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ABSTRACT 

The exponential increase in energy crises along with rising health issues is causing enormous risks 

to the survival of human life on Earth. Immense research is being undertaken currently to find an 

ideal solution to overcome these global challenges. Employing electrochemical energy 

technologies are thus in high demand to mitigate the growing energy requirements along with 

fabricating newer electrocatalysts that are cheap, efficient, and durable for utilization of such 

devices for large-scale commercial applications. Although several catalyst materials are being 

periodically studied, there is a need for more advanced studies in this direction. In the present 

study, newer catalyst fabrication techniques are introduced to develop application-specific 

catalysts for hydrogen and ammonia production. Also, with the broadening scope of the 3D-

printing technology in recent times, electrocatalysts fabrication via this technology towards 

electrocatalytic applications such as hydrogen production, ammonia synthesis, and carbon dioxide 

mitigation are discussed in detail. In addition to catalysis, the current thesis also evaluates the 

potential possibilities of using 3D-printing technology for healthcare applications such as 

electrochemical sensors and emergency applications. In short, the thesis aims to provide an 

understanding of the recent advancements in electrocatalyst fabrications along with providing a 

fundamental foundation in designing, and engineering active electrode materials for energy 

conversion and electrochemical sensing applications. 

 

 

 

 

 

 

 

 



ABSTRAKT  

Exponenciální nárůst potřeby energie spolu s rostoucími nároky na zdravotnický sektor způsobuje 

velká rizika pro přežití lidstva na Zemi. V současné době probíhá intenzivní výzkum s cílem nalézt 

ideální řešení k překonání těchto globálních výzev. Využití elektrochemických energetických 

technologií je velmi žádané pro zmírnění rostoucích energetických požadavků ve spojení s 

výrobou novějších elektrokatalyzátorů, které jsou levné, účinné a odolné pro využití takových 

zařízení pro komerční aplikace ve velkém měřítku. Ačkoli se opakovaně studuje několik 

katalytických materiálů, existuje potřeba dalšího výzkumu katalyzátorů. V této studii jsou 

představeny nové techniky přípravy katalyzátorů pro vývoj aplikací těchto katalyzátorů pro 

výrobu vodíku a amoniaku. S rozšiřujícím se rozsahem technologie 3D tisku je také podrobně 

diskutována výroba elektrokatalyzátorů prostřednictvím této technologie s důrazem na 

elektrokatalytické aplikace, jako je výroba vodíku, syntéza amoniaku a redukce oxidu uhličitého. 

Kromě katalýzy tato práce také hodnotí potenciální možnosti využití technologie 3D tisku pro 

biomedicínské aplikace, jako jsou elektrochemické sensory. V sourhnu, práce si klade za cíl 

výzkum pokročilých elektrokatalůyzátorů spolu s poskytnutím vhledu do navrhování a konstrukci 

materiálů aktivních elektrod pro přeměnu energie a aplikace elektrochemických sensorů. 
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1. Introduction 

Energy has always been a very important aspect for the sustenance of life on earth. Although 

the energy demands have been supported by non-renewable sources over generations, the 

excessive utilization of it has led to disastrous impacts. In the present scenario, the rapid 

growth in the population, increasing consumption of fossil fuels, and climate change hazards 

have resulted in a massive global energy crisis.1–3 Further, rising carbon dioxide (CO2) and 

methane (CH4) levels are worsening the conditions.4–8 Live statistics provided by NASA's 

global climate change, on temperature rise, inclining CO2 and CH4 levels, rise in sea level and 

ocean warming are clear signs of the forthcoming disaster.9 For mitigating the above concerns, 

along with countering the huge demand for energy in the near future, stringent and quick 

measures are therefore the need of the hour.10,11  

Developing green and sustainable electrochemical technology such as energy storage and 

conversion can be a viable solution to this crisis.12,13 To run these electrochemical energy 

devices, electrocatalysis at the electrodes is essential. Also, electrocatalysis has significant 

merits over conventional techniques, accounting to its ideal operational conditions at ambient 

temperatures and pressures.14–17 Further, in order to carry out electrocatalysis efficiently, the 

need for electrocatalysts are vital as these electrocatalysts minimize the overpotential of 

various reactions during the oxidation and reduction reactions. Finding catalysts beyond the 

state-of-the-art by evaluating several classes of bulk and layered materials,18–20 downsizing 

and modifying them via various strategies to fabricate application specific catalysts using 

possible technological advancements such as 3D-printing,21,22 doping,23,24 anchoring,25 

functionalizing,26,27 patterning28 etc., are some of the approaches taken by the researchers to 

find a feasible solution to the rising concerns. Also, such studies are crucial for their 

commercialization of these technologies as well.  
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In short, a large amount of scientific work today is exploring the possibility of obtaining 

abundant, clean, renewable, efficient, and eco-friendly strategies for energy related 

applications. The focus of our studies also extends to developing strategies towards efficient 

storage/conversion of renewable sources, to make them available on demand. Hitherto, 

hydrogen production,20,29 ammonia synthesis,30 CO2 reduction,7 CO2 capture continue to be 

high end topics, that are employed to resolve the energy crisis and environmental issues.  

Subsequently, the healthcare community has evolved during the years and immense studies 

and research are currently operational for fighting health issues, and also finding solutions for 

rapid detection and diagnosis of various diseases. For instance, increased concentration of 

sugar in the blood can lead to a chronic long lasting disorder called diabetes mellitus.31,32 In 

extreme cases they can lead to stroke and damage to various internal and external human 

organs such as eyes, nerves, and kidneys. Statistically, there is a rapid increase in the number 

of diabetic patients across the globe,32,33 and the traditional approach of detecting sugar levels 

will have to be improved. Electrochemical sensing could be considered as an effective strategy 

to diagnose diseases and disorders.34 Various studies are underway to fabricate devices/ 

electrodes that are rapid, cheap, accurate, and easy to handle. Currently, although glucose 

oxidase enzyme based electrochemical biosensors are used for blood glucose detection35,36 

yet, researchers are more curious in broadening the scope towards non-enzymatic glucose 

sensors.37,38 The non-enzymatic glucose sensors are interesting as they eliminate the problems 

related to the complexity in using enzymes accounting to issues such as denaturation, poor 

stability, immobilization issues etc. Yet, in the present conditions, it's well evident that the 

field has to progress a lot in terms of sensitivity and selectivity. Electrode surfaces are a key 

parameter in the enhancing performance of the non-enzymatic glucose sensor.33,37 Employing 

more advanced techniques such as 3D-printing as a tool for fabricating electrochemical 
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sensors could be interesting. The potential scope of 3D-printing technology will be discussed 

in subsequent sections. 

 

1.1. Electrochemical energy technologies 

Electrochemistry deals with the study of the relationship between electricity and chemical 

reactions wherein it acts as an effective tool to probe reactions associated with electron 

transfer. Vast studies associated with the production of electrical energy from chemical 

reactions and/or chemical changes associated with given electrical current are branched to 

several other domains. These electrochemical energy technologies are discussed in detailed 

in following sections. Furthermore, depending upon the intended product or application, 

electrocatalysts are designed to drive the electrochemical reactions. 

 

1.1.1 Hydrogen production 

Considering the above discussions on the importance of fuels, molecular hydrogen gas (H2) 

can be regarded as an efficient and appropriate fuel, pertaining to its significance in mitigating 

the expected energy crisis in the future.20,39 Electrocatalytic hydrogen evolution reaction 

(HER) can be considered as a promising and feasible approach towards H2 production via 

‘water splitting’ or ‘water electrolysis’, which has been of interest to the scientific community 

over the past several years.18,40–42 Also, its ability to deliver carbon free clean energy products 

makes it highly desirable, and can be a promising alternative to fossil fuel. Electrochemical 

water splitting involves two main processes where water (H2O) breaks down into H2 and 

oxygen (O2) upon the application of electric current. During the process (Figure 1), H+ (two 

protons) ions are reduced at cathode (HER: 2H+ + 2e− = H2), and oxidation of H2O occurs at 

the anode (OER: 2H2O = O2 + 4H+ + 4e−).18 In short, electrochemical water splitting can be 
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considered as an ideal, efficient, clean and sustainable strategy towards H2 production.43,44 

The main advantage of H2 is its high calorific value and the byproduct it delivers on 

combustion such as pollution-free water, making it highly attractive as an energy carrier and 

promising for future low-carbon energy systems.20,29,41,45 Hence, efficient, clean and 

renewable techniques to deliver H2 is a key strategy towards effective accomplishment of the 

hydrogen based energy technology.  

 

Figure 1. Schematic representation of electrochemical water splitting process. 

Several studies have already been conducted in this domain, yet strategies for improving the 

technique, and/or catalyst material are being conducted regularly, for designing 

electrocatalysts exhibiting enhanced performance for large scale applications. For instance, 

platinum (Pt)-based catalysts are found to be ideal for this application, yet limitations such as 

high cost, and low abundance, calls for newer approaches.46–48 In short, several researchers 
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today are focusing on the direction of designing catalysts that are cost-effective, deliver high 

activity, high surface area, good electrical conductivity, efficient, durable, and eventually 

employable for large scale commercialization.  

Efficiency of the HER catalysis and mechanism is further evaluated using Tafel slopes.49 It 

represents the increment in overpotential that is needed to enhance current density by one 

order of magnitude. The kinetics of the catalyst is evaluated by three major pathways based 

on their ability to convert protons in aqueous media to hydrogen molecules electrochemically. 

The Tafel equation is given by the formula; η = b log |j| + a, where η = overpotential, b =Tafel 

slope, and j=current density. Further, according to the Tafel analysis, the slope values are 

identified from the slow-rate step in the HER mechanism which is given by 25,50 

 1) Volmer reaction (hydrogen adsorption) 

H3O+ + e− → Hads + H2O; b ≈ 120 mV dec−1        

     2) Heyrovsky reaction (electrochemical hydrogen desorption desorption) 

H3O+ + Hads + e− → H2 + H2O; b ≈ 40 mV dec−1   

     3) Tafel reaction (recombination of adsorbed hydrogen atoms; desorption)  

Hads + Hads → H2; b ≈ 30 mV dec−1                 

In principle, smaller Tafel slopes accounts to better HER catalysis.49 Stability, activity, 

selectivity are other crucial factors that are evaluated systematically to understand the 

potential of electrocatalysts.51,52 The H2 generated via HER can be employed as fuel for 

electricity, automobiles, internal fuel cells in electric motor vehicles etc. In short, water 

electrolysis can be ideally used for production of cheap, carbon free and sustainable H2 at a 

large scale. Zero carbon emission and high energy density are other added advantages of 
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hydrogen energy. However, this approach, although interesting, has a long way to go in 

resolving limitations associated with technique or finding alternatives to lower the entire cost 

of the set up with better efficiency. For instance, electrochemical splitting in aqueous systems 

is inhibited by multiple factors, and thus will require an additional potential to enhance/drive 

the reaction forward called overpotential.  

 

1.1.2 Ammonia synthesis  

Ammonia production is also considered to be a very crucial and most impactful discovery of 

the last century, owing to its vast applications benefit for various industrial and non-industrial 

purposes.53,54 Interestingly, ammonia is considered to be an important next generation energy 

carrier accounting to high gravimetric energy density (3 kWh kg–1), and high hydrogen storage 

capacity (17.65 wt.%) and added advantages such as convenient storage and transportation, 

make them highly desirable and in demand.11 Conventional techniques such as Haber–Bosch 

are typically employed for large-scale ammonia production.55 However, harsh operating 

conditions, energy-intensive processes with excessive emission of CO2 calls for better and 

improved techniques. Although, electrochemical nitrogen reduction reaction,56 is considered 

as a possible remedy, especially due to its mild operating conditions, high energy consumed 

for breaking nitrogen triple bonds, the competitive HER, low selectivity and faradaic 

efficiency (FE) and have made researchers to put forward better approaches.11 Nitrate 

reduction to ammonia (NRA) (Figure 2) is one such potential field wherein appropriate 

utilization of technology would pave way towards a two-fold advantage for addressing both 

the issues of energy crisis and also strategies to mitigate excessive nitrate, especially in the 

water bodies. NRA involves a complex 8 electron (e-) transfer process, where multiple 

nitrogen-containing species from +5 to −3 valence states are involved and proceed via a series 
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of complex routes. The general mechanism of NRA with respect to standard hydrogen 

electrode (SHE) is illustrated in equation 1 along with its respective reduction potential. 

NO3
−+9H++8e−→NH3+3H2O,  E0= −0.12 V vs. SHE       …………. (1) 

 

Figure 2. Schematic representation of electrochemical reduction of nitrate to ammonia. 

 

In principle, designing electrocatalysts for NRA is now gaining massive attention, with 

several catalysts being periodically studied for delivering appreciable FE, and stability that 

are required for practical applications. From an experimentation point of view, the classical 

approach to conduct NRA experiments includes the use of electrolytic experiments at various 

potentials in specific experimental cells (such as H cells).11,57 The electrocatalysts are usually 

assembled at the cathodic end of the experimental cell along with the reference electrode, 

while the counter electrode is assembled at the other end of the cell. After the electrolysis 

experiments, the products at the cathodic end are quantified for ammonia, nitrate and nitrite 

using ultraviolet–visible (UV–vis) spectroscopy.57,58 Quantification of each product such as 

ammonia, nitrate, nitrite is carried out using specific reagents and the final results would 

deliver information on the potential of the electrocatalysts employed for NRA.  1H NMR 
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experiments are also conducted to compare the reliability of colorimetric methods and to 

confirm the sources of ammonia. 

 

1.1.3 Carbon dioxide mitigation strategies 

CO2, a major greenhouse gas, has significantly impacted the present climatic conditions and 

affects the innate carbon cycle of the Earth.59,60 Combustion of fossil fuel is one of the 

predominant sources of the rising CO2 levels in the atmosphere. Although several strategies 

(decarbonization, carbon sequestration, carbon recycling etc.,) and technological 

advancements are happening from time to time, the field is still at its infancy.7 

Electrochemical CO2 reduction is an advanced approach to mitigate the CO2 level wherein 

the CO2 produced is efficiently converted to low-carbon fuels, chemicals etc., to be used as 

an industrial feedstock.  CO2 is a very stable molecule and its reduction to respective products 

are generally thermodynamically uphill reactions, accounting to high chemical and 

electrochemical stability of C=O bond. Thus, to enhance the kinetically slow reduction 

reaction, the need for ideal active electrocatalysts is significantly necessary.7,61–63  
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Figure 3. Schematic representation of electrochemical CO2 reduction reaction and possible 

products as part of the reaction. Reproduced with permission from reference.7 © 2023 The 

Authors. Advanced Materials Interfaces published by Wiley‐VCH GmbH. 

 

The task is to find an ideal electrocatalysts to minimize the overpotential for C=O, and drive 

the reaction ideally towards targeted products. Cathodic electrochemical reduction of CO2 

(ERCO2) is given by the following general expression (2) 

xCO2 + nH+ + ne-  → product+ yH2O ………………... (2) 

Electrochemical half reaction for ERCO2 undergoes various electron pathways to deliver 

various products (Figure 3). The electrode potential of ERCO2 (versus SHE) is shown in Table 

1.7 
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Electrochemical CO2 reduction  

(possible half-reactions) 

Electrode potentials  

(V vs SHE) at pH 7 

CO2 (g) + e− → *COO− −1.90 

CO2 (g) + 2H+ + 2e− → HCOOH (l) −0.61 

CO2 (g) + H2O (l) + 2e− → HCOO− (aq) + OH− −0.43 

CO2 (g) + 2H+ + 2e− → CO (g) + H2O (l) −0.53 

CO2 (g) + H2O (l) + 2e− → CO (g) + 2OH− −0.52 

CO2 (g) + 4H+ + 2e− → HCHO (l) + H2O (l) −0.48 

CO2 (g) + 3H2O (l) + 4e− → HCHO (l) + 4OH− −0.89 

CO2 (g) + 6H+ (l) + 6e− → CH3OH (l) + H2O (l) −0.38 

CO2 (g) + 5H2O (l) + 6e− → CH3OH (l) + 6OH− −0.81 

CO2 (g) + 8H+ + 8e− → CH4 (g) + 2H2O (l) −0.24 

CO2 (g) + 6H2O (l) + 8e− → CH4 (g) + 8OH− −0.25 

2CO2 (g) + 12H+ + 12e− → C2H4 (g) + 4H2O (l) 0.06 

2CO2 (g) + 8H2O (l) + 12e− → C2H4 (g) + 12OH− −0.34 

 2CO2 (g) + 12H+ + 12e− → CH3CH2OH (l) + 3H2O (l) 0.08 

2CO2 (g) + 9H2O (l) + 12e− → CH3CH2OH (l) + 

12OH− (l) 

−0.33 

 

Table 1.  Electrochemical potentials corresponding to various electrochemical CO2 reduction 

reactions and resulting products. Adapted with permission from reference.64 © 2017 The 

Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 



15 

 

1.2 3D-Printing technology  

3D-Printing, also called additive manufacturing has received massive attention both from 

industries and academic circles owing to its rapid prototyping ability.11,65–67 Advantages such 

as fabricating customised and complex printed structures with varied geometry, shape and 

size, low waste generation, scalability etc are the added advantages of this technique. Today, 

this technology has advanced to several domains mitigating and overcoming several issues 

faced by the conventional manufacturing technologies. The expansion of this technology to 

various disciplines has prompted the current study to employ 3D-printed electrocatalysts 

substrates as active catalysts/substrates for electrochemical17,68,69 and sensing applications.33  

 

Figure 4. Schematic representation of electrode fabrication A) modeling B) G code file format 

configuration C) 3D-Printing of modeled structure. Reproduced with permission from 

reference.11 © 2023 The Authors. Advanced Materials Technologies published by Wiley‐

VCH GmbH. 

 

In short, material design based on the targeted applications is an added asset towards the 

fabrication of electrocatalysts and/or sensors for desired applications.11 Modeling desired 3D 
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structures is the initial task conducted. This is usually executed using a using computer-aided 

design (CAD) 3D modeling software. Post modeling of the 3D structure (Figure 4A), it is 

converted to a standard format file called stereolithography file format (STL). This is followed 

by slicing of designed structure using another software, to procure G code file (Figure 4B). 

This file constitutes the key information of the modeled design and instructions for printing. 

Later, the G code is opened in the 3D printer and is set for final printing. During printing, 

active material components are oriented sequentially on top of each other, until the final 

modeled 3D structure is procured (Figure 4C). 

 

Figure 5. Schematic representations of various 3D-printing techniques: A) fused deposition 

modeling, B) direct ink writing, C) stereolithography, and D) selective laser sintering. 

Reproduced with permission from reference.11 © 2023 The Authors. Advanced Materials 

Technologies published by Wiley‐VCH GmbH. 
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The precursor materials, involve carbon/polymer, metal/polymer based filaments, 

composites, ceramics etc.  The printing technology have advanced with time and some of the 

well-known techniques include extrusion based fused deposition modeling (FDM; Figure 5A) 

and direct ink writing (Figure 5B), stereolithography (Figure 5C) metal based selective laser 

sintering (Figure 5D), selective laser melting, electron beam melting, etc. 

Out of the several 3D-printing techniques, extrusion based FDM or fused filament fabrication 

(FFF) is considered as one of the ideal approaches towards designing 3D-printed electrodes, 

catalyst, substrate, and sensing platforms. In this technique filaments are extruded in a layer-

by-layer fashion until a final 3D-printed structure is obtained.11,22,70,71 At laboratory scale, 

FDM Prusa 3D-printer is employed for fabricating 3D-printed electrodes (Figure 6A). Figure 

6B depicts graphene/polylactic acid (PLA) (black magic) filaments and Figure 6C showcases 

the image of 3D-printed carbon electrodes (3D-CE) procured from black magic filament. 

Figure 6D represents the spool of metal/PLA filament which is copper (Cu)/PLA, and Figure 

6E represents the image of the 3D-printed Cu electrodes.  

Figure 6. A) Prusa FDM 3D printer employed for printing B) Spool of commercial 

graphene/PLA filament C) 3D-printed carbon electrodes D) Spool of commercial copper/PLA 

filament E) 3D-printed copper electrodes. 
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PLA helps for ideal extrusion of filaments and provides structural integrity to the printed 

structure. However, the 3D-printed electrodes possess poor electrocatalytic properties 

accounting to the non-conductive PLA along with the carbon matrix. Hence, it calls for post-

printing treatments such as activation techniques that can aid towards improving the surface 

properties by lowering the amount of PLA in the printed matrix and increasing the overall 

conductivity of the printed structure.72,73 Employing solvent such as dimethylformamide 

(DMF) is one of the well-known techniques that are employed towards activation of carbon 

based electrodes. Meanwhile, sintering is the ideal technique employed towards removing of 

PLA from metal substrates. 

 

 1.2.1 3D-Printing technology towards electrocatalysis 

Serval electrocatalytic application has been briefly introduced in the above sections of 1.1. It 

is well known that electrocatalysts play a vital role in enhancing the reaction to obtain the 

desired product. Several materials are being evaluated by researchers, periodically, to develop 

ideal, scalable, and cost-effective catalysts for various applications.74,75 Surface 

modifications, material engineering, doping, integrating nanoparticles, etc., are employed to 

fabricate active electrode materials for desired applications, and evaluated systematically.25 

Interestingly, with the increasing demand for designing electrocatalysts, there has been a rapid 

advancement in newer technologies in the past few years for devising catalysts and/or 

substrates such as the 3D-printing technique.17,43,76,77 The widening potential  of 3D-printing 

technology is one such aspect which can help towards the fabrication of 3D-printed structures 

towards various electrocatalytic applications owing to the advantages such as quick 

fabrication, easiness and flexibility in design of complex structures, waste minimization, 
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scope for mass customization etc. They are also interesting due to their ability to overcome 

the shortcomings faced using conventional methods such as high cost, intensive labor, and 

immense time consumption for the fabrication of active structures. Also recently, several 

studies have come up with employing 3D-printed electrocatalysts as active substrates towards 

energy conversion applications.17,72,76,77 Specifically, this includes HER,78,79 CO2 

reduction7,80,81 and very recently towards ammonia synthesis.11,82 Nanostructuring of both 

metal or carbon based electrodes surfaces can further enhance the catalytic properties of 3D-

printed structures for various catalytic applications.11 Geometry, porosity, size, post-printing 

treatments are also crucial parameters in devising active material substrates. Hence, enhancing 

the scope of this field could be vital, with technological advancements in the domain of 3D-

printing improving the possibilities of this field towards fabrication of complete electrolysis 

cells or reactors for energy production.  

 

1.2.2 3D-Printing technology towards electrochemical sensing applications 

Interestingly, along with catalysis, today the advancements in 3D-printing technology can 

also aid towards the fabrication of non-enzymatic 3D-printed sensors for multiple 

applications, including the detection of sugar level in blood.33 The diabetic condition results 

from a rise in the amount of sugar concentration in blood. The concentration range from 3.9–

6.2 mM is considered to be normal. The level of blood sugar can be measured using several 

devices. However, the development of newer and efficient devices to detect the level of blood 

sugar can be highly advantageous. Scientists today are eyeing towards formulating sensors 

that are time-specific, quick, less expensive, and efficient in monitoring the sugar level. The 

concept of non-enzymatic sensors that can be used to design 3D-printed substrates via certain 

improvements, introduces a technique that is faster, reliable, and precise for sensing 
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applications.33 In short, by employing ideal strategies such as surface modification of 3D-

printed electrode using specific materials can aid in fabrication of an active 3D electrode 

substrate making this technology ideal for electrochemical sensing (such as sugars) and for 

several other applications as well. 
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2. State –of-the-Art  

2.1. Hydrogen evolution reaction 

 HER is considered to be the most studied reaction in electrocatalysis, and fabricating ideal 

electrocatalysts to minimize the HER overpotential is in huge demand currently. In other 

words, lower the overpotential better the HER activity, wherein electrocatalysts play a vital 

role towards lowering the overpotential and increase efficiency for HER.45,83,84 

Conventionally, Pt based electrocatalysts are shown to be superior towards HER,85,86 

delivering ideal hydrogen binding energy and Gibbs free energy for atomic hydrogen 

adsorption, low overpotential, low Tafel slope, and high exchange current density for HER.  

Further, electrocatalyst materials such as Ir87,88 and Ru-based89,90 materials have also been 

reported for HER. However, high-expense and limited abundance has called for newer cost-

effective, and durable catalyst materials, to produce hydrogen for large scale applications.91,92 

Interestingly, non-noble metals (transition metals) were later found to take up the momentum 

as active HER catalysts, as they are low cost, abundant, varied combinations, comparable 

electronic structure, and showcased promising and stable HER activity under large current 

densities.92–94 This sets of catalysts includes self-supported,95,96 doped,97,98 single atom 

catalysts99,100 etc. 2D materials catalysts are also actively employed for HER 

applications.29,101,102 Despite all these advancements in this field, massive research is still 

being undertaken relentlessly toward the fabrication of clean, and efficient electrocatalysts 

via various technologies that can aid towards minimizing the overpotential, and enhancing 

hydrogen production. 

Thus, in this work, studies are carried out on 2D material engineered electrocatalysts such as 

graphene,25 MXenes,49 transition metal dichalcogenides (TMDs), and a multiple set of MAX 

phases based materials.18  
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Figure 7. Schematic representation of hydrogen production via nanoparticle anchored N-

doped graphene-based catalyst. Reproduced with permission from reference.25 © 2022 

Wiley‐VCH GmbH. 

 

For instance, variation in the synthesis strategies in electrocatalysts fabrication, with 

palladium (Pd) nanoparticle nucleation and varied nitrogen (N) dopants over reduced 

graphene oxide (RGO) is studied towards HER, and such studies are expected to aid towards 

designing application specific catalysts (Figure 7).25 Newer approaches of integrating active 

materials with the advanced technologies such as 3D-printing for H2 production is studied. 

Such integrations can be vital and interesting for the fabrication of cost-effective, on demand 

electrocatalysts for catalytic applications. For instance, surface modification via dip coating 

of active 2D MXene (Ti3C2), and TMDs such as molybdenum sulfide (MoS2), tungsten sulfide 

(WS2), molybdenum selenide (MoSe2), and tungsten selenide (WSe2), is carried out over 3D-

printed carbon substrates for catalysis applications.49 Also, works focusing on their parent 
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MAX phase remain critically low especially for electrocatalysis applications such as HER. 

Hence, multiple MAX phases constituting single (Ti2AlC, Ta2AlC, Ti2SnC, Ti3SiC2, V2AlC, 

Cr2AlC ) and dual transition metal (Mo2TiAlC2) phases were studied for HER, in order to 

understand the potential of MAX family for H2 production.18 

 

2.2 Nitrate reduction to ammonia 

Electrochemical NRA can be considered as an interesting approach that inhibits several 

limitations accounting to conventional techniques such as Haber Bosch, and nitrogen 

reduction to ammonia.103–106 The NRA also helps in strategically eradicating excess nitrate 

ions from the water bodies, and also a vital contributor to the energy sector by enhancing 

ammonia production. 

Among transition metals, Cu is reported to be ideal for NRA applications,107–109 and immense 

studies are reported in recent times using this material. Some of them also claim that copper 

oxide is very effective for the NRA, when compared to its metallic state. Also, in another recent 

study, electrolyte engineering of titanium electrodes for NRA was conducted, wherein the 

catalysts delivered 82% FE at −1 V vs reversible hydrogen electrode (RHE). Also the catalysts 

gave a partial current density to ammonia at around −22 mA cm−2.110 NRA using iron (Fe) based 

single atom catalysts was recently reported by a group of researchers, wherein the catalyst 

delivered ~75% FE at −0.66 V vs RHE and yield rate of ~20,000 μg h−1 mgcat.−1 at −0.85 V vs 

RHE.111 Similarly, several other catalysts are fabricated and studied periodically to achieve 

catalysts with high FE, enhanced selectivity, sensitivity, and high surface area for ammonia 

production.  

Interestingly, although there are reports on 2D materials and composites employed for NRA 

application,112,113 still the studies are at a very early stage and require more optimizations for 
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fabrication of ideal catalysts. For instance, reports on metal organic frameworks (MOF) based 

materials for NRA are available in literature.114–116 Also, most of the fabricated MOFs that 

serve as electrocatalysts for NRA result from anchoring, functionalizing, or doping of active 

components. Interestingly, in the current thesis, influence of thermal activation on Fe MOFs 

for ammonia synthesis is evaluated. Such studies could be an interesting for researchers to 

further understand the potential scope of the activating MOF based materials for NRA. The 

results and observation of such material enhancement are reported in the thesis, in chapter 5, 

section 5.1.3 

 

Figure 8. Integrated 3D-printed electrocatalysts and devices for ammonia synthesis A) 

electrolyzer B) H cell. Reproduced with permission from reference. 11
 © 2023 The Authors. 

Advanced Materials Technologies published by Wiley‐VCH GmbH. 

Further, engineering electrocatalysts for NRA via employing technological advancements 

such as 3D-printing has started gaining attention. For instance, employing 3D printed 

carbon117 and metal82 based substrates for ammonia were recently reported. The key 

advantage of this technology accounts to the freedom of users in designing structures 

accounting to the experimental conditions. Further geometry, size, activation techniques, 

post-printing treatments such as nanostructuring of electrodes can also influence the 

electrocatalyst properties. Such customization can enhance the fabrication of efficient 
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electrocatalysts for ammonia production. The current thesis reports, the potential possibility 

of using 3D-printed Cu electrodes for NRA,11 as a proof of concept which shall be discussed 

in the following sections chapter 5, section 5.3.1. Such reports can create a breakthrough in 

devising newer active materials for ammonia synthesis and can be integrated to various 

devices as shown in Figure 8. 

 

2.3 CO2 reduction and mitigation 

Technologies associated with CO2 reduction are coming up massively in recent times, as its 

increased level in the atmosphere can significantly affect the ecological balance.60,118,119 

Among various mitigation strategies, ERCO2 continues to get attention owing to its mild 

operational conditions, and controllable reaction conditions, along with it being an 

economical and ecologically feasible technique together with renewable energy sources.7 

ERCO2 related studies have been introduced since several decades. Several catalysts such as 

Cu,120 silver (Ag)118 and gold (Au), carbon-supported catalysts,121 hybrid catalysts,122 etc., 

have been investigated in recent time for this application. Devising ideal electrocatalysts is 

important as the catalytic reaction can lead to formation of various products accounting to its 

multi-proton multi-electron reaction mechanism (Figure 3). Interestingly, the 3D-printing 

community has become inquisitive about employing 3D-printed structures for CO2 mitigation 

applications. In a report by Eva et al.,80 Cu electroplated 3D-printed electrodes from PLA-

carbon nanotube were employed as electrocatalyst for CO2RR. Similarly, metal-based SLM 

3D-printing was employed in another study, followed by an electrochemical dealloying 

approach resulting in 3D hierarchically porous CuAg bimetallic catalyst.123 The catalyst was 

later employed for syngas production. Variations in the performance of catalysts subjected to 

variation in structure of electrocatalyst was evaluated and compared with other noble and non-
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noble electrocatalyst. It was observed that 3D hierarchically porous CuAg catalyst exhibited 

an interesting mix of durability and syngas gas production rate, thus making 3D-printing 

technology interesting for CO2 mitigation reaction. 

 

 2.4 Electrochemical sensing 

3D-Printing technology towards devising electrocatalyst for energy conversion application 

has been well discussed in the above section. Interestingly, the possibilities of 3D-printing 

technology can also be employed and extended towards decentralize fabrication of non-

enzymatic metal coated 3D-CE for sugar sensing.33 Modifying the electrode surface can be 

crucial towards improving the property of the surface. Although, fabrication of electrocatalyst 

has opened up several possibilities, such as via atomic layer deposition (ALD) technique,124 

yet they face certain setbacks. For instance, techniques such as ALD require costly setup, 

skilled experts, and limited precursors.  

Interestingly, electrodeposition of 3D-CE can be considered as a facile approach of devising 

active material substrates instead of relying on high-end high-cost equipment.33 This could be 

considered as a excellence of this technology for developing cheaper conducting structures 

and employing a economical approach to modify 3D-CE substrate for non-enzymatic sugar  

(glucose and sucrose) sensing applications. Hence, a much simpler but effective metal 

electroplating technique could be employed over a 3D-CE, that would enhance the surface 

properties, conductivity of printed substrates, and eventually be active for desired 

applications. 
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Figure 9. Schematic representation of metal plating 3D-printed carbon electrode for 

electrochemical sensing of sugars. Reproduced with permission from reference.33 © 2020 The 

Author(s). Published by Elsevier B.V. 

 

Several studies have been previously reported on employing nanoparticles, oxide or 

hydroxide of active material, serving as an active non-enzymatic catalytic site.125,126 Also, 

employing metals such as Cu and nickel (Ni) has aided towards the fabrication of low cost 

electrocatalysts, rather than employing costly metals such as Pt, Au, Ag. The current study 

reported in thesis focuses on the metal plating of Cu and Ni over a 3D-CE to procure a metal 

plated 3D-printed non-enzymatic nanocarbon electrode substrate followed by employing 

them for sugar sensing applications (Figure 9).33 
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3. Aim of thesis 

3.1 Objective 

 This doctoral thesis will be focused on systematically evaluating various 2D based 

materials, assessing their respective advantages and disadvantages in conjunction with 

potential applications such as hydrogen production and ammonia synthesis. This involves 

understanding the influence of material fabrication approaches, such as synthesis strategies, 

and material activation techniques in designing electrocatalysts for specific applications. 

Additionally, we aim to optimize 3D-printing techniques for the purpose of electrochemical 

energy technologies, sensing, and for other potential applications. This includes discussion 

on the importance of nanostructuring of electrodes, the role of activation techniques/post-

printing treatments in improving electrode surfaces for sensing/catalytic applications, and 

some potential scope of this technology for prospective future applications.  

3.2 Hypothesis 

To achieve the above objectives, the following strategies will be employed. Designing 

electrocatalysts via a suitable synthesis strategy and investigating the influence of 

activation-based techniques for enhancing material properties are expected to be vital for 

various electrocatalytic applications. Further, by integrating 2D and/or related materials 

with 3D-printing technology, and using the potential of 3D-printing technology alone, we 

hypothesize that the design of novel electrocatalysts will lead to significant advancements 

in mitigating electrocatalytic challenges in health and energy-related applications.  
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3.3 Organization/Structure of thesis 

Overall, the thesis is divided into nine chapters, where chapter 1 introduces multiple topics 

covered in the thesis. Chapter 2 discusses the state-of-the-art related to electrocatalyst 

fabrication for electrocatalysis and sensing applications. Chapter 3 describes the aim of the 

thesis and Chapter 4 deals with the information related to electrode materials and 

experimental details in brief. Chapter 5 includes the results and discussion section 

associated with investigations carried out, and also a summary is provided in the following 

paragraph. Chapter 6, 7, and 8 includes conclusions, references, and a list of conferences 

attended/achievements of the author respectively. In Chapter 9 (appendix-A), a study on the 

critical evaluation of the origin of activity in layered FePSe3 materials for H2 production is 

done. 

The work presented in the thesis focuses on designing electrocatalysts for energy conversion 

applications and patterning/modifying 3D-printed electrode surfaces for both energy 

conversion and electrochemical sensing applications. They are explained in detail in 

Chapter 5, Results and Discussions section. Chapter 5.1 discusses the importance of 

synthesis strategies and activation-based techniques for fabricating electrocatalysts for 

enhanced electrocatalytic application. Precisely, section A (5.1) deals with electrocatalysts 

fabrication for hydrogen production (5.1.1 & 5.1.2) and ammonia synthesis (5.1.3). 

Extending the electrocatalysts fabrication to newer technologies such as 3D-printing 

technology, section 5.2 discusses employing 3D-CE for H2 production (5.2.1) and 

electrochemical sugar sensing (5.2.2) via surface modification of electrode surface, and 

section 5.3 covers the discussion on future prospects of employing 3D-printing technology 

for both energy (5.3.1 & 5.3.2) and emergency healthcare application (5.3.3). A brief outline 

of all sections and subsections of chapter 5 is given below: 
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Section-A 

5.1. Designing electrocatalysts towards hydrogen and ammonia production 

In this section, we discuss strategies of engineering electrocatalysts via various techniques 

for hydrogen production and ammonia synthesis. Initially in section 5.1.1, we evaluate the 

potential scope of synthesis techniques in fabricating two different Pd anchored N doped 

graphene-based materials, while 5.1.2 deals with the understanding of the potential of 

various layered MAX phases as electrocatalysts for HER applications. Electrocatalysts are 

also vital for ammonia synthesis, and the influence of temperature on PCN-250-Fe3 MOF-

based electrocatalysts for ammonia synthesis applications is evaluated in section 5.1.3. The 

following sections are categorized as follows: 

 

5.1.1. Grafting of Pd on N-doped graphene for HER 

5.1.2. Electrocatalytic activity of layered MAX phases for HER 

5.1.3.      Fe-MOF electrocatalyst for nitrate to ammonia conversion 

 

Section-B 

5.2 Employing 3D-printing technology towards novel electrocatalysts fabrication for 

energy and healthcare applications 

In this section, discussions on integrating 2D materials and/or related materials with 3D-

printing technology via surface modification of 3D-CE will be carried out to understand the 

scope of this technology for energy and sensor-based applications. In section 5.2.1, surface 

modification of 3D-CE using 2D materials was carried out, and eventually studied for HER 

applications. Meanwhile, 5.2.2 put forth observations of surface modification of 3D-CE 

using metal nanoparticles for sugar sensing applications. The following sections are 

categorized as follows: 
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5.2.1. 2D materials patterned 3D-printed electrodes for HER 

5.2.2. Metal plated 3D-printed carbon electrodes for sugar sensing applications. 

 

  Section-C 

5.3. Future advancement of utilizing 3D-printing technology for energy and 

emergency healthcare application (Perspective reports) 

Beyond surface modification of 3D-printed structures (Section 5.2), there also are several 

other potential possibilities of using 3D-printing technology for diverse applications, 

especially accounting for its merits such as tunable geometry, porosity, size, customizations 

etc. In this section 5.3, the potential scope of 3D-printing technology towards diverse 

applications such as ammonia synthesis (5.3.1), CO2 mitigation (5.3.2), and 

healthcare/emergency applications such as COVID-19 pandemic (5.3.3) are carried out. The 

following sections aim to motivate the researchers to understand the scope of utilizing this 

technology for future energy and healthcare applications. The following sections are 

categorized as follows: 

 

5.3.1.      Advancements in 3D-printing towards ammonia synthesis 

  5.3.2.      3D-printing technology towards CO2 reduction and capture 

5.3.3. 3D-printing technology towards emergency healthcare application 

 

 

 

 



34 

 

CHAPTER 4 

 

Chapter 4: Electrode materials and experimental details 

4.1 Novel electrocatalysts material design……………………………………………35 

       4.1.1 Graphene derivatives……………………………………………………….35 

       4.1.2 MAX phases and MXenes…………………………………………………..36 

       4.1.3 Transition metal dichalcogenides………………………………………..…37 

       4.1.4 MOFs ………………………………………………………………………37 

       4.1.5 Trichalcogenphosphites……………………………………………………38 

               

4.2 Experimental section…………………………………………..………….………39 

           4.2.1 Preparation of Pd anchored N-doped electrocatalysts ……………………39 

           4.2.2 Fabrication of 3D-printed electrocatalysts……………………………..…39 

           4.2.3 Dip-coating 3D-CE…………………………………………………….…39 

           4.2.4 Electroplating 3D-CE………………………………………………….….40 

 

              

 

 

 

 

 



35 

 

4.  Electrode materials and experimental details  

The following section aim to provide a very brief overview of the materials employed in the 

current thesis along with catalyst fabrication approaches. The detailed reports of synthesis, 

analysis and experimentation conditions can be procured in chapter 5, section 5.1, 5.2, 5.3 and 

Appendix A.  

 

4.1 Novel electrocatalysts material design 

4.1.1 Graphene derivatives 

Graphene is a sheet of single layer of carbon atoms that are tightly bound in a hexagonal 

honeycomb lattice. There has been a rapid increase in the employment of these types of 

materials to various fields,127–129 since its discovery. Further, it is an allotrope of carbon, with 

sp2 hybridized atoms. Graphene and its various derivatives is widely studied for 

electrochemical applications. Among them, RGO, is well known for catalysis applications 

owing to its superior conductivity, high surface area,130,131 as anchoring agents, native defect 

sites, high adsorption capacity, etc. make them an interesting candidate for catalysis 

applications.25 Techniques such as doping involves introduction of impurity/foreign atoms 

which can modify the properties of the base catalyst.24,132,133 Among the dopants N, sulfur, 

phosphorous, boron are known be active participants for heteroatom doping, where addition 

can enhance the electrocatalytic effect, and in some cases retard the activity. Interestingly, N 

doping is known to increase the free charge carrier density of carbon based material and 

enhance their conductivity.134,135 They also serve as anchoring sites for metal nanoparticles. 

In short, addition of external atoms to the carbon lattice is always correlated to the application 

that they would be employed for. In the current thesis, as detailed in section 5.1.1, two 
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different synthesis strategies (covalent and non-covalent based) will be employed for the 

fabrication of Pd anchored N-doped graphene electrocatalysts for hydrogen production. 

 

 4.1.2 MAX phases and MXenes  

MAX phases are ternary transition metal carbides and nitrides with a formula (Mn+1AXn), 

where M stands for an early transition metal, A is the element from IIIA, and IVA group, X 

is carbon (C) or N and n = 1, 2, or 3.136,137 This class of materials show excellent properties 

owing to its good thermal and electrical conductivity, damage tolerance, high strength, high 

Young’s modulus, low hardness, ready machinability, oxidation resistance etc. Interestingly, 

due to their layered structure and chemical bonding they show bifunctional properties of both 

metals and ceramics.138 Stronger chemical bonding in MAX phase, calls for stronger etching 

conditions (to etch A layer) to procure an interesting set of 2D material called MXene, which 

is currently a very interesting field of study, especially for energy related applications. 

Although a number of studies on electrocatalytic properties of MXenes have been conducted, 

very few works are known that focus on using this set of material for catalytic applications. 

In the current study, electrocatalytic activity of a set of MAX is evaluated towards hydrogen 

production18 as detailed in section 5.1.2. 

Moving to another fascinating class of materials, MXene are transition metal carbides, 

nitrides, carbonitrides that have today expanded to a large family, where they are produced 

by etching of A element atom from their respective MAX (Mn+1AXn) precursor 

material.29,139,140 They possess a general formula of Mn+1XnTx, where M = early transition 

metal, X = C/N, and Tx  = −OH, −F, and −O−, and n = 1-4. Their family is continuing to 

expand and developing newer materials for various applications. Post graphene, this is one 

among the most discussed and anticipated class of materials by the researchers, owing to its 
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unique properties such as tunable structure, diverse chemical, electrical, optical and 

mechanical properties. MXenes have made significant contributions in the field of 

electrochemistry on account of its tunable surface and surface chemistry, making it promising 

both as an electrode material for energy storage and as catalysis applications. In the current 

study of the thesis, Ti3C2Tx MXene will be used to modify the surfaces of 3D-CE and 

eventually the performance of the 3D-printed MXene based catalyst will be evaluated for 

HER (Section 5.2.1). 

 

4.1.3 Transition metal dichalcogenides  

Intriguing structural and electronic properties has made metal chalcogenides interesting for  

electrocatalysis applications.141,142 Being a large family of materials, metal chalcogenides can 

be further classified into layered TMDs49 and non-layered metal chalcogenides (NMCs) in 

their 2D form. This class of 2D TMD based electrocatalysts are found to be highly efficient 

towards developing cheap and high-performing electrode material for catalysis applications. 

Typically, they are semiconductors of MX2 type, where M is a transition metal atom and X is 

a chalcogen atom. In the current study of the thesis, sulfides and selenides of Mo and W will 

be used to modify the surfaces of 3D-CE. The resultant electrodes will be eventually evaluated 

for HER (Section 5.2.1). 

 

4.1.4 MOFs 

MOFs are interesting class of crystalline materials with ultrahigh porosity, enormous internal 

surface areas, employed for wide range of applications. 143–145 In the current study, PCN-250-

Fe3 MOF was used as an active catalyst material that are known to be fabricated from 

precursor Fe3-μ3-oxo metal cluster and tetratopic azobenzene-based ABTC linkers (ABTC = 
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3,3′,5,5′-azobenzenetetracarboxylate). 143,146,147 In the current study of the thesis, the influence 

of temperature on Fe based MOF materials for nitrate to ammonia was studied (Section 5.1.3). 

 

4.1.5 Trichalcogenphosphites 

Transition metal trichalcogenphosphites (MPX3; M= transition metal, P= phosphor, and X= 

chalcogenide) are another interesting class of 2D materials gaining attention in the recent 

times towards electrocatalytic and photocatalytic properties. FePSe3 is one such class of 

material belong to this family.148 This layered crystal is held by van der Waals (vdW) 

interaction, and is a semiconductor with an optical band gap of 1.3 eV (bulk phase), while its 

monolayer band gap is still being investigated. The origin of activity of FePSe3 layered 

materials for HER was evaluated and is detailed in chapter 9, appendix A.  
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4.2 Experimental Section 

4.2.1 Preparation of Pd anchored N -doped electrocatalysts  

Synthesis of Pd anchored covalently modified N-doped graphene (Pd@Amm.Hyd-

(N)@RGO) and Pd anchored non-covalently modified N-doped graphene (Pd@Pyrene-

(N)@RGO) catalyst fabrication for are detailed in reference25 of our publication which is part 

of the thesis.  

 

 4.2.2 Fabrication of 3D-printed electrocatalysts 

Autodesk Fusion 360 software was used to design the electrodes, and later the procured file 

is fed into the Prusa i3 MK3s printer. FFM/FDM based extrusion based 3D-printing of 

commercial graphene/PLA filament is carried out for the studies discussed in this thesis. The 

carbon based filaments are extruded down the nozzle at a temperature of 220 °C. The bed 

temperature during the process is around 60 °C. Post-printing techniques are employed to 

enhance the conductivity of the carbon substrates. The 3D-CE are then activated by immersing 

in DMF for a fixed interval of time. This is followed by rinsing the carbon electrodes with 

ethanol and water until the insulating PLA is removed from the surface. The 3D-CE are then 

dried in an oven at 65 °C for 120 min and further employed for respective studies. 

4.2.3 Dip-coating 3D-CE 

Patterning techniques such as spray, spin, dip coating helps in fabricating low cost, scalable, 

techniques to fabricate active material electrocatalysts. Owing to the lower complexity of the 

equipment required for modifying/fabricating electrodes, and less complications involved in 

slurry formulation, techniques such as dip coating becomes interesting for fabricating newer 

electrocatalysts. Active material of MXene (Ti3C2Tx) and TMDs (MoS2, MoSe2, WS2, and 

mailto:Pd@Amm.Hyd-(N)@RGO
mailto:Pd@Amm.Hyd-(N)@RGO
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WSe2) are dip coated over the 3D-printed electrode surfaces to modify the surface of the 3D-

CE. 49 Slurries of sample in in DMF are prepared and sonicated for 0.5 h. Later the activated 

3D-CE is dip coated using the prepared slurries for 3 h and allowed to dry overnight. Further, 

they are subjected to morphological and electrochemical studies.  

 

4.2.4 Electroplating 3D-CE 

Electroplating, electrochemical deposition or metal plating is a very well-known technique 

employed towards metal coating of active material over a solid substrate. Reduction of cations 

from the metal containing solution, on application of electric current results in a fine uniform 

coating of active material over the substrate. The protocol associated with the metal plating 

of activated 3D-CE using Cu and Ni electrolyte solution is detailed in reference,33 of our 

publication which is part of the thesis. 
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Section-A 

 

5.1. Designing electrocatalysts towards hydrogen and ammonia production 

HER is vital for the future of renewable energy. However, finding newer electrocatalysts 

is important to minimize the overpotential required for efficient performance and hence 

calls for newer strategies of electrocatalyst fabrication to favor the reaction effectively 

with maximum efficiency. Evaluating the HER performance of fabricated electrocatalysts 

via various strategies is the central idea of one part of the following section. For instance, 

understanding the importance of synthesis strategy in fabricating Pd anchored N-doped 

graphene electrocatalysts for HER is detailed in 5.1.1. Meanwhile, section 5.1.2 covers 

the interesting behavior of single and double transition metal MAX carbide for HER 

applications. Thus, studies discussed in sections 5.1.1 and 5.1.2 revolve around evaluating 

the fabricated electrocatalyst for H2 production. Further, as ammonia synthesis is another 

important electrocatalytic application, section 5.1.3 discusses strategies for enhancing the 

catalyst property via activating Fe-MOF electrocatalysts for ammonia synthesis. The 

discussion carried out in the section are published and the details are as follows: 

 

5.1.1. Grafting of Pd on N-doped graphene for HER 

Akshay Kumar K. Padinjareveetil, O. Alduhaish, S. F. Adil, Martin Pumera*, Grafting 

of Pd on Covalently and Noncovalently Modified N-Doped Graphene for 

Electrocatalysis, Adv. Mater. Interfaces, 2022, 2102317, 

doi.org/10.1002/admi.202102317, (IF=6.38). 

 

5.1.2. Electrocatalytic activity of layered MAX phases for HER 

Akshay Kumar K. Padinjareveetil, O. Alduhaish, Martin Pumera*, Electrocatalytic 
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activity of layered MAX phases for the hydrogen evolution reaction, Electrochem. 

Commun. 2021, 125, 106977, https://doi.org/10.1016/j.elecom.2021.106977, (IF=5.44). 

 

5.1.3    Fe-MOF electrocatalyst for nitrate to ammonia conversion 

Akshay Kumar K. Padinjareveetil, Juan V. Perales-Rondon, Dagmar Zaoralová, Michal 

Otyepka, Osamah Alduhaish, and Martin Pumera* Fe-MOF Catalytic Nanoarchitectonic 

toward Electrochemical Ammonia Production, ACS Appl. Mater. Interfaces, 2023, 15, 

40, 47294–47306, https://doi.org/10.1021/acsami.3c12822, (IF: 9.5).    
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5.1.1: Grafting of Pd on N-doped graphene for HER 

Motivation 

Designing and fabrication of application-specific electrocatalysts are crucial for 

electrocatalysis, to minimize the overpotential for H2 production. Interestingly, synthesis 

strategies can also play a vital role in designing efficient electrocatalysts. Thus, in the current 

study two different synthesis strategies are employed for the fabrication of electrocatalysts 

and evaluated for H2 production. 

 

Objective 

Electrocatalysts were designed by anchoring Pd nanoparticles on the surface of N-doped RGO 

materials synthesized via two different approaches. Two different material fabrication 

technique was employed, wherein covalent and non-covalent attachment of N source to 

graphene is conducted, followed by nucleation of Pd nanoparticles. Morphological and 

physicochemical characteristic studies will be carried out and evaluated. Further, 

electrocatalytic activity of these fabricated catalysts toward HER will be evaluated using LSV. 

 

Outcome 

Pd anchored N covalently doped catalyst gave a better HER activity over the Pd anchored 

non-covalently N doped graphene electrocatalysts, thereby showcasing importance of 

synthesis techniques towards electrocatalyst fabrication for HER applications.  
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 Contribution 

Investigation, methodology, conceptualization, formal analysis, data curation, 

characterizations, experimentation, validation, discussions, funding acquisition, writing 

(original draft, review and editing). 

 

Article  

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, O. Alduhaish, S. F. Adil, Martin Pumera*, Grafting of Pd 

on Covalently and Noncovalently Modified N-Doped Graphene for Electrocatalysis, Adv. 

Mater. Interfaces, 2022, 2102317, doi.org/10.1002/admi.202102317. 
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5.1.2: Electrocatalytic activity of layered MAX phases for HER 

Motivation 

There has been curiosity to investigate new active materials for H2 evolution. Interestingly, 

MAX phases exhibit an intermediate electrocatalytic performance towards H2 generation and 

studies on this class of material remain unexplored. Hence, evaluating the performance of 

MAX phase catalysts can be interesting to device newer electrode materials, and further 

knowledge on the active MAX transition metal can be used as a foundation to synthesize their 

daughter MXenes for similar applications. 

 

Objective 

Morphological and electrochemical characterization of MAX (Ti2AlC, Ta2AlC, Ti2SnC, 

Ti3SiC2, V2AlC, and Cr2AlC) and double transition metal carbide (Mo2TiAlC2,) will be 

carried out. LSV measurements of the catalysts would provide information on the catalyst that 

deliver lowest overpotential for H2 production. Chronoamperometry measurements would 

provide information on the stability of electrocatalyst. Further, kinetics of these catalysts 

towards H2 production will be evaluated using the Tafel slope analysis. 

 

Outcome 

Mo2TiAlC2 showed better HER activity over other MAX phases. Meanwhile, among single 

transition metal carbide, V2AlC gave the best HER activity, while Ti3SiC2 gave very high 

overpotential for H2 production. Tafel slope analysis showcased that proton adsorption is the 

rate-limiting step in all studied electrocatalysts. 
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Contribution 

Investigation, methodology, conceptualization, formal analysis, data curation, 

characterizations, experimentation, validation, discussions, writing (original draft, review and 

editing). 

 

Article  

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, O. Alduhaish, Martin Pumera*, Electrocatalytic activity 

of layered MAX phases for the hydrogen evolution reaction, Electrochem. Commun. 2021, 

125, 106977, https://doi.org/10.1016/j.elecom.2021.106977, (IF=5.44). 
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5.1.3 Fe-MOF electrocatalyst for nitrate to ammonia conversion 

Motivation 

With the search for newer electrocatalyst material for catalytic applications, MOF has 

emerged as an active electrode material in recent times. Merits such as enhanced structural, 

compositional integrity along with enhanced activity during catalytic reduction makes 

them desirable for catalytic applications. Evaluating the performance of MOF 

electrocatalyst upon subjection to thermal activation could be interesting for ammonia 

production. 

 

Objective 

Pristine and thermally activated PCN-250-Fe3 MOF will be examined for electrocatalytic 

NRA. As a part of this study, cyclic stability, MOF stability in solvents, NRA at various 

concentrations, and theoretical studies will be carried out for both catalysts. 

 

Outcome 

Employing newer and simpler strategies such as thermal activation of MOF samples was 

shown to enhance ammonia production. Such approaches are vital for enhancing the 

material properties, especially towards electrocatalysis, rather than relying on time 

consuming material modification approaches. In short, the following studies open newer 

possibilities to tailor catalyst surfaces for catalytic applications such as ammonia 

synthesis. 
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Contribution 

Investigation, methodology, conceptualization, formal analysis, data curation, 

characterizations, experimentation, validation, discussions, funding acquisition, writing 

(original draft, review and editing). 

 

Article  

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, Juan V. Perales-Rondon, Dagmar Zaoralová, Michal 

Otyepka, Osamah Alduhaish, and Martin Pumera* Fe-MOF Catalytic Nanoarchitectonic 

toward Electrochemical Ammonia Production, ACS Appl. Mater. Interfaces, 2023, 15, 

40, 47294–47306, https://doi.org/10.1021/acsami.3c12822, (IF: 9.5).   
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Section-B 

 

5.2 Employing 3D-printing technology towards novel electrocatalysts fabrication for 

energy and healthcare applications 

This section evaluates strategies for employing 3D-printed electrode materials for energy 

and healthcare applications. 3D-printing technology is advancing accounting to its easiness 

in catalyst fabrication, customizations, and it provides the user with the freedom of 

fabricating structures based on the targeted applications. Thus, the study on fabricating 3D-

printed 2D material substrates for HER is discussed in 5.2.1. Employing a dip coating 

strategy of modifying 3D-CE surfaces has enhanced the possibilities of rapid, quick 

electrode fabrication for H2 production. Also, 3D-printing technology has significantly 

advanced in various domains beyond energy. 5.2.2 discusses evaluating the scope of 3D-

printing technology in fabricating electrode material for sugar sensing applications via 

modifying the surface of 3D-CE with a metal plating approach. The idea revolves around 

the electrochemical detection of carbohydrates via modifying 3D-printed electrodes using 

electrodeposition of Cu and Ni nanoparticles. In short, the following studies have shown 

strategies for electrode modification of 3D-CE, eventually making them ideal for HER and 

sugar sensing applications. The discussion carried out in the section are published and the 

details are as follows: 

 

5.2.1. 2D materials patterned 3D-printed electrodes for HER 

Akshay Kumar K. Padinjareveetil, K. Ghosh, O. Alduhaish, Martin Pumera*, Dip-coating of 

MXene and transition metal dichalcogenides on 3D-printed nanocarbon electrodes for the 

hydrogen evolution reaction, Electrochem. Commun. 2021, 122, 106890 

doi.org/10.1016/j.elecom.2020.106890, (IF=5.44). 
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5.2.2. Metal plated 3D-printed carbon electrodes for sugar sensing applications 

Akshay Kumar K. Padinjareveetil, Ghosh, O. Alduhaish, Martin Pumera*, Metal-plated 3D-

printed electrode for electrochemical detection of carbohydrates, Electrochem. Commun. 

2020, 120, 106827, https://doi.org/10.1016/j.elecom.2020.106827, (IF=5.44).  
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5.2.1 2D materials patterned 3D-printed electrodes for HER 

Motivation 

Pristine/activated 3D-CE are not ideal for catalysis. Employing material coating/patterning 

techniques such as dip coating of 3D-printed electrodes is expected to deliver a new rapid and 

cost-effective approach of fabricating electrocatalysts for catalytic applications such as H2 

production. 

 

Objective 

Electrocatalytic active materials such as TMDs (MoS2, MoSe2, WS2, and WSe2) and MXene 

(Ti3C2) were used for the modification of 3D-CE via dip coating. Morphological 

characterization of electrode surface is carried to confirm the coating of active material over 

3D-CE. LSV was carried to evaluate the H2 production ability of patterned 3D-CE and 

kinetics were evaluated using the Tafel slope analysis. 

 

Outcome 

2D material patterned 3D-CE gave a higher HER activity over pristine 3D-CE, affirming the 

surface modification of 3D-CE to be successful. MXene coated electrode gave a better HER 

activity over TMDs. Thus, a facile, cost-effective, binder-free approach of modifying 3D-CE 

is demonstrated for catalysis-based application. 
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Contribution 

Investigation, methodology, conceptualization, formal analysis, data curation, 

characterizations, experimentation, validation, discussions, funding acquisition, writing 

(original draft, review and editing). 

 

Article 

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, K. Ghosh, O. Alduhaish, Martin Pumera*, Dip-coating of 

MXene and transition metal dichalcogenides on 3D-printed nanocarbon electrodes for the 

hydrogen evolution reaction, Electrochem. Commun. 2021, 122, 106890 

doi.org/10.1016/j.elecom.2020.106890, (IF=5.44). 
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5.2.2 Metal plated 3D-printed carbon electrodes for sugar sensing applications 

Motivation 

3D-printed electrode are not catalytically active to targeted analytes. Employing ideal 

modification approaches to fabricate 3D-printed active electrodes can aid towards on-

demand decentralized sensors. 

 

Objective 

A non-enzymatic 3D-CE is fabricated via metal plating of Cu and Ni, to detect 

carbohydrates. Morphology analysis was employed to confirm distribution of metal 

nanoparticles over electrode surface. Electrochemical characterization via cyclic 

voltammetry and chronoamperometry will be employed to confirmed sugar sensing ability 

of metal plated 3D-printed electrode. 

 

Outcome 

Metal plated 3D-CE was successful for carbohydrate sensing. The studies aid towards 

enhancing the possibilities of employing 3D-CE for successful sensing of specific targeted 

products.  
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Contribution 

Investigation, methodology, conceptualization, formal analysis, data curation, 

characterizations, experimentation, validation, discussions, writing (original draft, review 

and editing). 

 

Article 

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, Ghosh, O. Alduhaish, Martin Pumera*, Metal-plated 3D-

printed electrode for electrochemical detection of carbohydrates, Electrochem. Commun. 

2020, 120, 106827, https://doi.org/10.1016/j.elecom.2020.106827, (IF=5.44).  
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Section-C 

5.3. Future advancement of utilizing 3D-printing technology for energy and 

emergency healthcare application (Perspective reports) 

 

The inclining energy crisis, along with rising global temperature and environmental 

imbalances, has significantly triggered the scientific community to find alternate sources. 

Electrocatalysts can play a key role in addressing these concerns by minimizing the 

excessive potential for respective applications. Eventually, fabrication of these 

electrocatalysts via 3D-printing technology would be an interesting domain to mitigate 

associated concerns, and such reports could be interesting for researchers working closely 

on these disciplines. Thus, Section-C, 5.3 deals with strategies employed in engineering 

electrocatalysts towards ammonia synthesis (5.3.1) and CO2 mitigation (5.3.2). Precisely, 

section 5.3.1 extensively covers a discussion on the fabrication of 3D-printed structures 

towards NRA, along with an experimental demonstration of 3D-printed Cu electrodes for 

ammonia synthesis. Further, rising CO2 levels are major concerns in the present global 

context. Section 5.3.2 discusses the advances in 3D-printing technology towards CO2 

mitigation via selective conversion of them to specific products and some interesting CO2 

capture techniques. Further, section 5.3.3 discusses the role played by 3D-printing 

technology during health emergency situations such as the COVID-19 pandemic. The 

discussion carried out in the section are published and the details are as follows: 

 

5.3.1 Advancements in 3D-printing towards ammonia synthesis 

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Engineering 3D Printed Structures 

Towards Electrochemically Driven Green Ammonia Synthesis: A Perspective, Adv. 
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Mater. Technologies, 2023 ,10, 8, 2201734, https://doi.org/10.1002/admt.202202080, 

(IF=8.8). 

 

5.3.2 3D-printing technology towards CO2 reduction and capture 

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Advances in Designing 3D-Printed 

Systems for CO2 Reduction, Adv. Mater. Interfaces, 2023, 10, 8, 2201734 

https://doi.org/10.1002/admi.202201734, (IF=6.38). 

 

5.3.3 3D-printing technology towards emergency healthcare application 

Akshay Kumar K. Padinjareveetil, Martin Pumera*, 3D-Printing to Mitigate COVID-19 

Pandemic, Adv. Funct. Mater. 2021, 31, doi.org/10.1002/adfm.202100450, (IF=19.9). 
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5.3.1 Advancements in 3D-printing towards ammonia synthesis 

Motivation 

3D-printing technology has received massive attention for various electrocatalytic 

applications such as H2, and O2 production. Interestingly, the field has stepped into a new 

domain of employing 3D-printing structures for ammonia synthesis. Thus, a perspective 

article constituting the potential possibilities of this field will be interesting to researchers 

venturing into this field. 

 

Objective 

The article discusses the scope of employing 3D-printing technology for fabrication of 

electrocatalyst with enhanced activity, along with techniques and approaches of catalyst 

designing, modification, post-printing treatments, and catalytic mechanism. Further, the role 

of 3D-printed metal based, carbon based, alloys, 2D materials composites as catalyst for 

nitrate to ammonia conversion will be carried out. Further, an experimental demonstration 

of employing 3D-printed metal structures towards ammonia synthesis will be done for the 

first time, to analyse the potential of this field. 

 

  Contribution 

Writing (original draft, review and editing). 

 

Outcome 

The article has broadly discussed the factors influencing the electrocatalyst fabrication 

towards ammonia synthesis such as shape, size, composition, morphology, post-printing 
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treatments. Further, experimental demonstration has showed the real potential of 3D-printed 

electrocatalyst for ammonia synthesis, thereby setting up a foundation for further 

exploration in this field. 

 

Article  

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Engineering 3D Printed Structures 

Towards Electrochemically Driven Green Ammonia Synthesis: A Perspective , Adv. Mater. 

Technologies, 2023 ,10, 8, 2201734, https://doi.org/10.1002/admt.202202080, (IF=8.8). 
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5.3.2 3D-printing technology towards CO2 reduction and capture 

Motivation 

Massive use of fossil fuels has led to severe increase in atmospheric CO2 resulting in an 

increase in global temperature, disturbing the innate carbon cycle of the Earth, and the present 

climatic conditions. Thus, a comprehensive perspective on this topic would be interesting for 

researchers in analyzing the field better and think for better possibilities of mitigating CO2 via 

3D-printing technology.  

 

Objective  

The perspective article outlines multiple strategies of fabricating 3D-printed catalysts, and 

customized devices for mitigating CO2 and converting them to various products.  

 

Outcome 

Several recent studies of employing 3D-printing technology for CO2 reduction and capture 

are discussed. Since studies reported in this area are minimal, the following report would be 

helpful for researchers as a motivation to broaden this field of 3D-printing for CO2 mitigation. 

 

Contribution 

Writing (original draft, review and editing). 
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Article 

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, Martin Pumera*, Advances in Designing 3D-Printed 

Systems for CO2 Reduction, Adv. Mater. Interfaces, 2023 ,10, 8, 2201734. 

https://doi.org/10.1002/admi.202201734, (IF=6.38). 
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5.3.3 3D-printing technology towards emergency healthcare application 

Motivation 

3D-printing played a vital role during the COVID-19 pandemic by helping the health sector 

in printing face masks/shields, personal protection equipment, ventilators, nasal swab 

collectors, etc. As demand for the devices and equipment rose rapidly they were printed at 

several parts of the world in a short span of time. Such collaborative approach of 3D-printing 

industry along with the health community has enhanced the scope of this technology 

unfolding several other possibilities for the future. 

Objective 

This article outlines the contributions of 3D-printing technology from various sectors along 

with collaborative efforts from individuals and companies that resulted in forming an 

international grid to protect several lives during the COVID-19 pandemic health 

emergency. 

Outcome 

The article examines the key role played by 3D-printing technology during health 

emergencies, benefiting the medical community to fight the deadly pandemic situation. 

Articles reviewing such broader scope of the 3D-printing technology can aid in further 

realizing the potential of 3D-printing technique to fight emergency situations in the future 

as well. 

  Contribution 

Writing (original draft, review and editing). 
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Article  

The article was published and the details of the article are as follows: 

Akshay Kumar K. Padinjareveetil, Martin Pumera*, 3D-Printing to Mitigate COVID-19 

Pandemic, Adv. Funct. Mater. 2021, 31, doi.org/10.1002/adfm.202100450, (IF=19.9). 
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CHAPTER 6 

Conclusions 

In this study multiple strategies that were employed towards fabrication of electrocatalysts 

are discussed along with the evaluation of their performance towards hydrogen evolution 

reaction. It is observed that in the covalent and the non-covalent synthesis strategy of 

electrocatalysts preparation via two different nitrogen dopant sources, covalently bonded 

electrocatalysts outperform the non-covalently bonded electrocatalysts. This is because the 

covalently bonded electrocatalysts aided towards anchoring of more palladium nanoparticles 

over it than the non-covalently bonded electrocatalysts. Such synthesis strategies or studies 

are ideal for designing application specific electrocatalysts. Among the set of MAX phase 

electrocatalysts, Mo2TiAlC2 exhibited superior HER activity. Further, improvements in 

material properties via improved synthesis strategy, functionalization can aid towards 

improving this family of MAX phase material towards catalysis application. 3D-printing 

technology was employed towards fabricating cost-effective, conductive electrodes, wherein 

appropriate modifications of these substrates via dip coating and metal plating has aided them 

towards fabrication of 3D-printed electrode substrates that are ideal for energy conversion and 

electrochemical sensing applications respectively. Further, newer possibilities of 

electrocatalysts for energy conversion applications such as ammonia production (3D-printed 

metal and carbon-based substrates, Fe-MOFs), and devising improved 3D-printed substrates 

for CO2 reduction and capture are also elaborated. Also, employing 3D-printed substrates for 

electrochemical sugar sensing applications and their vital role during health emergencies 

shows the potential of 3D-printing technology for uses beyond electrochemical applications. 

In short, the thesis has outlined several material fabrication approaches for electrochemical 

sensing and energy applications such as HER, ammonia synthesis, CO2 reduction etc. 
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CHAPTER 9 

 

Appendix A 

Edge vs. Basal plane activity of layered FePSe3 crystal for HER 

Motivation 

The origin of electrocatalytic activity is always curious driven, as understanding of these 

active hotspots can yield catalysts for specific applications. With the increasing interest in 

understanding the origin of activity (edge vs basal planes) of layered materials, advanced 

technologies such as scanning electrochemical microscopy (SECM) can play key role in 

providing vital information about active sites. 

Objective 

Edges or basal planes of FePSe3 crystal will be evaluated for local electrochemical and 

electrocatalytic activity. Morphological characterization will be carried out and SECM will 

be employed to track active sites of the layered crystal, along with evaluation of the HER 

activity of FePSe3 catalyst. 

 

Outcome 

Electrochemical processes and H2 generation were found to be driven by edge-like defects 

of FePSe3 crystals, over basal planes. In short, advanced technologies like SECM can be 

employed to identify the active sites in layered materials for applications such as H2 
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production. Also, such studies can be vital for application of layered materials for 

electrochemistry related applications. 
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