3.3a). The structure is composed of spatially distributed 

nanoparticles embedded in a carbon matrix, i.e., dark dots in the TEM micrographs seen in 

Fig. 3.3b. HRTEM analysis further reveals the structural details of the final NC, namely 

formation of a nanoparticle with lattice fringes of 2.22 Å, ascribed to the (111) lattice space 

of Pt3Co99, which is partially encapsulated by a highly-graphitized carbon shell as indicated 

by the 3.38 Å characteristic graphitic interlaminar spacing (Fig. 3.3c)100-102. High angle 

annular dark-field (HAADF) contrast image of a typical matrix-dispersed nanoparticle in 

the 125-Pt3Co@C-Co3O4 NC is shown in Fig. 3.3d. To further scrutinize the structural 

details in these systems, electron energy loss spectroscopy (EELS) was performed in the 

area denoted by the dotted yellow lines in Fig. 3.3d; the corresponding spectra is depicted 

in Fig. 3.3e. The presence of characteristic carbon K-edge peaks are evident in Fig. 3.3e. 

More specifically, at ≃ 290 eV, corresponding to the 1s states transitions to σ* orbitals, 

and at ≃ 285 eV, on the account of transitions from 1s to π* orbital, which in turn reveal 

the presence of sp2 bonding in the carbonaceous phase of the analyzed area. Similarly, the 

peak observed at ≃ 323 eV in Fig. 3.3e can be ascribed to the delayed Pt N4,5 edge103, while 

the peaks at ≃ 782 ev and ≃ 798 ev correspond, respectively, to the delayed Co L2 and L3 

edges104. In order to gain a better understanding of the spatial-dependence of the elemental 

composition of this NCs, highly resolved spatial information provided by the EELS 

intensity maps, were acquired from the spectrum-image of the area indicated by the dotted 

lines in Fig. 3.3d (see Fig. 3.3e).  

The elemental mapping presented in Fig. 3.3f indicates a heterogeneous elemental 

distribution in the nanoparticle bimetallic phase; the color scheme in the metallic region 

reveals a structure characterized by a Pt-rich outer layers and a bimetallic core. Fig. 3.3f 

also shows the local concentration of elemental carbon that is encapsulating the bimetallic 

Pt-Co nanoparticle core, further corroborating with the above-mentioned presumption of 

existing carbon-based architectures. i.e., graphitic-coating and carbon-formed matrices that 

surround the metal-rich centers in the NCs. 
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Figure 3.2. Representative (a) SEM (b) TEM and (c) HRTEM micrographs of 125-Pt3Co@ZIF-67. 
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Figure 3.3. (a) SEM micrograph of a typical 125-Pt3Co@Co3O4 composite (b) TEM micrograph of a 

characteristic section of the 125-Pt3Co@Co3O4 composite (c) HRTEM micrograph of a graphene-

encapsulated Pt-Co bimetallic nanoparticle in the 125-Pt3Co@Co3O4 composite with characteristic Pt3Co 

(111) (inset) and graphene (111) lattice spacing (d) HAADF-TEM image of a typical 125-Pt3Co@Co3O4 

matrix-dispersed nanoparticle, inset marked by dotted yellow lines indicates the area analyzed in the (e) 

EELS spectra and (f) EELS-generated elemental mapping 
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To further investigate the composition and crystallinity of these prototypical structures, x-

ray diffraction (XRD) patterns were obtained for the 125-Pt3Co@ZIF67 and 125-

Pt3Co@C-Co3O4 NCs, as shown in Fig. 3.4a. In the diffraction patterns obtained for sample 

125-Pt3Co@ZIF67, the existence of a highly-crystalline ZIF-67 phase is confirmed by the 

presence of peaks ascribed to the diffraction patterns characteristic of this framework104-

105. However, these same ZIF-67 characteristic patterns can no longer be observed in the 

XRD data obtained for the 125-Pt3Co@C-Co3O4 NC, indicating that the pyrolysis post-

treatment led to complete thermal decomposition of the imidazole based-frameworks.  In 

addition to that, the XRD patterns for the 125-Pt3Co@C-Co3O4 NC reveal the large  

presence of highly crystalline cobalt oxide phases (Co3O4)
106 in of ultra-small crystallite 

clusters (≃ 3 nm), as estimated from the full width half maximum (FWHM) of the 

observed-diffraction peaks for Co3O4 based on Scherrer’s equation.  

The absence of distinguishable Co3O4 nanocrystals in our Pt3Co@C-Co3O4 NCs TEM 

analyses can be rationalized in terms of the technical limitations in identifying such small 

structures when encompassed by a dense 3-dimensional (3D) carbonaceous matrix. The 

acquisition of high-resolution and well-defined TEM images requires the incoming 

electron beam to be precisely focused on the image plane containing the desired analysed 

area, which in turn becomes more difficult as the sample thickness increases and 

consequently amplifies electron scattering phenomena. As a result, the high magnification 

required for the TEM imaging of such small phases demands very delicate electron beam 

focusing conditions that become virtually inconceivable due to the extreme difficulty in 

identifying the precise orientation of the image plane to capture the exact positioning of 

these ultra-small crystals. 

In light of these considerations, it is reasonable to infer that these poor imaging conditions 

could have generated artefacts, such as distortions and weak contrast variations, 

consequently concealing the Co3O4 presence in the125-Pt3Co@C-Co3O4 NCs. On the other 

hand, in terms of the x-ray diffraction analyses, both the diffraction patterns for samples 

125-Pt3Co@ZIF67 and 125-Pt3Co@C-Co3O4, as shown in Fig. 3.4a, clearly exhibit a 

subtle peak at around 2θ = 40.3 °. The presence of the aforementioned peak can in fact be 

ascribed to the diffraction arising from the Pt-Co (111) plane33. 
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Figure 3.4. (a) XRD diffraction patterns of (i) 125-Pt3Co@ZIF-67 and (ii) 125- Pt3Co@C-Co3O4; (b) Raman 

Spectra of 125-Pt3Co@C-Co3O4 
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Apart from their agreement with our previous TEM observations indicating the presence 

of Pt-Co phases in the 125-Pt3Co@C-Co3O4 nanoparticles, these results further confirm the 

early nucleation of these phases in the 125-Pt3Co@ZIF67, demonstrating that the alloying 

phenomena ensues during the laser ablation step itself, and does not originate from the 

post-processing treatments, as discussed in detail in the later sections.  

In fact, crucial crystallographic information of the observed Pt-rich phases can be acquired 

from the aforementioned Pt-Co (111) diffraction pattern, consequently providing a better 

understanding regarding the structure-property relations of such phases in the LASiS-

derived NCs. To that end, in order to overcome the low  signal-to-noise ratios arising from 

the reduced concentrations of the Pt-Co phases, low-scan-rate XRD analyses of the 63, 95 

and 125-Pt3Co@C-Co3O4 samples are carried out with the 2θ values ranging from 38.5° to 

41.5 ° (shown in Fig. 3.5a). These slow-scan diffraction data are used here along with the 

Vegard’s law to estimate the alloyed Pt:Co ratios as 9.1:1, 9.5:1, and 7.4:1 for the 63, 95, 

and 125-Pt3Co@C-Co3O4 samples respectively. These observations corroborate the Pt 

weight percentages estimated in the final products obtained from ICP-OES measurements. 

As expected, higher initial K2PtCl4 concentrations yielded greater Pt loadings in the 

Pt3Co@C-Co3O4 NCs (Fig. 3.5b)  

Finally, for a comprehensive understanding of the structural nature of the as-manufactured 

LASiS-based NCs, Raman spectra of the 125- Pt3Co@C-Co3O4 sample in Fig. 3.4b clearly 

depict four distinct peaks at 677, 517, 470 and 193 cm−1 that can be ascribed to the A1g and 

F2g modes of the Co3O4 phase41. Furthermore, the two broad peaks at 1351 and 1604 

cm−1 are assigned, respectively, to the D and G characteristic carbon peaks108, resulting 

from the massive presence of C in the aforementioned NCs. More specifically, the D peak 

arises from the k-point mode phonons of A1g symmetry while the G peak is related to the 

E2g phonon of Csp2 vibrations, further confirming the presence of carbon in both amorphous 

and graphitic phases. Quantitative estimations of the presence of such carbon phases can 

be obtained based on the D/G peaks intensity ratios (ID/IG) 108, as indicated in Fig. 3.4b, 

where a higher (ID/IG) ratio suggests higher existence of disorder/defects arising from the 

presence of amorphous phases, relative to graphitic phases. A summary of the results 

obtained for the ICP-OES and XRD analyses is shown in Fig. 3.5.  
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Figure 3.5. (a) Slow-scan XRD of 125, 93 and 65-Pt3Co@C-Co3O4 NCs in the Pt-Co (111) diffraction region 

(b) Summary of (i) characteristic 2θ Pt-Co (111) diffraction peak; (ii) estimated Pt:Co alloying ratio from 

Vegard’s law; and (iii) weight percentage of Pt for samples 125, 93 and 65-Pt3Co@C-Co3O4 
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Laser-driven formation mechanistic insights   

As previously described in the methodology section, the LASiS system herein comprises 

an Nd-YAG laser source directed towards a solid cobalt target, which in turn is immersed 

into a liquid solution (containing KOH, Hmim and K2PtCl4). The process is initiated when 

the first pulse of the high energy laser beam interacts with the Co target to start the complete 

thermal vaporization and dissociation of the Co atoms/ions that, in turn, creates a liquid 

confined plasma plume with extremely high temperatures and pressures (~ 103 K and 106 

Pa)76. Supersaturation of the metal monomers arising from the extreme conditions in the 

plasma plume leads to the nucleation of seeding Co nanoparticles within an oscillating 

cavitation bubble, generated from the expanding plasma plume that expands and 

propagates an ultrasonic shock wave31. While the exact non-equilibrium pathways 

governing these systems are still a subject of debate, recent studies have facilitated some 

preliminary understanding regarding the critical steps during the laser ablation process 

under liquid environments. More specifically, spatio-temporal analyses of laser-induced 

plasma emissions have pointed out the early presence of solution species in the interior of 

the cavitation bubble109-113. The coexistence of solution and ablated phases inside the 

cavitation bubble enable these species to participate in reaction pathways that can be 

promoted by the extreme localized temperatures and pressures. Taking into account the 

redox potential of Co/Co2+ (−0.28 V vs. SHE) and PtCl4
2-/Pt (0.76 V vs. SHE), the nucleated 

Co nanoparticles are expected to undergo Galvanic Replacement Reaction (GRR) 

generating ionic cobalt and metallic Pt, as shown in equation 1 below:  

 

Pt2+ + Co → Pt + Co2+    (1) 

 

Nonetheless, due to the high local density of Co nanoparticles and the rate-limiting kinetics 

of the GRR process, only a portion of the nucleated Co nanoparticles is likely to take part 

in the reaction pathway depicted in Eq 1. The coexistence of Co and Pt metallic 

nanoparticles in such extreme conditions leads to the formation of secondary 

nanostructures through the alloying phenomena, giving rise to the appearance of the Pt-Co 

bimetallic nanoparticles, as extensively evidenced in our characterizations. The details for 



 

42 

 

the alloying process during LASiS-GRR have also been described in detail in our earlier 

works 31-35. Upon the collapse of the cavitation bubble, the remaining unreacted Co 

nanoparticles undergo oxidation by the solution species driven by their respective relative 

redox potentials: (O2/OH− 0.40 V vs. SHE) / (Co/Co2+ −0.28 V vs. SHE)27. Thereafter, the 

existing Co ions in the solution, either from GRR or from oxidation by the solution species, 

become the ionic precursors for the reaction pathways leading to the formation of ZIF-67 

structures (the details for this process are also described in details in our previous work114). 

Specifically, the just-formed Co2+ ions are immediately coordinated by Hmim molecules, 

which, in turn, are rapidly deprotonated leading to the oligomerization event, typically 

characterized by the connection of two Co2+ centers via a deprotonated Hmim molecule. 

The presence of Pt-Co bimetallic nanoparticles originated from the earlier laser ablation 

stages is expected to decrease the free energy barrier for the heterogeneous nucleation of 

ZIF-6749 on the surfaces of the aforementioned nanoparticles. In order to test this 

hypothesis, we have analyzed the size distribution of the MOFs synthesized in both the 

presence and absence of K2PtCl4, maintaining all the other conditions (ablation time, KOH 

and Hmim concentration) unchanged. The size distributions depicted in the insets of the 

SEM micrographs shown in Fig. S3 indicated that the overall MOF sizes significantly 

decrease when K2PtCl4 is introduced to the system, indicating that the presence of Pt-Co 

nanoparticles originated from the GRR in tandem with the alloying events play a major 

role in the early onset of the nucleation rates of the ZIF-67. Distinct morphological changes 

in the ZIF-67 structures can be additionally observed in Fig. 3.6. It was observed that MOFs 

synthesized in the absence of K2PtCl4 presented large truncated rhombic dodecahedron 

morphologies, while the introduction of K2PtCl4 in the initial reaction system resulted in 

cubic-shaped ZIF-67 structures. In fact, these observed reductions in the framework sizes, 

along with the clear morphological changes, support our hypothesis of an enhanced 

nucleation and growth rate of the MOF species in the presence of the seeding Pt-Co 

nanoparticles, as discussed previously114. The incorporation of the aforementioned 

nanoparticles by the growing MOF phase also significantly hinders the aggregation and 

coalescence of the nanoparticles in the system owing to their stabilization inside the MOF 

matrix. Finally, the post-pyrolysis treatments of the LASiS-synthesized materials induce 
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the thermal decomposition of the original ZIF-67 structures, producing an interconnecting 

carbon-based matrix decorated with ultra-small Co3O4 crystals and spatially dispersed 

bimetallic Pt-Co nanoparticles. Local observations of graphitic shell formation around the 

Pt-Co nanoparticles are attributed to the interfacial catalytic graphitization of carbon on the 

metal surfaces during the high-temperature pyrolyzation117. 

 

Functional characterizations  

The oxygen reduction reaction (ORR) electrocatalytic activities for the Pt3Co@C-Co3O4 

NCs are finally investigated with rotating disk electrode (RDE) measurements using 1 M 

KOH as the electrolyte solution. Unlike the vast majority of reports on ORR 

electrocatalysts in alkaline media that are typically based on RDE operating in 0.1 M 

solutions of alkali hydroxides, herein, the selection of an electrolyte containing 

significantly higher hydroxyl concentrations (1 M KOH) was intentional in order to carry 

out stringent tests on the stability of the LASiS-based NCs under harsh and extreme 

alkaline conditions of the ORR electrocatalysis operations. Apart from demanding greater 

electrocatalyst robustness to endure the extreme corrosive environments of the electrolyte, 

ORR electrocatalysis operations under higher alkaline concentrations are typically more 

challenging owing to the reduced oxygen solubility and diffusivity in the electrolyte, as 

well as increased coverage of the electrocatalyst surfaces by the OHad species118-119. To this 

end, the electrochemical evaluation of the LASiS-based electrocatalysts in a higher alkaline 

concentration provides a more rigorous assessment of the suitable ORR electrocatalytic 

performance of our as-manufactured NCs. Fig. 3.7a shows the ORR polarization curves 

for all the NCs and the commercial Pt/C ORR catalyst (C-Pt). The results depicted in Fig. 

3.7a clearly show the superior ORR performance of the LASiS-synthesized NCs when 

compared to standard Pt/C catalytic systems. Such remarkable performance is even 

observed for the Pt-free NCs (C-Co3O4), displaying a significant 40 mV positive shift in 

terms of half-wave potential (E1/2) as compared to the C-Pt systems. These results indicate 

that the C/Co3O4 matrix, derived from the pyrolysis of the ZIF-67 structures, might also 

play a significant role in the ORR performance of the Pt3Co@C-Co3O4 NCs. These results 

confirm the importance of the supporting matrix in these composites.  
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Figure 3.6. SEM micrographs of ZIF-67 synthesized in (a) absence of K2PtCl4; and (b) presence of  

125 mg/L K2PtCl4 
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Figure 3.7. Electrochemical data for LASiS-based nanocomposites ORR electrocatalytic 

activities (a) Linear sweep voltammograms (LSV)  for ORR polarization curves in 1M KOH 

saturated with dissolved O2 at 1600 rpm and scan rate of 5 mV/s; (b) Corresponding Tafel plots; 

(c) Koutecky-Levich plots from rotating disk voltammogram (RDV) of 125-Pt3Co@C-Co3O4 

at different potentials (0.70-0.82 V) indicating four electron transport process for ORR; 

comparison of (d) ECSA and specific activity; and (e) mass activity at 0.85 V ; (f) Stability 

comparison at 0.85V of 125-Pt3Co@C-Co3O4 and C-Pt at 0.85 V via chronoamperometry test. 
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As such, the matrix itself exhibits excellent catalytic activity that can symbiotically 

enhance the ORR performance of the Pt3Co@C-Co3O4 NCs through a co-operative 

catalysis with the Pt-Co nanoparticles, similar to the spill-over effects described in our 

earlier works32-33. In fact, the catalytic activities of carbon-based materials in alkaline 

electrolytes for the 2-electron reduction of oxygen to peroxide intermediates have also been 

suggested in previous studies119-120. Added to this, the introduction of a 3d transition metal 

to the carbon matrix here is likely to result in a synergistic configuration between these 

metal centers and the carbonaceous support, owing to the strong interaction between these 

two phases. Specifically, in the C-Co3O4 matrix radical oxygen intermediates resulting 

from the O2 activation on the carbon surfaces are able to spill over to the Co3O4 phases, 

where they can be further reduced completing the typical 4-electron ORR pathway121-122. 

Moreover, the structural 3D nanoarchitecture provided by the C-Co3O4 support creates a 

network that can promote isotropic ion diffusion and charge transfer, both highly desirable 

characteristics for an efficient ORR electrode123. 

Furthermore, the results depicted in Fig. 3.7a demonstrate the ability of the Pt-Co 

nanoparticles to further enhance ORR performance of the NCs despite their relatively low 

concentrations. Fig. 3.7a clearly indicates that, among all the samples, 125-Pt3Co@C-

Co3O4 NCs demonstrate the highest ORR activity, both in terms of the onset potential (Eonset 

= 0.95 V) and the diffusion-limited current. This outstanding ORR performance is also 

evident from our half-wave potential analyses, indicating that the 125-Pt3Co@C-Co3O4 

NCs present an outstanding 60 mV positive half-wave shift as compared to the state-of-art 

commercial Pt catalysts (C-Pt). In addition, CV analyses of the Pt3Co@C-Co3O4 NCs (Fig. 

3.8) reveal the presence of similar electrochemical features to the ones commonly observed 

in pristine Pt electrocatalysts. Specifically, the NCs voltammograms exhibited peak 

currents in the Hupd and OH adsorption regions (0.05 – 0.4 V and 0.6 – 0.85 V vs RHE), 

respectively, suggesting a significant presence of Pt-rich exposed surfaces in all the 

Pt3Co@C-Co3O4 samples. Such exposed surfaces are associated to the existence of defects 

in the encapsulating graphitic shells of the bimetallic Pt-Co nanoparticles in these NCs. 

Relative to the C-Pt electrocatalyst, however, anodic shifts can be clearly observed in the 

Pt-OHad peaks of all the Pt3Co@C-Co3O4 NCs.  
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These specific shifts indicate a reduction in the desorption free energy of OH species that 

are adsorbed onto the Pt-rich surfaces, which in turn is ascribed to the effects of the Pt-Co 

alloying configuration in the metallic phase of the electrocatalytic nanoparticles dispersed 

throughout the NCs.  Additionally, the synthesized NCs displayed minor peak currents 

approximately at 0.7 V (anodic scan) and 0.5 V (cathodic scan), both absent in the C-Pt 

voltammogram.The appearance of this peak pair is associated to the formation of platinum-

cobalt-(hydro)-oxide (Pt-CoOxHy)
124, further confirming the presence bimetallic Pt-rich 

phases in these NCs.  The Pt-phase electrochemical active surface area (ECSA) values 

obtained from the integration of the charges in the Hupd region from each CV curve are 

displayed in Fig. 3.7d. The outstanding ECSA for all the Pt3Co@C-Co3O4 NCS reveal the 

ability of their unique nanoarchitectures to efficiently enhance the available Pt surface area-

to-mass ratio. In a similar manner, the mass-activities measured at 0.85 V potential for the 

125-Pt3Co@C-Co3O4 NCs demonstrate a nearly 5-fold enhancement as compared to the C-

Pt catalysts. This is closely followed by the 4-fold and 3-fold enhancements recorded for 

the 93-Pt3Co@C-Co3O4 and 65-Pt3Co@C-Co3O4 NCs, as displayed in Fig. 4e. The Tafel 

plots (Fig. 4b) for the kinetic-diffusion region of the ORR polarization curve display lower 

values for the slopes for all the Pt3Co@C-Co3O4 NCs when compared to the standard Pt/C 

commercial catalyst. This is particularly evident for the 125- Pt3Co@C-Co3O4 NCs, 

displaying a slope of 38.0 mV/dec as compared to the 54.4 mV/dec for the C-Pt case. These 

results indicate an enhanced ORR charge transfer kinetics for all the LASiS-based NCs, 

specifically ascribed to the highly conductive nature of the matrix support arising from an 

abundance of interconnected sp2 hybridized carbonaceous clusters. In addition to these 

data, the well-known Koutecky–Levich plots for the 125- Pt3Co@C-Co3O4 NCs (Fig. 4c) 

exhibit a linear behavior with constant slopes over the potential range analyzed (0.70 - 

0.82V).  Based on these slopes, the quantification of the number of electrons transferred 

during the ORR catalysis yielded a near 4-electron transport process in the mixed kinetic-

diffusion region, demonstrating the activation of the more energetically favored 4-electron 

reaction pathway. Such findings suggest that the encapsulation of the Pt-Co nanoparticles 

by graphitic layers, as previously shown in Fig. 3.3c, does not impose a significant barrier 

for the charge transfer that takes place between the electrocatalytic active sites and solution 
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species during ORR. In fact, previous studies based on density functional theory (DFT) 

have shown that when graphene-like structures are adjoined to certain metals substrates 

(e.g. Al, Ag, Cu, and Pt), the interaction among these phases is sufficiently low to induce 

any change in the graphitic electronic structure, thereby preserving their outstanding 

electronic properties125. In addition to that, this configuration can, in fact, shift the Fermi 

level of carbon materials with respect to the conical point by approximately 0.5 eV, 

resulting in an alternation of its work function126-127. While a complete understanding on 

the influence of such complex configurations in the ORR electrocatalytic activity of these 

structures is still elusive, beyond the scope of the present study, lowering the work function 

can only benefit the ORR electrocatalytic activity of the aforementioned materials. A 

reduced work function diminishes the energetic barrier for the charge transfer between the 

carbon structure and the surface-absorbed O2 species, consequently facilitating the 

formation of OOH (typically considered as the rate-determining step during ORR). As an 

attempt to better elucidate the structure-property relations in all our Pt3Co@C-Co3O4 NCs 

manufactured here, we take into consideration the Pt:Co alloyed ratios estimated from our 

earlier diffraction analyses based on Vegard’s law. Our investigations indicate that the NCs 

with the highest lattice shrinkages (i.e., the 125-Pt3Co@C-Co3O4 NCs) exhibit the best 

ORR activity. It should be noted here that such observations might further evidence the 

presence of exposed Pt3Co surfaces, as indicated earlier by the CV measurements, 

suggesting that a balanced Pt:Co ratio with a higher degree of Pt-Co alloying in the 

nanoparticles can enhance the overall ORR performance of the NCs. These correlations 

can be rationalized in terms of the well-studied Pt-Co alloying phenomena that have been 

traditionally associated with the enhancements in the ORR electrocatalytic activities of Pt-

rich bimetallic nanoparticles128. Shifts in the interfacial electronic energy levels arising 

from the Pt-Co alloying can result in changes in the adsorption properties, some of which 

are expected to positively affect the ORR activity of the LASiS-based NCs. As compared 

to bare-Pt catalysts, for instance, the results obtained from the CV analyses indicated a 

reduction in chemisorption energy of OH solution species adsorbed onto the Pt-rich 

surfaces of all the Pt3Co@C-Co3O4 NCs. In fact, alterations in energy levels arising from 

the Pt-Co alloying configuration are well-known to suppress the adsorption of OH species 
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(OHads) on Pt-rich surfaces, consequently preserving a higher number of available active 

sites and greatly enhancing the rate of electrocatalysis 129-131. In addition to that, the affinity 

of the Pt-Co alloyed surfaces for O2 species is enhanced owing to changes in its 5d orbital 

vacancies that facilitates the transport of π electrons from O2 to Pt132-133. In this regard, a 

higher degree of Pt-Co alloying in the NPs would simultaneously promote the adsorption 

of O2 and desorption of OHads species on the Pt-rich surfaces, thereby greatly accelerating 

their ORR kinetics. These unique configurations, along with the synergistic spill-over 

effects offered by the carbonaceous and cobalt-oxide phases in the C-Co3O4 matrix, give 

rise to a unique set of co-operative electrocatalytic processes, which in-tandem with an 

efficient interfacial transport culminate in the extraordinary ORR activities observed for 

all the LASiS-based Pt3Co@C-Co3O4 NCs. In terms of practical applications, the long-

term stability of Pt-based electrocatalysts for ORR still remains a major challenge, 

particularly in highly concentrated alkaline media. Degradation of the catalyst arising from 

the harsh environment imposed by the electrolyte combined with the commonly observed 

nanoparticle sintering phenomena, such as Ostwald ripening, often result in a loss of 

electrochemical surface area leading to a substantial decline in the observed ORR 

performance. To test the electrocatalytic stability of these LASiS-driven NCs, 

chronoamperometry measurements at 0.85 V in an O2-saturated 1 M KOH aqueous 

solution reveal excellent long-term durability of the 125-Pt3Co@C-Co3O4 NC structures 

as seen from Fig. 3.7f. The electrodes prepared with the 125-Pt3Co@C-Co3O4 NCs displays 

a minor current density reduction of less than 3% in terms of its initial value after 10000 

cycles under continuous operation. On the other hand, under the same conditions, the 

commercial Pt catalysts suffered a dramatic deterioration of ≃ 21% in its initial current 

density within the first 200 cycles, reaching an overall ≃ 23% loss during the 10000 cycles 

operation. The superior long-term stability observed in the 125-Pt3Co@C-Co3O4 NCs can 

be ascribed to the role played by the C/Co3O4 matrix as a mechanical support and scaffold 

for the catalytic nanoparticles. Thus, the integration of these nanoparticles into the matrix 

provides them an enhanced physical stabilization, which in turn, limits their mobility and 

consequently hinders common catalytic degradation routes such as surface contaminations 
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and loss of electrochemical surface area from aggregation/coalescence and/or, particle 

detachment phenomena. 

 

Conclusions    

    

We have applied here the tandem LASiS–GRR technique along with post-processing 

pyrolysis treatments for the fabrication of low-Pt loading NCs comprising Pt-Co bimetallic 

nanoparticles encapsulated in a Co3O4-infused carbonaceous matrix. Specifically, the 

fabrication technique employed the systematic pyrolysis of the ZIF-67 MOF scaffolds 

encapsulating the Pt-Co alloyed nanoparticles, both of which were simultaneously 

synthesized out of a series of well-orchestrated laser-driven reaction pathways enabling the 

coordination-complexation events. Detailed structural, morphological and elemental 

analyses reveal the formation of a carbonaceous matrix decorated with ultra-small Co3O4 

crystallites and dispersed Pt-Co alloyed nanoparticles, which are in turn, partially coated 

by a highly graphitized carbon shell. The as-manufactured NCs exhibit superior ORR 

electrocatalytic activities in harsh alkaline media. LASiS-based NCs obtained via three 

distinct Pt-precursor initial concentrations are evaluated as ORR electrocatalysts. 

Specifically, the NCs synthesized in 125 mg·L-1 K2PtCl4 solutions indicate a remarkable 5-

fold increase in their mass activities as compared to the state-of-art commercial Pt catalysts. 

These outstanding performances are attributed here to the electrocatalytic enhancements 

arising from the Pt-Co nano-alloyed configurations along with co-catalytic co-operations 

resulting from the unique synergistic spill-over effects facilitated by the Co3O4 crystallites 

present in the carbon matrix support. In summary, we have reported here the simple yet 

elegant application of a well-synchronized LASiS-GRR technique for the facile synthesis 

of Pt-Co bimetallic NCs in C/Co3O4 support matrices that go on to exhibit remarkable and 

robust ORR electrocatalytic activities under extreme alkaline conditions. The findings  

presented here open up a myriad of possibilities for the use of LASiS-GRR along with 

suitable precursors in the rational design of unique MOF-derived functional 

nanoarchitectures. 
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Figure 3.8. Cyclic voltammetry curves performed at a scan rate of 100 mV/s in a N2-saturared 1M KOH 

solution. 
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CHAPTER FOUR  

HYBRID NANOCOMPOSITES OF NANOSTRUCTURED COBALT 

OXIDE INTERFACED WITH REDUCED/NITROGEN-DOPED 

GRAPHENE OXIDE FOR SELECTIVE IMPROVEMENTS IN 

ELECTROCATALYTIC AND/OR SUPERCAPACITIVE 

PROPERTIES  

 

 

This chapter is based on the submitted article: “Hybrid nanocomposites of 

nanostructured Co3O4 interfaced with reduced/nitrogen-doped graphene oxides for 

selective improvements in electrocatalytic and/or supercapacitive properties” by Erick L. 

Ribeiro, Sheng Hu, Seyyed Ali Davari, Mengkun Tian, Dibyendu Mukherjee, and Bamin 

Khomami. 

 

Introduction   

     

Graphene and reduced graphene oxide (rGO) have been well-characterized as the classical 

two-dimensional (2-D) materials with unique honey-comb lattice structures that exhbit 

unique physicochemical properties along with high electrochemistry surface area and 

thermal/electrical conductivity134. Addtionally, efforts have been directed towards 

chemically reacting GO with nitrogen-containing species to synthesize nitrogen-doped GO 

(NGO) that are known to exhibit higher electron mobility and chemical compatibilities as 

compared to other metal/metal oxides dopants140-142,155-160. In turn, both rGO and NGO 

have been widely explored and reported as potentially excellent supporting mateirals for 

various catalytic systems as well as EDLC materials137, 161-165. A highly promising earth-

abundant transition metal oxide, cobalt oxide (Co3O4)-based nanomaterials have gained 

prominence in recent years due to their relatively good ORR activities in alkaline 

conditions along with outstanding pseudo-capacitance capabilities139,159,160,162,166. To this 
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end, much recent research has been devoted in assembly of Co3O4 nanoparticles (NPs), 

nanorods (NRs), and nanosheets into rGO/NGO to form hybrid nanocomposites 

(HNCs)159-160. The inherent strong coupling and consequent synergistic effects between the 

metal oxide nanostructures and rGO/NGO result in larger effective electrochemical surface 

areas and higher electron conductivity for the faradaic reactions to take place167-171. This in 

turn promotes a higher and more stable ORR catalytic activity as well as an enhanced 

capacitive capability that facilitates their behaviors as both EDLC and pseudocapacitors159. 

However, simple physical mixing of metal oxides and rGO/NGO would inevitably impede 

the charge transfer processes across the composite material for both ORR and capacitive 

performances due to the high electron resistivity at the interface172-173. To address the 

abovementioned issue, researchers have typically resorted to chemical synthesis routes to 

assemble various heteronanostructures chemisorbed and/or embedded into 2-D matrices 

such as graphene, GO, MoS2 etc171-174. While such routes have been successfully used in 

the past to synthesize HNCs, they almost always involve complex multiple steps175-176, and 

sometimes unwanted/harsh chemical and surfactants177 that can be left behind as residues, 

thereby degrading the active interfacial areas for catalytic and charge transport pathways. 

This chapter addresses the use of LASiS in conjunction with two different post-treatments 

to incorporate three types of cobalt oxide nanostructures into rGO/NGO sheets for 

synthesizing tailored HNCs, as illustrated in Fig. 4.1. 

 

Experimental procedure  

    

Laser-based synthesis of Co3O4/rGO-NGO Hybrid Nanocomposites 

All chemicals were purchased from Sigma-Aldrich. GO suspension was prepared by 

following the commonly practiced improved Hummers method189. Co pellets were bought 

from Kurt J. Lesker (99.95% purity, 1/4” diameter×1/4” height). LASiS experiments were 

carried in the experimental system previously described. Specifically, the freshly prepared 

GO solution with the concentration of 20 mg/L was bath-sonicated for 30 min before 

transferring into the LASiS reactor cell. The target metal was ablated using the unfocused 

1064 nm pulsed Nd-YAG for 3 min. The products were collected by centrifuging at 4700
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Figure 4.1. Graphical abstract of the synthesis of Co3O4/rGO and Co3O4/NGO HNCs via LASiS. 
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rpm for 15 min and decanted after washing with DI-water for two times. For LASiS in 

alkaline conditions, KOH (99.5%) was used to tune the solution pH to the desired alkaline 

condition (pH13). 

Post-treatments: For the synthesis of all Co3O4/rGO HNCs, the products from 

centrifugation were heated at 250°C under vacuum for 3 hours. For production of all 

Co3O4/NGO HNCs, the products from centrifugation were re-suspended in 25 mL of 

deionized (DI) water, urea was then added at the ratio 300:1 (Urea: GO). The mixture was 

sealed in a 50 mL Teflon-lined autoclave and held at 180°C for 3 hours. The products were 

filtered and washed several times with DI-water. Finally, the dark powder obtained from 

the filtration was dried at 80°C for 3 hours. 

 

Characterizations  

For the detailed morphological characterization of the final products, a Zeiss Libra 200MC 

monochromated transmission electron microscope (TEM) was used with an accelerating 

voltage of 200 kV for regular TEM characterizations along with selected area electron 

diffraction (SAED) and energy dispersive X-ray spectroscopy (EDX). The scanning 

electron microscopy (SEM) images were acquired using a Philips XL-30ESEM equipped 

with an energy dispersive X-ray spectroscopy. A Zetasizer (Make: Malvern; Model: nano 

ZS) was used for measuring zeta potentials of the colloidal solutions. The Cobalt metal 

concentrations in the composites under study were measured via inductively coupled 

plasma optical emission spectroscopy (ICP-OES) (Make: Perkin Elmer; Model: Optima 

4300 DV) and the in-house developed quantitative laser-induced breakdown spectroscopy 

(Q-LIBS) as described elsewhere190-191. X-ray diffraction (XRD) was carried out on a 

Phillips X'Pert-Pro diffractometer equipped with a Cu Ka source at 45 kV and 40 mA. The 

Fourier transformed infrared (FTIR) spectrum was obtained using a Nicolet 6700 FT-IR 

Spectrometer at the wavenumber range of 400 to 3000 cm-1. Raman spectra were acquired 

using an NT-MDT NTEGRA spectrum with a 532 nm laser beam. Thermogravimetric 

analysis (TGA) were carried out under an air atmosphere using a Perkin Elmer Thermal 

Analyzer at a heating rate of 5°C min-1. AFM images were collected in the tapping mode 

on a Dimension ICON instrument from Veeco.  
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Electrochemical tests 

The rotating disk electrode (RDE) setup was purchased from Pine instruments, LLC. A 

conventional, three-compartment electrochemical cell comprising a saturated double 

junction Ag/AgCl electrode as the reference electrode, and a platinum coil as the counter 

electrode were used for all the EC tests. All potentials in this work are reported in reference 

to the reference hydrogen electrode (RHE). 

 

Oxygen Reduction Reaction (ORR) tests  

A glassy carbon RDE with a diameter of 5 mm was used as the working electrode, 1 M KOH 

solution was used as the electrolyte. 20% Pt/C from BASF was used as the standard catalyst for 

all comparisons. For preparing the working electrode, 2 mg of the synthesized hybrid NCs 

(HNCs) after the above-mentioned post-treatments were suspended in 0.5 mL ethanol and 25 

μL of 5 wt% Nafion solution (Sigma-Aldrich, density 0.874 g⋅mL−1) via 30 min of 

ultrasonication. Thereafter, 25 μL of the prepared catalyst ink was coated on the RDE where the 

catalyst loading density was calculated to be ∼30 μg⋅cm−2. For all ORR experiments, stable 

voltammogram curves were recorded after scanning for 15 cycles in the corresponding potential 

region. The dynamics of the electron transfer process in ORR were analyzed through the 

rotating disk voltammetry (RDV) at different speeds based on the Koutecky–Levich (KL) 

equation:  

 

      B = 0.62nFC0D0
2/3ν−1/6 

Where J, JK, and JL are the measured, kinetic and diffusion limiting current densities 

respectively, n is the electron transfer number, F is the Faraday constant, C0 and D0 are the 

dissolved O2 concentration the O2 diffusion coefficient in the electrolyte respectively, ν is the 

kinematic viscosity of the electrolyte, ω is the angular rotation of the electrode and B is the 
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Levich constant. All Tafel plots were generated using the kinetic current JK as determined 

from: 

 

Supercapacitance measurements  

The working electrode was prepared from the desired mixture of the Co3O4/rGO and/or 

Co3O4/NGO HNC samples (after post-treatments), acetylene black (Cabot), and 

polyvinylidene difluoride (PVDF, Aldrich) blend with a weight ratio of 8:1:1. The 

electrodes were fabricated by loading the blend onto the surface of nickel foam sheets, 

drying at 80°C for 8 hrs, and pressing under 10 MPa for 5 s. The typical mass loading of 

the electrode active material was about ~3-5 mg. 6 M KOH solution was used as the 

electrolyte. Cyclic voltammetry (CV) measurements were conducted in a potential window 

of -0.15−0.35 V at the scanning rate of 20 mV/s. The charge−discharge tests were carried 

out at different current densities over a potential range of -0.1 to 0.35 V. Electrochemical 

impedance spectroscopy (EIS) was carried out on the same electrochemistry workstation 

in the frequency range from 0.05 Hz to 100 kHz for an open-circuit potential with 5 mV as 

the amplitude potential. The specific capacitance was calculated from the following 

equation: 

1×
= ( )

×

I t
C Fg

V m




 

 

 

Where C is the specific capacitance, I is the current density during discharging, m is the 

weight loading of the electroactive material.  

 

Results and discussion 

    

The GO flakes synthesized via the improved Hummer’s method presented lateral 

dimensions of ~1 μm, as shown in both AFM and SEM images in Fig. 4.2.a and 4.2c 

respectively. The height profile in Fig. 4.2b for the corresponding cross-section (marked 
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as the red line in Fig. 4.2a) indicates the average flake thickness to be ~1 nm that 

corresponds to 2-3 GO layers. Fig. 4.2d reveals a uniform dispersion for the as-synthesized 

GO flakes in the aqueous suspension, which aggregates instantly after the LASiS process 

(Fig. 4.2e) and in turn easily precipitates upon centrifugation (Fig. 4.2f). Such aggregation 

arises largely due to the oppositely charged surfaces for the Co/CoOx NPs and GO flakes, 

as seen from the zeta potential measurements shown in Fig. 4.3. 

Specifically, the Co/CoOx NPs from LASiS carry net effective positive charges in the Stern 

layer (a positive zeta potential of ~+32 mV), while the GO flakes carry net effective 

negative Stern layer charges (a negative zeta potential of ~-55 mV). Hence, the two species 

quickly attract each other during the LASiS step to neutralize the interfacial charges and in 

turn, form fluffy aggregates due to lack of charge stabilization. It needs to be borne in mind 

that the zeta potentials for both pure GO flakes and CoOx NPs being >+30 mV and <-30 

mV respectively allow for the electrostatic stabilization of their respective aqueous 

suspensions. In order to make better electrochemical supporting materials, the conductivity 

of the GO sheets in the as-synthesised CoOx/GO nanocomposites are improved via  two 

different reduction processes namely, 1) direct heating at 250℃, and 2) nitrogen-doping 

(N-doping) to generate rGO and NGO respectively as the supporting matrices for the 

various Co3O4 nanostructures (as described in detail in the experimental section). 

It needs to be mentioned here that the initial products from LASiS on Co are the metastable 

CoO and/or Co(OH)2 crystals, both of which transform into Co3O4 NPs as the final product 

upon aging or heating as also noted in earlier works.45 The SEM and TEM images in Fig. 

4.4a-e indicate the various morphologies for the Co3O4/rGO HNCs made from the direct 

heating routes. For the pH7 case, Fig 4.4a,b indicates the formation of uniformly distributed 

NPs in GO sheets. Here, the crystalline structures from electron diffraction pattern (inset 

in Fig. 4.4b) and lattice fringes from high-resolution TEM (HRTEM) images (Fig. 4.4c) 

confirm the NPs to be Co3O4. In contrast, for the pH13 case, Fig. 4.4d-f indicate the 

formation of a mixture of Co3O4 NPs and nanorods (NRs) uniformly distributed on rGO 

matrices (also indicated by the inset in Fig. 4.4e). Such formation of Co3O4 NRs is 

attributed to the breakdown of Co(OH)2 hexagonal single crystals, as discussed in detail in 

previous works45. Besides, the EDX mappings in Fig. 4.4g-j for the Co3O4 NP/rGO HNC  
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Figure 4.2. AFM (a) and SEM (c) images of GO flakes prepared by improved Hummer’s method. (b) 

height profile of one flake across the red line marked in (a); Pictures of (d) Pure GO suspension, (e) 

NP/rGO suspension right after LASiS, and (f) Sample (e) after centrifugation. 
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Figure 4.3. Zeta potential measurement for the nanocomposites of CoOx and GO at different ratios. 
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Figure 4.4. SEM (a,d) and TEM/HRTEM (b,c,e,f) images for the Co3O4 NP/rGO HNCs prepared at pH7 

(a,b,c) and Co3O4 NR/rGO HNCs prepared at pH13 (b,e,f) conditions. The insets in (b,e) reveal the 

corresponding SAED patterns. (g-j) STEM image of the Co3O4 NP/rGO sample prepared at pH7 (g) and the 

corresponding EDX mappings for Co (h), C (i) and O (j) elements. 
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samples further confirm the even distribution of each element/species in the HNCs. In the 

second reduction route, the N-doping procedure (as detailed in experimental section) on 

the CoOx/GO samples made from LASiS at pH7 conditions generates NH3 molecules that 

quickly react with surface functional groups on the GO and consequently induce the 

formation of Co3O4/NGO HNCs. 

Specifically, in this case, it is clearly observed from Fig. 4.5a-c that during the N-doping 

process, some of the spherical CoO NPs get structurally re-arranged into Co3O4 nanocubes 

indicating relatively less agglomeration. These observations are attributed to the possible 

spatial confinement of the NPs within ~5-6 layers of the NGO, as seen from HRTEM 

images in Figs.4.5 b-c, that re-distributes the surface energy during the crystalline growth 

of the Co3O4 NPs. Such spatial confinements from few layers of graphitic shells have also 

been reported by previous literature192. Meanwhile, it should also be pointed out that in this 

case the NPs show a relatively poorer coverage on NGO (Fig. 4.5a) as compared to the 

surface coverage for the Co3O4/rGO HNCs. For ease of understanding, from here onwards, 

the aforementioned three products will be referred as NP/rGO (pH7), NR/rGO (pH13) and 

NP/NGO (pH7, N-doping) respectively. The weight ratios of Co3O4:C were estimated from 

Q-LIBS measurements and confirmed by ICP-OES to be 3:1 for both NP/rGO and 

NP/NGO, and 3:2 for NR/rGO.  

In terms of crystallographic information, the XRD patterns for the various HNC products 

under study are shown in Fig. 4.6. The pure GO exhibits a distinct peak at ~12°, which 

corresponds to GO (002) and implies an interlayer spacing of about 0.76 nm, while the two 

small peaks at ~34° and 45° are due to trace amounts of impurities. The absence of the GO 

(002) peak after the incorporation of Co3O4 nanostructures (NPs/NRs) suggest a disruption 

of the GO lattice stacking as well as partial reduction during the reaction with seeding Co 

NPs. After the N-doping process, a broad peak located at ~25° is exhibited for the NP/NGO 

sample, suggesting a successful reduction of GO. The NP/rGO samples before heating 

(NP/rGO-RT) indicate very weak peaks for Co(OH)2 (001) at ~19°, which quickly 

disappears after calcination at 250℃ (NP/rGO-250) due to the relative instability of 

Co(OH)2 at high temperatures.  

Similar phenomenon is also observed for the NR/rGO samples, except that a Co(OH)2 
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Figure 4.5. TEM (a) and HRTEM (b,c) images of the Co3O4 NP/NGO HNCs. The inset in (a) reveals the 

corresponding SAED patterns. 
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Figure 4.6. Comparison of XRD patterns for various HNC samples under study. The standard peak position 

for each species is shown by the vertical lines at the bottom. 

 
 
 
 
 
 
 
 



 

64 

 

(001) peak appears before the heating (NR/rGO-RT). This is clearly attributed to the 

reaction between the seeding Co NPs from LASiS and the concentrated solution phase OH- 

from the alkaline conditions (pH13). The transformation of these metastable Co(OH)2 

nanocrystals into Co3O4 under alkaline conditions lead to their selective crystalline growth 

as nanorods. In consequence, the emergence of a Co3O4 (311) peak is seen after heating 

the samples to 250oC (NR/rGO-250). These observations have also been reported and 

explained in details in earlier works.45 Finally, it is worth to mention that neither NP/rGO 

nor NP/NGO samples show any Co3O4 peaks in the XRD pattern due to the relatively small 

NP sizes as well as the weak crystallization processes, which is as a result of the non-

equilibrium ultrafast quenching of the laser-induced plasma plume in water where the NPs 

are generated. 

 

Interfacial characterization  

In this section, the formations of rGO/NGO and Co3O4 in the aforementioned HNC 

samples along with their interfaces are further investigated by FTIR and Raman 

spectroscopy. The FTIR spectra of NP/rGO and NR/rGO at different heating temperatures 

are recorded in Fig. 4.7a and 4.7b respectively. Both as-synthesized samples (RT case) 

exhibit a broad peak at ~3400 cm-1 that correspond to the O-H stretching vibration, along 

with several sharp peaks located at 1650 cm-1, 1391 cm-1 1250 cm-1, 1060 cm-1 representing 

C=C, COOH, C-O-C and C-O bonding respectively.34,42,65 The last two peaks located at 

lower wavenumbers, i.e., 665 and 570 cm-1 are assigned to the stretching vibration of Co3+-

O and Co2+-O bonds.34,42,65 Upon heating (150oC and 250oC cases), the O-H, COOH and 

C-O peaks disappear, while the C=C peak is found to shift to a lower wavenumber of ~1610 

cm-1, and a small C-O-C peak starts to emerge at 1060 cm-1. Such observations indicate 

and confirm the thermal reduction of GO. The Co-O peaks, however, indicate a successive 

reduction of the 665 and 570 cm-1 stretching peaks along with the formation of a tail at 

~500 cm-1 after the heating, which is possibly due to the solid phase reaction between 

Co/CoO and GO that forms a more complex structure. For the sake of comparison, a second 

set of HNC sample was prepared by carrying out LASiS on Co in water first, followed by 

heating the solution overnight until CoOx gets fully oxidized into Co3O4, and then 
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Figure 4.7. FTIR results for (a) NP/rGO, (b) NR/rGO, and (c) physically mixed HNCs heated to different 

temperatures. 
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physically mixing it with GO at the same Co3O4:GO weight ratio as the NP/rGO sample 

(3:1). With this technique, no chemical reaction occurs between Co3O4 and GO. The FTIR 

result for this sample is shown in Fig. 4.7c. Clearly, much stronger peaks for the Co-O 

bonding is seen with no tail after heating, suggesting that the Co3O4 NPs are only physically 

absorbed onto GO. This confirms the earlier hypothesis regarding the possible reactions 

between Co/CoO and GO during both the LASiS step and the subsequent vacuum heating 

that result in the formation of more complex Co-rGO structures exhibiting lower intensities 

for the Co-O stretching.  

The Raman spectra in Fig. 4.8a for all the Co3O4-containing HNC samples detect the four 

distinct peaks at 677, 517, 470 and 193 cm-1 that correspond to the A1g and F2g modes of 

Co3O4.
37,66,67. Alternately, all the GO-containing HNC samples exhibit two broad peaks at 

1351 and 1604 cm-1 that are assigned to the carbon D band and G band vibrations for GO. 

Specifically, the D peak is related to the mode of the k-point phonons of A1g symmetry 

while the G peak corresponds to the E2g phonon of Csp2 atoms.34,36,42 The D/G intensity 

ratios (ID/IG) for all the HNC samples were calculated and summarized in Fig. 4.8b, where 

a high value indicates better exfoliation137, more disorder/defects196 and reduced 

oxygenated functional groups175. It is clearly seen that both thermal reduction and N-

doping effectively increases the ID/IG, with the NP/NGO sample showing the highest value 

of 1.16.  

 
Functional characterization  

Two types of electrochemical properties, namely, ORR electrocatalytic activity and 

supercapacitive property are evaluated and compared for the as-synthesized HNCs. The 

ORR polarization curves in Fig. 4.9a indicates that the NP/NGO HNC exhibits the best 

ORR activity among all the samples in terms of the onset potential and diffusion-limited 

current, followed by the NP/rGO, Co3O4/C, and NR/rGO samples. Specifically, the onset 

potential and diffusion-limited current for NP/NGO HNCs (-0.15 V vs. SHE, and -5 

mA/cm2 respectively) are very close to the corresponding values for commercial Pt/C ORR 

catalysts (-0.08 V vs. SHE, and -5.6 mA/cm2). Furthermore, the Tafel plots in Fig. 4.9b for 

the kinetic-diffusion region of the ORR polarization curves indicate the Tafel slope for 
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Figure 4.8. (a) Raman spectra of the as-synthesized products; (b) the fitting results of the intensity ratios of 

D-band (~1350 cm-1) to G-band (~1650 cm-1) from (a). 
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NP/NGO samples (~45 mv/dec) to be even lower than that for Pt/C (48 mv/dec) samples. 

This suggests a faster charge transfer rate for the ORR kinetics of the NP/NGO HNC 

samples. Typical Koutecky-Levich plots extracted from rotating disk voltammograms at 

different rotation speeds, as shown in Fig. 4.9c and the inset enable quantification of 

electron transfer numbers for the ORR catalysis by the NP/NGO HNCs. The results clearly 

indicate a near four electron transport process in the mixed kinetic-diffusion region with 

the potential ranging from -0.29 V to -0.37 V. Finally, the NP/NGO HNC electrocatalyst 

is also found to be more stable than the Pt/C. As shown in Fig. 4.9d, the 

chronoamperometry test run for 10000s at -0.25 V indicate negligible changes in the 

current density for the NP/NGO samples, whereas the standard Pt/C samples sees a 

dramatic decline by ~16% from the starting point value. The superior ORR activity for 

NP/NGO can be attributed to the N-doping process that endows NGO with ultrahigh 

electron mobility along with less agglomerated Co3O4 NPs that are devoid of any interfacial 

contaminants from surfactants/ligand, thereby providing a larger electroactive surface area. 

 

Fig. 4.10b reveals the discharge curves at 1A/g from -0.1 to 0.35 V for various samples 

under study. All HNCs exhibit longer discharge time, i.e., better capacitive performance 

than both pure Co3O4 (159 F/g) and rGO (68.4 F/g), with NR/rGO showing the largest 

capacitance of 269 F/g, followed by NP/NGO (213 F/g) and NP/rGO (196 F/g). Fig. 4.10c 

illustrates the complete charge-discharge curves for NR/rGO at different scan rates. The 

curves are found to be symmetrical which exhibit the typical characteristics for an ideal 

supercapacitor.  

Finally, in terms of the the electrode-electrolyte interface properties, the characterizations 

via EIS measurements (see experimental section) with the resultant Nyquist plots shown 

in Fig. 4.10d. At the high-frequency region, the intercept at real part (Z’) denotes the 

intrinsic resistance of the electrode, electrolyte as well as their contact resistance (Re).
36,38  
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Figure 4.9. Electrochemistry data for the as-synthesized HNCs compared to standard Pt/C for ORR 

electrocatalytic activities using: (a) ORR polarization curves in 0.1 M KOH electrolyte saturated with 

dissolved O2 at 1600 rpm and scan rate of 10 mV/s; (b) Tafel plots from (a); (c) Koutecky-Levich plots from 

RDV data (inset) for the NP/NGO HNC at different potentials (0.29-0.37 V) indicate four electron transport 

process; (e) Stability comparison for NP/NGO HNC and standard Pt/C via CA tests. 
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Figure 4.10. Electrochemistry data showing capacitive properties for the as-synthesized products. (a) CV 

scans at 20 mV/s; (b) Comparison of discharge curves at the scan rate of 1 A/g; (c) Charge-discharge curves 

for NR/rGO at various rates (A/g); (d) Nyquist plots 
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Pure Co3O4 is found to exhibit the largest Re among all the samples, thereby impairing its 

specific capacitance. Rct stands for charge-transfer resistance, which is affected by the 

aforementioned Faradaic reactions. NR/rGO exhibits the lowest Rct of 0.37Ω, followed by 

Co3O4 (0.52Ω), NP/rGO (0.87Ω), NP/NGO (1.43Ω), and rGO (4.31Ω). The linear part of 

the low-frequency region of the Nyquist plot corresponds to the Warburg impedance, 

which represents the diffusion of electrolyte to the electrode materials. NR/rGO exhibits 

the most vertical slope, indicating the best electrolyte diffusion efficiency.36,38 Thus, the 

better supercapacitive properties for NR/rGO, when  compared to the other samples studied 

here, can be possibly ascribed to its interconnecting nanostructures comprising both NRs 

and NPs that lower the charge-transfer resistance and meanwhile promote the electrolyte 

diffusion rate at the interface. Qualitatively, it can be deduced from Fig. 4.10d that although 

NP/NGO shows the smallest Re among all HNCs that promotes the charge transfer for ORR 

catalysis, the larger Rct hinders their capacitive capabilities. This is probably due to the 

relatively poorer coverage of Co3O4 NPs on NGO, resulting in more NGO exposing to the 

surface, as demonstrated earlier in the TEM images in Fig. 4.5. In comparison NP/rGO 

shows the expected intermediate activities for both ORR and supercapacitance. 

 

Synthesis-structure relations: a discussion  

In general, laser ablation induces the formation of Co plasma which nucleates within the 

propagating cavitation bubble. Once the bubble collapses, the seeding Co NPs go through 

ultrasonic quenching at the liquid-bubble interface and meanwhile react with both water 

and GO flakes. This results in the formation of cobalt oxides embedded in GO with primary 

reduction. The embedding process could be both chemically and charge driven, as 

demonstrated earlier in the FTIR and Raman results. The initial metal products from LASiS 

in the alkaline condition (pH13) involve a mixture of CoO NPs, Co3O4 NRs and Co(OH)2 

hexagonal NPs, which further transform into interconnecting nanostructures comprising 

Co3O4 NPs and NRs upon thermal heating, and lead to much-enhanced supercapacitance. 

At pH7 condition, only CoO NPs form initially, which are found to transfer into Co3O4 

with a more uniform distribution on rGO upon heating than through the N-doping, although 

with higher degree of agglomeration. The N-doping process endows the NGO with a higher 
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conductivity, meanwhile, partially reshapes the metastable CoO NPs into Co3O4 nanocubes 

with less agglomeration, therefore benefit the ORR catalytic activity.  

 

Conclusions    

 

In summary, three types of 0D-2D interfaced HNCs, namely, NP/rGO, NR/rGO and 

NP/NGO were manufactured via laser ablation synthesis in solution (LASiS) in tandem 

with two different post-treatments. The synthesized HNC samples were systematically 

characterized for their selective applications as ORR catalysts and/or supercapacitive 

materials. Detailed structural and interfacial characterizations reveal the embedment of the 

nanomaterials into GO to be both chemically and charge driven. Functional 

characterizations indicate that the NP/NGO HNC samples exhibit the best ORR activity 

that is comparable to the commercial Pt/C. This is ascribed to the higher electron mobility 

and conductivity arising from the N-doped GO (NGO) matrix along with the dispersion of 

isolated Co3O4 NPs devoid of any interfacial surfactants/ligands that provide enhanced 

electroactive surface areas. On the other hand, the NR/rGO samples indicate the highest 

supercapacitive activities resulting from interpenetrating nanostructures in the rGO matrix 

that benefit both charge transfer and electrolyte diffusion at the electrode interface. Finally, 

as expected from the aforementioned observations, the NP/rGO samples display mediocre 

bi-functional activities for both the applications. The ability to tune selective bi-

functionalities in such tailored HNCs provide future pathways for the rational design of 

efficient fuel cell and/or battery electrodes from 0D–2D interfaced nanomaterials. 
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CHAPTER FIVE  

HYBRID NANOCOMPOSITES OF NANOSTRUCTURED 

MANGANESE OXIDE INTERFACED WITH REDUCED 

GRAPHENE-OXIDE WITH ENHANCED SUPERCAPACITIVE 

PROPERTIES  

 

 

Introduction 

     

Despite our remarkable technological advancements throughout the past centuries, a 

number of critical issues still impose significant challenges, from many perspectives, for 

the fast development of revolutionary materials needed in our current technology-driven 

society. In terms of energy distribution, for instance, recent studies estimate that 11% of 

the current world’s population still lacks access to electricity197, revealing a precarious 

technology gap and its presumable serious socioeconomic consequences.  In addition to 

that, the rapid expansion in the global population coupled with increasing urbanization 

processes is expected to significantly raise the global energy demand over the next decades, 

consequently requiring urgent materials developments as enablers for wide-scale access to 

efficient, reliable, yet inexpensive energy sources. To this end, renewable energy 

alternatives have gained tremendous attention in recent years owing to their wide 

availability, environmental compatibility, and especially inexhaustible power supply. 

However, the temporal variability inherent to many of these energy sources generally result 

in challenges for many of its intended applications. In this scenario, energy storage 

methodologies could represent an effective solution to the aforementioned concerns, 

potentially bridging the gap between renewable energy sources and technological progress. 

In this regard, faradaic supercapacitors have attracted much interest in view of their 

outstanding power-density along with their enhanced energy storage capacity, and yet,  

when compared to traditional energy storage systems, the range of application of these 

devices is still considered limited. To tackle these issues, many researchers have 
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investigated the design and application of novel functional materials as electrodes for 

supercapacitive systems198.  The high theoretical specific capacitance (up to 1370 F g−1)199 

of Manganese Oxide (MnxOy, where x = 1–3; y = 1–4) positions it as a potential candidate 

for the design of supercapacitors with superior performance. Additionally, when compared 

to commonly known high performing oxides of rare metals, such as Ruthenium oxides 

(RuO), Manganese is abundantly available, inexpensive and environment-friendly200. 

Graphene, on the other hand, exhibits a theoretical capacitance of 550 F g−1 resulting from 

its purely electrostatic capacitive nature201. But, due to its intrinsic high-conductivity, 

graphene can synergistically contribute to the enhancements of the capacitive properties of 

MnxOy species by facilitating improved charge transport properties202. To this end, as 

summarized in Fig. 5.1, this chapter focuses on the use of LASiS coupled with a post-

treatment for the design of hybrid nanocomposites composed of manganese-oxide 

dispersed onto reduced graphene-oxide (rGO) and their applications as superior electrode 

materials for supercapacitor devices.  

 

Experimental procedure  

 

Laser-based synthesis of Mn3O4 / rGO hybrid nanocomposites  

All chemicals were purchased from Sigma-Aldrich. GO suspension was prepared by 

following the commonly practiced improved Hummer’s method188. Mn pellets were 

purchased from Kurt J. Lesker (99.95% purity, 1/4” diameter×1/4” height). LASiS 

experiments were carried in the experimental system previously described. Specifically, 

the freshly prepared GO solution with the concentration of 20 mg/L was bath-sonicated for 

30 min before transferring into the LASiS reactor cell. The target metal was ablated using 

the unfocused 1064 nm pulsed Nd-YAG for the desired ablation time. The products were 

collected by centrifuging at 4700 rpm for 15 min and decanted after washing with DI-water 

for two times. For LASiS in alkaline conditions, KOH (99.5%) was used to adjust the 

solution pH to the selected alkaline condition (pH13). 

Post-treatments: For the synthesis of all Mn3O4/rGO HNCs, the products from 

centrifugation were heated at 250°C under vacuum for 3 hours.  
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Figure 5.1. Graphical abstract of the LASiS-based hybrid nanocomposites of nanostructured manganese 

oxide interfaced with reduced-graphene oxide with enhanced supercapacitive properties.  
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Characterizations  

The scanning electron microscopy (SEM) images were acquired using a Philips XL-

30ESEM equipped with an energy dispersive X-ray spectroscopy. A Zetasizer (Make: 

Malvern; Model: nano ZS) was used for measuring zeta potentials of the colloidal 

solutions. X-ray diffraction (XRD) was carried out on a Phillips X'Pert-Pro diffractometer 

equipped with a Cu Ka source at 45 kV and 40 mA.  

 

Electrochemical tests   

The rotating disk electrode (RDE) setup was bought from Pine instrument company, LLC. 

A conventional, three-compartment electrochemical cell comprising of a saturated double 

junction Ag/AgCl electrode as the reference electrode, and a platinum coil as the counter 

electrode was used for all the EC tests.  

 

Supercapacitance measurements    

A 3-electrode system was used, where the working electrode was prepared from the desired 

mixture of the Mn3O4/rGO, acetylene black (Cabot), and polyvinylidene difluoride (PVDF, 

Aldrich) blend with a weight ratio of 8:1:1. The working electrodes were fabricated by 

loading the blend onto the surface of nickel foam sheets, drying at 80°C for 8 hrs, and 

pressing under 10 MPa for 5 s. The typical mass loading of the active electrode material 

was about ~3-5 mg. 0.5M Na2So4 solution was used as the electrolyte. Cyclic voltammetry 

(CV) measurements were conducted in a potential window of -0.10 to 0.90 V at the 

scanning rate of 20mV/s. The charge−discharge characterizations were carried out at 

different current densities over a potential range of -0.10 to 0.90 V.  The specific 

capacitance was calculated from the following equation: 

1×
= ( )

×

I t
C Fg

V m




 

Where C is the specific capacitance of device, I is the current density during discharging, 

m is the weight loading of the electroactive material in the working electrode. 
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Results and discussion 

    

Structural and morphological characterizations of the LASiS-based nanocomposites     

The SEM images of the products of each ablation time are depicted in Fig 5.2. These 

micrographs indicate the various morphologies observed in the synthesized Mn3O4/rGO 

HNCs following the direct heating post-treatment routes. In general, the images exhibited 

in Fig 5.2 indicate the formation of uniformly distributed nanorods throughout the rGO 

sheets, with a minor presence of spherical nanoparticles. The presence of 1D nanorods in 

the hybrid nanocomposite can be rationalized considering formation mechanisms proposed 

by Xiao et al during the hydrothermal synthesis route; the initially formed layered 

structures of δ-MnO2 undergo a rolling mechanism, induced by the high pressure in the 

system, that result  in rod-like seeding sites, thereby giving rise to the observed nanorods205. 

As previously discussed, considering that the nucleation phenomenon in LASiS is initiated 

inside the laser-induced plasma plume, the extreme pressures originating from the liquid-

confinement is likely to promote the rolling of the initially formed δ-MnO2 that give  rise 

to the appearance rod-like seeding sites serving as the template for the growth of the Mn-

rich phases. Once in solution, the Mn-rich species can undergo faradaic reactions, resulting 

in the formation of Mn3O4 as the final products. The presence of spherical NPs in Fig. 5.2 

could be attributed to the secondary laser fragmentation of the metal target.  

In order to further elucidate these observations, Fig 5.3 exhibits the XRD patterns of the 

samples obtained under 8 min ablation. The significant observation of the characteristic 

Mn3O4 diffraction patterns confirms the massive presence of these species in the 

synthesized composites. The other weak peak observed at 2θ ≃51.2 is attributed to the 

(411) plane of α-Mn, suggesting the presence of metallic Mn in the composites. The 

observation of metallic Mn species can be attributed to laser-induced fragmentation of the 

metal target; Mn species are ejected into the solution as a result of the fragmentation and 

further stabilized upon the formation of an oxide passivation layer on their surface, 

therefore preserving the metallic core.  
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Figure 5.2. SEM images of Mn3O4-rGO hybrid nanocomposites prepared under (a) 6 min (b) 7 min (c) 8 min 

(d) 9 min and (e) 10 min ablation time   
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Figure 5.3. XRD pattern of the Mn3O4-rGO hybrid nanocomposite prepared under 8 min ablation time 
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Functional characterizations  

In order to estimate the capacitive properties of the as-synthesized Mn3O4-rGO hybrid 

nanocomposites, cyclic voltammetry analyses were carried out at 20 mV/s from -0.1 to 

0.95 V. Fig 5.4a exhibits the CV curve for the various Mn3O4-rGO samples made with 

different ablation times as different synthesis conditions. It is evident that for the composite 

samples made up to an ablation time of 8 mins, the capacitance values increase rapidly 

followed by a sharp drop in their values higher ablation times. In order to obtain a 

quantitative analysis, discharge curves were obtained at 2 A/g, as shown in Fig 5.4b. The 

discharge curves clearly exhibit longer discharge times for the composites synthesized 

under 7, 8 and 9 min of ablation time, and a rapid decay in the discharge times for the 

composites obtained under 6 and 10 min of ablation. The respective capacitance values for 

each of the samples, as estimated from these analyses, are plotted in Fig 5.4c that indicate 

good agreement with CV curves; the highest capacitance was obtained for the Mn3O4-rGO 

HNCs synthesized under 8 min (318 F/g), followed by 7 min (248 F/g), 9 min (154 F/g) 

and lastly 10 min (46 F/g) and (24 F/g). In fact, these results demonstrate the critical role 

of ablation time during LASiS in tuning the capacitive properties of these HNCs; such 

influence can be rationalized considering the relative density of the Mn3O4 phases with 

respect to the rGO species in the samples. A higher density of Mn3O4 results in an increased 

rate of faradaic reactions with the electrolyte that can allow more charges to be stored. 

However, at certain critical concentrations, the relatively low conductive nature of the 

oxide species is likely to compromise the charge-transfer processes through the 

nanocomposites, thereby hindering the redox-reaction pathways. In fact, the conductive 

nature arising from the presence of rGO is essential for improving the supercapacitive 

properties of these HNCs. The rapid charge transfer arising from the conductive sp2 carbon 

network provided by the rGO nanosheets suppresses charge accumulation on the Mn3O4 

nanorod surfaces which, in turn enhances the rate of faradic reactions and results in higher 

power outputs. On the other hand, the Mn3O4 nanorods being the redox-active species in 

the HCNs, the presence of such phases is directly responsible for the faradaic reactions that 

can promote the charge storage mechanism. To this end, it is only reasonable to assume 

that an optimal Mn3O4 to rGO ratio would ideally promote their capacitive behaviour 
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without compromising either the charge-transfer mechanisms or the rate of faradaic 

reactions – bearing in mind that both play equally important roles for architecting the 

supercapacitive properties of the aforesaid HNCs. Indeed, such a hypothesis is clearly 

corroborated by the results shown in Fig. 5.4, along with the micrographs obtained from 

the SEM analyses (Fig. 5.2). There is a clear correlation between the density of nanorods 

and ablation time in the micrographs presented in Fig 5.2; a higher amount of nanorods is 

observed as the ablation time increases from 6 min to 10 min. These results point toward 

our hypothesis that , among the evaluated ablation times, the architecture of HNCs formed 

under 8 min ablation comprises an optimal ratio for the relative concentrations of Mn3O4 

to rGO species, resulting in a cooperative behaviour between faradaic and conductive 

effects, that might be synergistically contributing to the observed outstanding capacitive 

properties from the as-manufactured HNCs here. Future continued studies providing direct 

correlations between structure, composition and faradaic/conductive contributions from 

these HNC materials would tremendously benefit the directed and rational design of HNC 

architectures with tunable supercapacitive properties.  

 

Conclusions    

 

In summary, Mn3O4 interfaced reduced graphene-oxide were manufactured via laser 

ablation synthesis in solution (LASiS) at different ablation times (6-10 min) in tandem with 

a thermal post-treatment procedure. The as-synthesized HNC samples were systematically 

characterized for their suitability as supercapacitive materials. Detailed structural 

characterizations revealed that the nanomaterials embedded on to GO primarily comprised 

Mn3O4 nanorods, with minor presence of metallic Mn species. Functional characterizations 

demonstrated the influence of ablation time during the LASiS process on the capacitive 

behaviors of the HNCs via tailored optimization of the Mn3O4 to rGO species concentration 

ratios. The HNCs samples prepared under 8 min ablation exhibited the highest 

supercapacitive activities. We ascribe these superior activities to the interpenetrating 1-D 

Mn3O4 nanostructures in the rGO matrix that are responsible for striking a synergistic 

balance between faradaic activities and charge transfer properties coupled with electrolyte  
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Figure 5.4. (a) CV curves for the Mn3O4-rGO HNCs composites in 0.5 M Na2So4 (b) discharge curves at 2 

A/g and (c) calculated capacitance 

 
 
 
  



 

83 

 

diffusion at the electrode interfaces. The ability to tune the capacitive functionalities in 

such tailored HNCs demonstrates the promising potential of LASiS in the efficient and 

rational design and synthesis of advanced composite nanomaterials for future fabrication 

of electrochemical energy storage systems.  
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CHAPTER SIX  

CONCLUSIONS AND FUTURE DIRECTIONS  

 

 

Conclusions 

 

This dissertation investigated the fabrication of functional carbon-based hybrid 

nanocomposites via Laser Ablation Synthesis in Solution (LASiS), specifically focusing 

on the systematic synthesis–structure–property characterizations and their relationship in the 

performance of these materials for applications in selected electrochemical energy storage and 

conversion systems, namely Oxygen Reduction Reaction (ORR) electrocatalysis and Faradaic 

Supercapacitive devices. The present study is based on two main synthesis routes: (1) Synthesis 

of Metal-Organic Frameworks (MOFs) and their functional composites, (2) fabrication of 

reduced (rGO)/N-doped graphene-oxide and metal-oxide hybrid nanocomposites. For each 

case, the analyses developed herein aimed towards the fundamental understanding regarding 

the role of solution-phase parameters (e.g., reagents concentration and temperature) along with 

laser properties in driving the chemistry for the formation processes during LASiS. 

Furthermore, structural, elemental and morphological characterizations were systematically 

analyzed in order to gain a comprehensive understanding of the synthesis–structure–property 

relationship of the final products.  

Specifically, during the LASiS-driven manufacturing of MOF structures, the Zeolitic 

Imidazole Frameworks (ZIF)-67 was adopted as a model system, providing the tools necessary 

for the systematic analysis of the role of laser parameters along with solution conditions in 

tailoring the size and morphology of the resulting frameworks. The findings presented in chapter 

two indicated that while the average MOF size is controlled by varying the organic linker, 2-

methylimidazolate (Hmim), to LASiS-generated metal ion stoichiometric ratio, tailoring of its 

morphology occurs via precise control of synthesis temperature and duration of ablation. 

Additionally, a mechanistic picture for MOF formation via LASiS was presented in order to 

elucidate the experimental observations; the proposed sequence of reaction pathways during the 
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LASiS technique is initiated by high-energy laser-driven ablation of a metal target resulting in 

the nucleation of metal NPs that subsequently undergo solution-phase oxidation to generate 

Co2+ ions. The large population of the metal ions in the solution-phase coordinates with the 

active sites in the Hmim molecules, which combined to the Hmim deprotonation reactions, 

enable the oligomerization processes, leading to the MOF crystal nucleation and subsequent 

growth phenomena.  

The findings arising from the LASiS-induced synthesis of ZIF-67 structures laid the ground for 

the application of this technique as a methodology during the fabrication of MOF-derived 

functional nanocomposites (NCs). More precisely, LASiS in tandem with Galvanic 

Replacement Reaction (LASiS-GRR) was employed along with post-processing pyrolysis 

treatments for the fabrication of low-Pt loading NCs comprising Pt-Co bimetallic 

nanoparticles encapsulated in a Co3O4-infused carbonaceous matrix.  The results depicted 

in chapter three demonstrated the ability of this technique to originate a series of well-

orchestrated laser-driven reaction pathways, enabling the coordination-complexation 

events that gave rise to the formation of Pt-Co alloyed nanoparticles embedded in well-

defined ZIF-67 matrices. Subsequent systematic pyrolysis of such scaffolds led to thermal 

decomposition of the MOF structures, resulting in the formation of unique nano-

architectures while preserving the Pt-Co alloyed nanoparticles. Detailed structural, 

morphological and elemental analyses revealed the formation of an interconnecting 

carbonaceous matrix decorated with ultra-small Co3O4 crystallites and dispersed Pt-Co 

alloyed nanoparticles, which are in turn, partially coated by a highly graphitized carbon 

shell. Functional characterizations revealed the outstanding ORR electrocatalytic activities 

of these structures in a harsh alkaline media. LASiS-based NCs obtained via three distinct 

Pt-precursor initial concentrations were evaluated as ORR electrocatalysts, demonstrating 

an astonishing 5-fold increase for the mass activities of NCs synthesized in 125 mg/L 

K2PtCl4 as compared to the state-of-art commercial Pt catalysts. Such remarkable 

performances were attributed to the electrocatalytic enhancements arising from the Pt-Co 

nano-alloyed configurations along with co-catalytic co-operations resulting from the 

unique synergistic spill-over effects facilitated by the Co3O4 crystallites present in the 

carbon matrix support.  
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Similarly, this dissertation explored the use of LASiS as a methodology for the design of 

functional hybrid nanocomposites (HNCs) characterized by nanostructured metal-oxide 

species interfaced with reduced and N-doped graphene oxide. Primarily, the ablation of a 

cobalt target was carried out in a graphene oxide (GO) solution, followed by two different post-

treatments, to manufacture three types of HNCs: (1) Co3O4 nanoparticle (NP)/reduced graphene 

oxide (rGO), (2) Co3O4 nanorods (NR)/rGO, and (3) Co3O4 NP/nitrogen-doped graphene oxide 

(NGO).  Detailed analyses based on Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM) and High-Resolution TEM (HRTEM), along with Energy X-ray 

spectroscopy (EDX) and Selected Area Electron Diffraction (SAED) of the aforementioned 

products revealed the ability of the LASiS technique to selectively tailor these HNCs 

morphology. Additionally, analysis via Fourier Transform Infrared (FTIR) and Raman 

spectroscopic studies indicated that both chemical and charge-driven interactions are partially 

responsible for embedding the Co3O4 NPs/NRs into the GO sheets. In fact, further analyses have 

also shown the ability to tune the functionality of the as-synthesized HNCs by tailoring their 

structure–property relationships. The nitrogen doping in the NP/NGO HNC samples, for 

instance, promotes higher electron conductivity while suppressing the aggregation between 0D 

CoO NPs that are partially reshaped into Co3O4 nanocubes due to induced surface strain 

energies. The results presented in chapter four demonstrated that such interfacial energetics and 

arrangements led to superior ORR electrocatalytic activities. On the other hand, the 

interconnecting 1D nanostructures in the NR/rGO HNCs enhances charge transport and 

electrolyte diffusion at the electrode–electrolyte interfaces, thereby promoting their 

supercapacitive properties.  

In a similar manner, the ablation of a Mn target in a GO solution was carried out along with 

a thermal post-treatment to produce a series HNCs consisting of nanostructured Mn3O4 

species interfaced with reduced graphene-oxide.  Detailed structural characterizations 

revealed that the morphology of the embedded nanomaterials into GO sheets was primarily 

composed of Mn3O4 nanorods, with minor presence of Mn fragments. The formation of 

such unique architectures were attributed to the high temperature-high pressure conditions 

arising from the extreme interiors of the liquid-confined plasma plume during the LASiS 

process. Functional characterizations demonstrated the influence of the ablation time on 
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these HNCs capacitive properties. The different functional behaviors of the HNCs 

produced under different times of ablation were attributed to the relative ratio of Mn3O4 to 

rGO arising from each synthesis conditions. The relative presence of these species 

modulate the magnitude of faradaic and conductive properties in the resulting HNCs, 

consequently affecting their supercapacitive behavior. Among all the samples, the 

Mn3O4/rGO HNCs prepared under 8 min of ablation exhibited the highest supercapacitive 

performance, which was ascribed to the presence of the interconnecting metal-oxide 1-D 

nanostructures, which is  closely interfaced with the rGO matrix, enabling efficient  charge 

transfer processes, along with electrolyte diffusion at the electrode interfaces. Such ability 

of tailoring the capacitive functionalities through synthesis parameters demonstrates the 

promising role of LASiS in the efficient design of advanced materials for applications in 

electrochemical energy storage systems. 

 

Proposed future work 

 

The results from the fabrication of the HNCs based on nanostructured Co3O4 and Mn3O4 

interfaced with rGO have shown the ability of LASiS to selectively tune the functionality of 

these HNCs by tailoring their structure–property relationships, providing future pathways for 

the rational design of efficient fuel cell and/or supercapacitor electrodes based on metal-

oxide/carbon hybrid 0D–2D interfaced nanomaterials. For this specific synthesis route, our 

secondary goal is to expand the fabrication of these materials beyond laboratory-scale and 

evaluate their integration and performance in next-generation devices for cutting-edge 

engineering applications. In order to achieve that, our group has established an ongoing 

collaboration with the Center for Nanotechnology from the National Aeronautics and Space 

Administration (NASA), this initiative is part of NASA in-space-manufacturing program which 

aims to explore three dimensional (3D) printing technology outside of planetary atmosphere 

with the purpose of producing on-demand devices for future space exploration missions. 

Currently, NASA is concentrating efforts towards the Mars 2020 mission: a long-term effort 

of robotic exploration in the red planet. Nevertheless, a central issue faced in this mission 

is regarding the aspect of energy management; many of the energy generation 
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methodologies currently being considered have an intermittent nature (e.g. photovoltaics, 

and wind power harvesting), requiring an efficient energy storage system for their reliable 

utilization. To this end, this thesis focuses on applying the fundamental understanding 

acquired from the fabrication of the LASiS-based HNCs rGO produce an all 3-D printed solid-

state faradaic supercapacitor by utilizing LASiS-produced Mn3O4/rGO HNCs. The selection of 

Mn3O4 as the HNC’s metal oxide component, as previously discussed on chapter 5,  was based 

on the environmental-friendly nature of this oxides along with their high active electrochemical 

activity, which results in high specific capacitances and their wide utilization as electrodes 

for supercapacitive applications.  

Preliminary experiments applying a commercially available graphene / Mn3O4 composite 

as the faradaic active material have enabled the optimization of the printing parameters, 

including solvent-selection, ink composition and printing conditions. These initial analyses 

were based on two types of supercapacitors; electrochemical double-layer capacitor 

(EDLC) and pseudocapacitor (PsC), developed with activated carbon and graphene-Mn3O4 

nanocomposite -based active layers, respectively. A comprehensive analysis of the 

optimization of the printing conditions can be found in detail in our recent publication206. 

These initial results demonstrated the ability of such end-to-end printing techniques to 

efficiently fabricate solid-state supercapacitors devices, including the substrate, current 

collector, active layers and a gel polymer electrolyte. In the future, the replacement of the 

commercial by the LASiS-manufactured nanocomposite is likely to enable significant 

enhancements in terms of performance and provide further fundamental understanding 

regarding the LASiS-based HNCs synthesis–structure–property relationship in these complex 

solid-state application systems.  
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