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Abstract 

The electrochemical production of hydrogen from water is gaining more attention as a clean 

and renewable energy source in response to the alarming environmental issues caused by the 

exploitation of fossil fuels during the last centuries. However, the process can be considered an 

environmentally friendly alternative only if it is fuelled using renewable sources of energy, like 

solar energy, the largest carbon-free resource available on our planet. Solar energy can be 

converted to electricity via solar panels and electrical energy be used for water splitting via 

electrocatalysts, such as platinum. Alternatively, the water splitting to hydrogen can be carried 

out directly via solar light energy. However, the yields of direct photochemical water splitting 

are low. The combination of both approaches, also called photoelectrochemical water splitting, 

combines the best of both worlds - electrocatalytic water splitting with the aid of photons. For 

these reason, the study of novel materials based on earth-abundant elements that can be applied 

as photoelectrocatalysts for hydrogen generation is fundamental to guiding society toward more 

sustainable energy production. 

This thesis explores the potential of the emerging two-dimensional (2D) materials and related 

layered compounds, alongside investigations into the utility of 3D printing for fabricating 

functional electrodes in the field of photoelectrochemistry. The study of several transition metal 

selenophosphites confirmed their potential as photoelectrocatalysts for hydrogen generation, in 

particular under the influence of visible light. M A X phases were modified through exposure to 

fluorine gas and the properties of the obtained fluorinated M A X were investigated, starting 

from their morphology to their potential as photoelectrocatalysts for the hydrogen evolution 

reaction. The fluorinated phases showed better performances compared to the untreated M A X 

phases. The improved catalytic activity was attributed to photoactive oxyfluorides that formed 

as a consequence of the fluorination process. The photoactivity of the M A X phases was further 
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investigated both by theoretical and experimental approaches, to understand the origin of the 

photocatalytic behaviour. The results showed that the presence of oxide impurities on the phases 

plays a crucial role in the photoelectrochemical production of hydrogen. The role of the oxides 

in the photocatalytic activity of these compounds inspired the fabrication and investigation of 

3D printed electrodes and their modification with atomic layer deposited oxides, like TiCh, 

Si02, and AI2O3. Also in this case, the presence of a thin layer of oxide on the surface of the 

electrode contributed to significantly better performances under the influence of visible light. 

The obtained results demonstrated the importance of the fundamental study of novel 2D 

materials for application in the photoelectrochemical production of hydrogen and open new 

insights into the fabrication of innovative 3D printed conductive devices that can be modified 

with functional materials for energy conversion. 

Keywords 

Hydrogen generation, 2D materials, photoelectrochemistry, transition metal selenophosphites, 

M A X phases, 3D printing, atomic layer deposition 
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Abstrakt 

Elektrochemická výroba vodíku z vody získává stále více pozornosti jako čistý a obnovitelný 

zdroj energie v reakci na alarmující environmentálni problémy způsobené těžbou fosilních paliv 

během posledních století. Proces však lze považovat za ekologicky šetrnou alternativu pouze 

tehdy, pokud j e poháněn obnovitelnými zdroji energie, j ako j e solární energie, nej větší uhlíkově 

neutrální zdroj dostupný na naší planetě. Solární energie lze přeměnit na elektřinu pomocí 

solárních panelů a elektrická energie může být využita k rozkladu vody za pomocí 

elektrokatalyzátorů, jako je platina. Alternativně lze rozklad vody na vodík provádět přímo 

pomocí solární energie. Nicméně výtěžky přímého fotochemického rozkladu vody jsou nízké. 

Kombinace obou přístupů, nazývaná fotoelektrochemický rozklad vody, kombinuje nejlepší z 

obou světů - elektrokatalytický rozklad vody s pomocí fotonů. Z tohoto důvodu je studium 

nových materiálů založených na hojně se vyskytujících prvků, které lze použít jako 

fotoelektrokatalyzátory pro tvorbu vodíku, zásadní pro navádění společnosti k udržitelnější 

výrobě energie. Tato práce zkoumá potenciál těchto nových dvourozměrných (2D) materiálů a 

souvisejících sloučenin, spolu s výzkumem využití 3D tisku pro výrobu funkčních elektrod v 

oblasti fotoelektrochemie. Studium několika přechodných kovových selenofosfitů potvrdilo 

jejich potenciál jako fotoelektrokatalyzátorů pro tvorbu vodíku, zejména za působení 

viditelného světla. M A X fáze byly modifikovány expozicí fluorovému plynu a vlastnosti 

získaných fluorovaných M A X byly zkoumány, začínaje jejich morfologií až po jejich potenciál 

jako fotoelektrokatalyzátorů pro reakci vývoje vodíku. Fluorované fáze vykazovaly lepší 

výkony ve srovnání s neošetřenými fázemi M A X . Zlepšená katalytická aktivita byla přičítána 

fotoaktivním oxyfluoridům, které vznikaly v důsledku procesu fluorace. Fotoaktivita fází M A X 

byla dále zkoumána jak teoreticky, tak experimentálně, aby bylo možné porozumět původu 

fotokatalytického chování. Výsledky ukázaly, že přítomnost oxidových nečistot na fázích hraje 

klíčovou roli v fotoelektrochemické tvorbě vodíku. Role oxidů v fotokatalytické aktivitě těchto 
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sloučenin inspirovala výrobu a zkoumání 3D tištěných elektrod a jejich modifikaci s oxidy 

deponovanými atomovou vrstvou (ALD), jako je TÍO2, SÍO2 a AI2O3. I v tomto případě 

přítomnost tenké vrstvy oxidu na povrchu elektrody významně přispěla ke zlepšení výkonu za 

působení viditelného světla. Získané výsledky prokázaly důležitost základního studia nových 

2D materiálů pro aplikaci v fotoelektrochemické výrobě vodíku a otevřely nové pohledy na 

výrobu inovativních 3D tištěných vodivých zařízení, která lze modifikovat s funkčními 

materiály pro přeměnu energie. 

Klíčová slova 
Výroba vodíku, 2D materiály, fotoelektrochemie, selenofosfity přechodných kovů, M A X fáze, 

fluorace, 3D tisk, nanášení atomární vrstvy 
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Organization of the Thesis 

This thesis is organized into ten chapters. Chapter 1 briefly describes the objectives and main 

motivations of the thesis. Subsequently, the global energy crisis and challenges faced in 

sustainable energy generation will be described in Chapter 2, together with a brief introduction 

about layered transition metal selenophosphites (MPCI13), M A X phases, and 3D printing 

technologies. A comprehensive description of the theoretical background and prior studies 

concerning these materials and their photo- and electrochemical applications are included in 

individual subchapters of Chapter 3. A l l the experimental methods employed for the 

development of this thesis work are briefly described in Chapter 4. Chapters 5-7 include the 

published papers related to the study of 2D materials and related layered compounds, 

particularly MPCI13 and M A X phases. Following, the published version of the papers connected 

to the development of 3D printed electrodes and their modification for the application as sensors 

and in energy-related fields are appended in Chapters 8 and 9. 

This work will be concluded in Chapter 10 with a summary of the results and a perspective on 

the potential future applications of the described materials and techniques. 
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1. Objectives of the Thesis 

Given the severe environmental issues that our planet is facing and the limited amount and high 

cost of fossil fuels, it is predictable that our society will soon radically change in favor of more 

environmentally friendly energy sources. Photoelectrochemical (PEC) hydrogen production 

would, therefore, play a crucial role in exploiting solar energy, the largest renewable source 

available, for the production of carbon-free fuel. The past years have seen a surge in the 

discovery of promising new materials, in particular 2D layered materials, that can be applied in 

energy-related fields thanks to their outstanding electrochemical properties. However, only 

some of them have been extensively studied for the photoelectrochemical production of 

hydrogen, and the factors that can influence their performance are still not fully understood. 

This thesis aims to investigate emerging 2D materials and related layered compounds, including 

MPCh3 and M A X phases, for application as electrodes in PEC hydrogen production and further 

understanding their photo- and electrochemical properties. In particular, the focus is to study 

cost-effective materials that are stable in the dark and under illumination, to efficiently use the 

solar energy absorbing principally in the visible spectral region. Furthermore, this thesis aims 

to evaluate how the modification of the abovementioned materials can lead to better PEC 

properties and, consequently, to better performances in facilitating hydrogen production. The 

investigation of the photoactivity of these materials contributes to a better understanding of 

their photocatalytic behavior, which is fundamental for the development of new promising 

photoelectrocatalysts. 

The fabrication of 3D printing devices has emerged rapidly during the last decades for 

application in different fields, like aerospace, construction industry, etc. However, the 

utilization of this technique in energy-related fields is still really limited by the difficulty of 

producing conductive electrodes with the desired electrical and mechanical properties. The 
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fabrication of carbon-based nanocomposites, which combine the electrical properties of carbon 

additives with the benefits of the mechanical stability of thermoplastics, is a promising route 

towards rapid and low-cost manufacturing of customized-shaped electronic devices with 

minimized waste. Following this direction, the second objective of this thesis is the study of the 

electrochemical properties of conductive 3D-printed carbon devices, the optimization of their 

characteristics through the control of the printing process and post-printing treatments, and their 

surface modifications by atomic layer deposition (ALD) of photoactive oxides to enhance their 

performance in photoelectrochemical applications. 

The aims of this thesis can be summarized in the following two points: 

• The investigation of emerging 2D materials and layered compounds, their application 

as photoelectrocatalysts for hydrogen production under the influence of visible light, 

and the evaluation of the effect of common material modifications, like fluorination, 

and the presence of defects or impurities on their photoelectrochemical properties; 

• The development of functional 3D-printed carbon electrodes and their modification 

through A L D of photoactive compounds for application in photo- and electrochemical 

processes. 
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2. Introduction to the challenges 

The global energy demand is rapidly increasing due to the growing human population and rising 

living standards. The high rate of depletion, non-homogeneous distribution, slow formation, 

and the alarming environmental issues caused by the exploitation of fossil fuels during the last 

century pose a serious challenge to finding alternative sustainable energy sources. For this 

reason, the production of carbon-free fuels using affordable materials and renewable sources is 

at the forefront of research. Hydrogen is considered the perfect candidate for building a society 

based on clean energy production also because the combustion of this material leads to the 

generation of water, a harmless by-product for lands and air. However, most hydrogen is still 

produced from the reforming of methane, that is, from fossil sources. The generation of 

hydrogen from water is a promising solution. Still, it can be considered an environmentally 

friendly alternative only if the process is fuelled by exploiting renewable energy sources, such 

as solar, wind, hydrothermal, or hydroelectric energy. In particular, solar energy is the largest 

renewable carbon-free resource amongst the other renewable energy options. The water 

splitting to hydrogen can be carried out directly via solar light energy, however, the yields of 

direct photochemical water splitting are low. Alternatively, solar energy is converted to 

electricity via solar panels and the produced electrical energy is used for water splitting via 

electrocatalysts, such as Pt or transition metal dichalcogenides. The combination of both 

approaches, also called photoelectrochemical water splitting, combines the best of both worlds 

- electrocatalytic water splitting with the aid of photons. For this reason, the study of novel 

materials based on earth-abundant elements that can be applied as photoelectrocatalysts for 

hydrogen generation is fundamental to guiding society toward more sustainable energy 

production. 
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Since 2004, when a simple procedure to obtain single-layer graphene was proposed by 

Novoselov et al. 1, two-dimensional (2D) layered materials, such as graphene2'3, graphitic 

carbon nitride (g-C3N4)4'5, transition metal dichalcogenides6, transition metal 

trichalcogenphosphites (MPCI13)7, monoelemental compounds (Xenes)8"10, and transition 

metal carbides (MXenes), emerged as novels and promising electrocatalysts for energy 

conversion. The common feature of 2D materials is their peculiar structure: in their bulk form, 

they present stacked layers, one on top of the other. The in-plane bonds are strong; however, 

the interactions between the layers are weaker, allowing the exfoliation or delamination to a 

single or few layers1 1"1 4. Moreover, the chemical and optoelectronics properties of 2D layered 

materials can be enhanced through different modifications, such as doping or surface 

engineering15. In particular, chemical modification by fluorination is fascinating for PEC 

applications because it can tune the physical and optical properties related to the photoresponses 

of 2D materials. For example, the fluorination of graphene16'17, phosphorene18, and g-C3N419 

resulted in improved surface polarity, thermal and chemical stability, and tunable or opening of 

the band gap. 

Among the 2D materials, MPCI13 are particularly gaining interest due to their catalytic 

properties in the H E R 7 ' 2 0 " 2 3 . For the chalcogen atom (Ch), only compounds with sulfur or 

selenium are known until now. Nevertheless, a vast number of metals are acknowledged to form 

this kind of material, such as transition (e.g., Mn, Fe, Cd, Zn, N i , etc.) and post-transition metals 

(e.g., Sn, Ga, In), as well as alkali metals like Ca and M g 7 ' 2 4 ' 2 5 . MPCh? were deeply studied for 

their magnetic properties26"28, but recent studies mainly focus on their potential as 

photocatalysts for energy applications2 5'2 9'3 0. 

MXenes are another class of 2D materials that have attracted attention for electrochemical 

applications in recent years. They are characterized by high metallic conductivity, high negative 

zeta potential, and fast charge transfer kinetics 1 4 ' 3 1" 3 3. MXenes are commonly synthesized from 
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their layered parent M A X phases (MAX), a class of layered ternary materials with the general 

formula Mn+iAX n , where M is an early transition metal, A is an element from IDA and IVA 

group, X is carbon or nitrogen, and n is equal to 1,2, or 3 3 4 " 3 7 . By applying acid treatment with 

aqueous hydrofluoric acid and sonication, the A element interlayer can be selectively etched 

and washed out from the M A X giving a set of single or multilayer. The scientific community 

mainly concentrates on applying MXenes in different fields, although M A X and their properties 

have not been thoroughly investigated. 

This thesis primarily focuses on the study and the application of emerging 2D materials and 

related layered compounds, such as MPCI13 and M A X , for the photoelectrochemical production 

of hydrogen. Parallely, the study of 3D printing techniques for fabricating functional electrodes 

that can be applied in photoelectrochemistry was implemented. Indeed, additive manufacturing, 

commonly called 3D printing, presents a versatile method with remarkable potential for 

utilization in the 21st century. It offers a straightforward approach for swiftly prototyping 

customized 3D structures using various precursor materials, like ceramics, metals, and others38" 

4 0'. Different studies recently proved the potential utilization of 3D printing techniques, such as 

fused deposition methods, in electrochemistry41"44, but the use of 3D-printed carbon electrodes 

is still underexplored for PEC applications. In this thesis, 3D-printed carbon electrodes were 

studied and modified for application as photocatalysts for HER, giving a better understanding 

of their possible use as a conductive platform for functional material in energy production or 

other electrochemical applications. 
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3. Literature Review 

3.1. Theory and background 

3.1.1. Hydrogen as energy source 

The idea of a society based on hydrogen as the primary energy carrier started in 1800 when 

Nicholson and Carlisle performed the electrolytic decomposition of water for the first time, 

obtaining hydrogen and oxygen. Even if hydrogen is the most abundant element in the universe, 

it is considered an energy carrier and not a primary energy source because it cannot be found 

in the earth in its elemental state (Eb). Still, energy is required to obtain it from water or other 

substances, like natural gas, coals, or other hydrocarbons. The main virtue of using hydrogen 

as a fuel is that it generates only water as a by-product, producing no CO2 when burned in the 

air. In addition, as shown in Table 3.1, hydrogen has the highest energy content per unit mass 

than any fuel. However, one kilogram of hydrogen corresponds to 11200 liters, an important 

volume compared to other fuels45. Indeed, hydrogen is mainly used in spacecraft, where the 

storage space is sufficient, but it is an engineering challenge to its direct application in terrestrial 

vehicles. 
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Table 3.1. Comparison of the properties of principal fuels . Energy density for gases is referred 

to 1 atm and 25°C, readapt from Ref. 43. 

Density Energy density Energy 

kg/m3 kWh/m3 kWh/kg 

Methane 0.71 9.1 12.8 

Gasoline 702 8680 12.4 

Diesel 855 10090 11.8 

Methanol 799 4030 5.0 

Hydrogen 0.0838 3.0 33.3 

Nowadays, most hydrogen is produced by steam-reforming methane or water gas shift 

reactions. However, neither of these approaches is environmentally friendly since they involve 

using fossil fuels and the consequent production of CO2 as a by-product. A carbon-neutral 

approach for hydrogen production is the electrolysis of water employing energy produced by 

renewable sources, like wind or solar. Currently, electrolysis supplies 2% of the total amount 

of hydrogen since it is not economically competitive against steam methane reforming46. 

Nevertheless, the cost of natural gas is destined to increase due to environmental, social, 

political, and economic factors, and the electrolysis from water is predicted to become the 

preferred method for hydrogen production. 
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3.1.2. Water electrolysis 

Water electrolysis is the process of splitting hydrogen and oxygen from water using electricity. 

This approach is exciting, considering 70% of the earth's surface is covered with water, 

particularly if seawater could be used without further treatment to obtain high-purity gases, like 

hydrogen and oxygen. The reaction is carried out in a water electrolyzer that consists of two 

electrodes, anode and cathode, immersed in an electrolyte to facilitate the movement of ions 

between them. The oxygen evolution reaction (OER, Equation 3.1.1) takes place at the anode, 

and the hydrogen evolution reaction (HER, Equation 3.1.2) at the cathode47: 

1 
Anode O E R H20 + 2h+ -> 2H+ + -02 3.1.1 

Cathode H E R 2 H + + 2e~ -> H 2 3.1.2 

Water splitting into hydrogen and oxygen is not a spontaneous reaction and requires the 

application of a minimum potential of 1.23 V if no additional heat is provided to the system, as 

shown in Equation 3.1.3. Nevertheless, the necessary potential will be higher to compensate for 

the resistive losses and reach a reasonable hydrogen production rate47. 

AG° 
E° = =-1.23V 3.1.3 

nF 

where AG° = 237 kJ/mol, n is the number of electrons involved, and F is the Faraday constant. 

The HER reaction mechanism in acidic media consists of two steps, adsorption and desorption. 

Moreover, the hydrogen desorption can proceed through two pathways, given by Equations 

3.1.4, 3.1.5, and 3.1.648<49: 
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Step 1: H30+ + e~ -> Hads + H20; b « 118 mK/dec (Volmer reaction) 3.1.4 

Step 2: / / a d s + Hads -> / / 2 ; & ~ 29 mV/dec (Tafel reaction) 3.1.5 

Or H a d s + H 3 0 + + e~ -> tf2 + tf20; 6 (Heyrovsky 3.1.6 

« 39 mV/dec reaction) 

The prevalence of one mechanism to the other will depend on the system used to carry out the 

reaction, and it can be experimentally determined using the Tafel slope, b. In general, for values 

of Tafel slope above 118 mV/dec, the determining step is the discharge reaction or known as 

the Volmer reaction, and for lower values (-39 mV/dec for Heyrovsky reaction and «29.5 

mV/dec for Tafel reaction), the desorption processes are the rate-determining ones. These 

values can be obtained by plotting the logarithm of the measured current density against the 

overpotential and then applying a linear fitting to the obtained graphs. Tafel slope indicates the 

potential required to increase the current density by one order of magnitude50. This means that 

smaller overpotential and Tafel values indicate better electrocatalytic performance of a catalytic 

material since less energy is needed to drive the catalytic reactions. 

3.1.3. Photoelectrochemical hydrogen generation 

Solar energy is the largest renewable energy source available, and it can be used in different 

ways to produce energy. The amount of sunlight that reaches the earth per hour (-1.2 x 105 

TW) is sufficient to fuel all human activities for one year51. However, solar energy is diluted 

during the day and over the earth's surface, causing problems in harvesting the sunlight as the 

primary carbon-free energy source. For this reason, implementing the technology used for 

harvesting this remarkable amount of energy to achieve long-term sustainable energy sources 
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is at the center of the attention of the scientific community. In particular, for a long time, 

scientists have focused on using solar production of clean hydrogen fuels with high energy 

density from water through PEC reactions52"54. Nevertheless, water is transparent to the 

wavelengths constituting the solar spectrum, hence, the PEC water splitting requires an agent 

(semiconductor, dye, or chromophore) capable of absorbing sunlight and generating electron-

hole pairs that can be involved in the reaction. Indeed, in PEC water electrolysis, one or both 

the electrodes are made/modified with photoactive semiconductor materials55, constituting the 

photocathode and/or photoanode. In particular, the study of the photocathode and the connected 

HER is the main focus of this thesis. The PEC process starts when the light of appropriate 

wavelengths hits the semiconductor surface, causing the generation of electrons and holes. In a 

simple photocatalytic process, these charges will tend to easily recombine in the bulk and on 

the surface of the material. However, the application of electric potential to the cell, helps to 

fastly separate the charges between the two electrodes, with the holes reacting with water to 

produce oxygen and protons at the anode, while the electrons flowing in the cathode to reduce 

the protons to hydrogen gas. The reduction of the recombination phenomena and the possibility 

to use the solar light, not only to fuel the cell, but also to boost the catalytic activity of the 

electrodes, makes the PEC water splitting the most promising approach for the hydrogen 

generation as energy carrier. Extensive efforts and significant progress have been made toward 

the fabrication of electrocatalysts with earth-abundant materials, including metals and their 

compounds (e.g., 2D transition metal oxides and dichalcogenides). Also, several metal oxide-

based photocatalysts have been demonstrated to be effective for water splitting under U V light 

irradiation. For example, T1O2 is the most reported material as a benchmark for the UV-light-

driven water splitting reactions due to its good photo-stability, low toxicity, large abundance, 

and low cost. Unfortunately, Ti02 has a large bandgap of 3.2 eV, which can only be used in the 

U V light range, which includes only 5% of all solar energy (solar conversion efficiency in U V 
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light is only 2% compared with 16% when visible light up to 600 nm can be utilized) . Thus, 

developing and studying new photoelectrocatalysts with high photocatalytic activity under 

visible light irradiation is one of the most attractive research topics in PEC water splitting and 

one of this thesis's main focuses. 

3 .2 . State of the art 

3.2.1. 2 D layered materials for electrochemical hydrogen production 

Since 2004, when a simple procedure to obtain single-layer graphene was proposed by 

Novoselov et al. \ 2D layered materials, such as graphene2'3, graphitic carbon nitride (g-

C3N4)4'5, transition metal dichalcogenides (TMDs) 6, monoelemental compounds8"10, and 

transition metal carbides (MXenes), emerged as novels and promising electrocatalysts for 

energy conversion. 2D materials refer to materials in which electrons can move freely only on 

the nanometer scale (1-100 nm) in two dimensions. Strong in-plane bonds and weak interlayer 

Van der Waals forces characterize them1 1. 

Several 2D materials have been studied, modified, and applied for the electrochemical hydrogen 

generation from water. As a central member of the carbon family, 2D graphene, a single layer 

of carbon atoms with a hexagonal-packed lattice, has attracted considerable and persistent 

attention57. However, pristine graphene with high graphitization is electrochemically inert and 

exhibits a relatively low HER activity, numerous chemical modification strategies can be 

employed to tailor the electronic structure and chemical reactivity of a graphene sheet, 

effectively making its inert surface catalytically active58. 

In 2007, the Thomas group reported remarkable HER performance of M0S2 with a hydrogen 

adsorption Gibbs free energy of only 0.08 eV, which is even lower than that of Pt with a value 

of 0.09 eV 6 ' 5 9 . This highlights that 2D TMDs could be one of the most promising candidates for 
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HER. Since then, numerous studies have focused on improving the HER performance of 2D 

TMDs. On the one hand, the target is to increase the number of active sites. Generally, the sites 

along the edges are active, while the sites within the basal plane are inactive 6 ' 6 0 ' 6 1. Besides the 

edge sites, the Cao group revealed that sulfur vacancies and grain boundaries are active as 

well 6 2 . On the other hand, the target is to improve the conductivity of 2D TMDs since most 

compounds are semiconductors, and many researchers have prepared metallic phases, such as 

metastable IT M0S2, enhancing the performance of H E R 6 3 " 6 5 . 

3.2.1.1. Transition metal trichalchogenphosphites (MPCI13) 

MPCI13 is a large family of van der Waals-layered materials whose structure is derived from the 

CdPi and CdCh structural type and assumes a monoclinic or rhombohedral lattice configuration. 

They are dominated by divalent metal cations stabilized in octahedral chalcogen environments. 

MPCI13 were synthesized for the first time in 189466 and then intensively studied for their 

magnetic properties26"28. However, with the recent rediscovery of 2D layered materials, more 

studies are focused on their study for energy-related applications (Figure 3.1). It is reported that 

these materials are semiconductors with band gaps between 1.3 and 3.5 eV, depending on the 

chalcogen elements and the metal 2 5 ' 2 9 ' 3 0. Different works 2 0 ' 2 1 reported the tendency for MPSe3 

crystals to generally show lower onset potential for HER than the analog MPS3. This fact was 

attributed to a more significant distortion of the M-Se bond in the crystal structure, resulting in 

easier absorption of H and, consequently, better catalytic activity. Similarly to other 2D 

materials, the exfoliation of MPCI13 results in enhanced catalytical activity due to the exposure 

of a higher number of active sites. For example, Mukherjee et al. 2 3 ' 6 7 reported an improved 

onset potential of about 300 mV for FePS3 and FPSe3 after exfoliation to a few layers, as 

compared to their bulk crystals. Furthermore, it is reported that metal doping can dramatically 
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improve the electrochemical properties of MPCI13. L i et al. reported that traces of cobalt doping 

on NiPS3 led to enhanced catalytic activity for HER, attributed to increased electrical 

conductivity by about three orders of magnitude68. 
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Figure 3.1. The highlighted blocks in the periodic table represent metal elements for which the 

layered MPCI13 structure has been reported in electrochemical applications (S in yellow and Se 

in green)7. Phosphorus is delimited in red as it is a constant in MPCI13. There are no reports of 

MPCh? with tellurium as the chalcogen element, delimited in purple. Copyright (2019) Wiley. 

Reproduced with permission from Ref 7. 

3.2.1.2. M A X phases 

In 2000, Barsoum6 9 used the term " M A X phase" for the first time indicating a class of ternary 

layered carbides and nitrides that present hexagonal structures with space group P63/mmc. In 

their structure, layers of M ö X octahedra are connected by shared edges and alternated with 

layers of the A element. Changing the n value in the general formula M n +iAX n , the structure of 

the M A X changes slightly, with a different number of layers every two A layers, as shown in 

Figure 3.2. These phases show a remarkable combination of metallic and ceramic properties, 

21 



like good electrical and thermal conductivity and high thermal shock and oxidation resistance. 

Most of the known M A X were discovered by Nowotny et a l . 7 0 ' 7 1 more than 40 years ago. Still, 

only after the reports of Barsoum et al. in 1996 7 2 ' 7 3 about their intriguing physical properties, 

the interest in M A X exploded. Most of the works related to M A X were primarily focused on 

studying their fundamental physical properties but less on their potential applications74'75. 

However, in the laat years, M A X have been investigated for application in energy-related fields, 

also thanks to several reports about the promising electrochemical properties of layered 

materials. For example, Rosli et a l . 3 5 reported the synthesis and characterization of Ti2AlC, 

T i i A l N , Ti3AlC2, and Ti3SiC2. The authors investigated the electrochemical properties and the 

potential application of these phases as electrocatalysts for HER and oxygen reduction reaction 

(ORR). The results showed that M A X have intermediate electrocatalytic performances 

compared to other recently reported layered catalysts. Following this work, Kumar et a l . 7 6 

reported the study of the electrochemical properties of Ti2AlC, Ta2AlC, Ti2SnC, Ti3SiC2, 

V2AIC, Mo2TiAlC2, and & 2 A I C and the evaluation of their performances for HER. The authors 

concluded that Mo2TiAlC2 was the phase with the higher catalytic activity for hydrogen 

generation, thanks to the dominant effect of the Mo layer, also described for the analog MXene 

(Mo2TiC2Tx) by Anasori et al . 7 7 . In another recent report, Novcic et a l . 7 8 studied in detail the 

electrochemical performance of Mo2TiAlC2 for HER, using scanning electrochemical 

microscopy. The obtained results showed that the HER activity was not uniform among the 

surface of the material but localized in highly active spots. 
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is reproduced with permission from Ref. 79, Copyright Elsevier (2016). 

3.2.2. Photoelectrochemical hydrogen production 

Highly efficient electrocatalysts and photocatalysts for the HER can be used together as 

catalysts for photoelectrocatalysis. For example, spin-coated reduced graphene oxide (RGO) 

on C u B i 2 0 4 electrode improved the photoelectrochemical performances thanks to the electron 

collection properties of RGO from the photocathodes80. The photocurrent density of 

CuBi 2 0 4 /RGO was nearly two times higher than that of CuBi 2 0 4 . In another work, Sim et al. 

used N-doped graphene quantum sheets (N-GQSs) as the co-catalyst to modify the silicon 

photocathode for the H E R 8 1 . The saturated photocurrent density of the N-GQSs/planar Si was 

higher than that of planar Si without N-GQSs. Meanwhile, the N-GQSs/planar Si showed an 
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increased applied bias photon-to-current efficiency (ABPE) of 2.29%, which is greater than that 

of the bare Si system (0.91%). 

TMDs with high HER activity are widely used as co-catalysts to improve the PEC performances 

of photocathodes. For example, MoS 2 fabricated by atomic layer deposition was used as the co-

catalyst to decorate the Si photocathode82. The transportation and separation of photo-generated 

carriers were boosted because of the heterojunction between MoS 2 and Si. In addition, the 

activity of M0S2 was further increased with the post-sulfurization at high temperatures. Under 

one sun illumination, the MoS 2 /Si photocathode exhibited a reduced overpotential of about 630 

mV compared to bare Si. Dong et al. used M0S2 as the co-catalyst to modify the CdSe/NiO 

heteroarchitecture photoelectrode83. In this system, the CdSe absorbed light and generated 

electron-hole pairs. M0S2 quickly attracted the electrons and took part in the HER reaction, 

reducing the carrier recombination. 

3.2.3. Addi t ive manufacturing 

Additive manufacturing, commonly referred to as 3D printing, has transformed manufacturing 

processes by enabling the production of 3D objects through the controlled deposition of 

successive layers of material based on digital designs. In contrast to subtractive manufacturing 

methods, which involve removing material, 3D printing offers distinct advantages such as rapid 

prototyping and minimal material waste38. The selection between additive and subtractive 

techniques hinges on factors such as object complexity, material type, replication requirements, 

and cost considerations. Additive manufacturing excels in creating intricate designs with 

hollow components, mainly using plastic-based materials, whereas subtractive methods are 

preferable for metal or wood-based objects. Additionally, additive manufacturing can reduce 

energy consumption and material waste compared to subtractive processes39'40. The workflow 

typically commences with creating a virtual model, which is then converted into a printable 
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format and sliced into 2D layers. Several 3D printing technologies exist, including 

photopolymerization, extrusion, powder-based, and lamination methods. Extrusion-based 

approaches, like fused deposition modeling (FDM, Figure 3.3), are popular due to their 

simplicity and versatility in utilizing thermoplastic materials such as polylactic acid (PLA) and 

acrylonitrile butadiene styrene (ABS) 8 4 . In recent years, the integration of 3D printing in 

electrochemistry has gained momentum, allowing for the production of customized conductive 

electrodes and liquid handling systems for applications such as sensing, energy storage, and 

electrochemical synthesis4 1'4 3'4 4. Advances in direct 3D printing of carbon-based conductive 

materials and the creation of complex electrode architectures for lithium-ion batteries 

underscore the potential of additive manufacturing in advancing electrochemical technologies. 

With the increasing accessibility and versatility of 3D printing, its incorporation into 

electrochemistry research and development promises further advancements in device 

fabrication, performance enhancement, and cost reduction. 

S u p p o r t ma t e r i a l 

Bu i l d 

s p o o l 

Figure 3.3. Schematic diagram of fused deposition modeling (FDM). A nozzle fed with a 

thermoplastic wire is moved in three dimensions across the building platform, onto which 
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molten voxels of a polymer are applied . Reproduced from Ref. 84 with permission from the 

Royal Society of Chemistry. 
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4. Methods 

This chapter contains the list of the purchased materials and suppliers, a brief description of the 

characterization techniques and the instruments employed to perform them, and the general 

methodology used to evaluate the performances of the studied samples. 

The samples were prepared using different kinds of materials. A l l the MPCI13 crystals (MnPSe3, 

FePSe3, and ZnPSe3) were selenophosphites, so it will be referred to them as MPSe3. Among 

the purchased M A X (Nb 2 AlC, Ta 2 AlC, Cr 2 AlC, T i 2 A l C , and T i 3 A l C 2 ) , four of them, namely 

Ta 2 AlC, Cr 2 AlC, T i 2 A l C , and T i 3 A l C 2 , were treated to obtain the corresponding fluorinated 

M A X (F-MAX). A l l the other materials were used as received. 

4.1. Materials and synthesis 

MPSe3 crystals were purchased from X F N A N O , China. M A X were purchased from Laizhou 

Kai Kai Ceramic Material Co. Ltd. Screen-printed carbon electrodes (SPCE, SE 101) were 

obtained from C H Instruments, Inc. and Indium-Tin-Oxide (ITO) coated polyethylene 

terephthalate (PET) from Sigma Aldrich. Conductive carbon cement EM-Tec C38 was obtained 

from Micro to Nano. Potassium hexacyanoferrate (III) (99%), potassium nitrate (analytical 

grade), and potassium chloride (analytical grade) were purchased from Merck. Sulfuric acid 

96% was obtained from Penta, Czech Republic. Dimethylformamide (DMF) was purchased 

from Sigma-Aldrich. Trimethylaluminum (TMA) and tetrakis(dimethylamido)silane 

(TDMASi) were obtained from Sigma-Aldrich, while tetrakis(dimethylamino)titanium(IV) 

(TDMATi) from Strem Chemicals. A l l solutions were prepared in deionized water with a 

resistivity of 18 M Q cm. 
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The carbon black (CB)/polylactic acid (PLA) and the carbon nanotubes (CNT)/PLA (brand 

name 'Black Magic') filaments were commercially available and purchased from Proto-Pasta, 

USA, and Graphene Laboratories Inc., USA, respectively. 

4.1.1. Fluorination of M A X phases 

A four-chamber PTFE reactor was located inside a sealed Monel autoclave and M A X , namely 

Ta2AlC, Cr2AlC, T12AIC, and Ti3AlC2, were placed separately in the four chambers. The reactor 

was secured using a permeable stopper, evacuated and flushed with nitrogen gas (N2) several 

times. The autoclave was then evacuated for 20 minutes to achieve complete deaeration. After 

flushing 20% fluorine gas (F2) in N2 inside the autoclave and pressurizing to 5 bar, the system 

was heated to 150 °C by a Wood's metal heating bath and maintained overnight. Afterward, the 

system was cooled down to room temperature, and the gases were removed from the autoclave 

and treated with soda for neutralization. The autoclave was vented and flushed with N2 several 

times to remove any traces of F2 and related volatile compounds and finally evacuated through 

a column of sodium carbonate. After filling with N2 to atmospheric pressure, the F - M A X (F-

Ta2AlC, F-Cr2AlC, F-Ti2AlC, and F-Ti3AlC2) were collected from the reactor and stored in 

sealed vials. 

4.1.2. Preparation of 3D-printed carbon electrode 

Multimaterial 3D-printed carbon electrodes were printed by a multimaterial 3D printer (Prusa 

i3 MK3+MMU2) and consisted of four alternating horizontal layers of CNT/CB materials. The 

circular head of the electrodes had a radius of 3 mm (6mm diameter), and the electrode rod had 

a width of 3.5 and a length of 15 mm. For all the electrodes in this thesis, a 0.6 mm nozzle 

heated to 220°C was employed to melt the filaments. The infill pattern was set to 15%, the layer 

thickness was 0.15 mm, and the bed printing temperature was fixed to 60°C to ensure the best 
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adhesion of the printedstructures. The as-printed 3D carbon electrodes underwent different 

activation steps, described in detail in each paper and summarised below. 

(i) Electrochemical oxidation + immersion in a reducing agent; 

(ii) Immersion in polar aprotic solvent; 

(iii) Immersion in polar aprotic solvent + electrochemical oxidation 

(iv) Saponification 

A l l electrodes were rinsed thoroughly with water and dried in air. 

4.1.3. A t o m i c layer deposition of Ti02, Si02, and AI2O3 

Atomic layer deposition (ALD) is a gas-phase thin film chemical deposition method in which 

the source vapors are pulsed into the reactor alternately, separated by purging or evacuation 

periods. In each step, the surface is saturated with a monomolecular layer of the precursor 

introduced85. The advantage of A L D with respect to other deposition processes is that the film 

growth proceeds in a self-limiting manner. In this way, each cycle deposits precisely the same 

amount of material. Accordingly, the film thickness may be accurately controlled simply by the 

number of deposition cycles. The self-limiting growth mechanism also ensures that the 

precursor fluxes do not need to be uniform over the substrate85'86. 

A typical A L D process is illustrated in Figure 4.1, which shows the example of metal oxide 

A L D using a metal precursor of M L 2 (M = metal and L = ligand) and water (i.e., H2O) as the 

precursors. In the first step, the M L 2 vapor is introduced into an A L D reactor containing the 

substrate(s) to be coated. M L 2 consists of two L functional groups bound to a central metal atom 

and can react with one or two surface hydroxyl (-OH) groups. Hydroxyl groups naturally exist 

on most substrates, such as silicon, metal, and metal oxides. The M L 2 reaction forms a new 

metal-oxygen bond and liberates one or more L groups as the H L gas, while the other L group 
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remains bound to the metal. Once M L 2 has consumed all of the surface hydroxyl groups, the 

reaction terminates even in the presence of excess M L 2 . The excess M L 2 precursor and H L 

product are removed by evacuation or inert gas purge. Next, water vapor is supplied. The water 

reacts with the surface L groups deposited by the previous M L 2 exposure, forming again new 

metal-oxygen bonds and releasing H L as the by-product. This reaction also repopulates the 

surface with -OH groups, restoring the initial surface chemical termination. Finally, the residual 

water and H L are removed by evacuation or purging. These four steps (dosing M L 2 , the first 

purge, dosing water, and the second purge) comprise one metal oxide A L D cycle and generally 

deposit a layer of < 0.2 nm of metal oxides. Since the surface is restored to its initial state, any 

number of metal oxide A L D cycles can be performed sequentially to grow a film of the desired 

thickness. 

In i t ia l s ta te 

Substrate 

2° Purge 

mi 
Substrate 

a : M <*> H20 0 •• H 

P r e c u r s o r A 

(#3 

1 

ft £ 4 3 
Substrate 

4 4 4 4 
S u f f i c i e n t s u p p l y o f 

P r e c u r s o r A 

Substrate 

1° Purge 

° 
\ / 

S u f f i c i e n t s u p p l y o f 

P r e c u r s o r B 

w i » * 
Substrate 

P r e c u r s o r B 

**** 
Substrate 

Figure 4.1. Schematic illustration of the A L D process of metal oxides for using M L 2 (precursor 

A) and water (precursor B). 
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In this thesis, an atomic layer deposition (ALD, Ultratech/CambridgeNanoTech Fiji 200) 

system was used for material deposition on the surface of the 3D-printed carbon electrodes after 

the activation process. T D M A T i , T M A , and T D M A S i were used as Ti, A l , and Si precursors, 

respectively. T D M A T i was heated to 75 °C to increase the vapor pressure, whereas T M A and 

T D M A S i were not heated. For Ti02 and AI2O3, deionized water was used as an O2 precursor, 

and argon was the carrier gas. The plasma for A L D S1O2 was obtained by ionizing O2 gas. For 

all substrates, the temperature was 150 °C. 

4.2. Materials characterization 

4.2.1 Morphology and composition 

Scanning Electron Microscopy (SEM). S E M is an imaging technique used to investigate the 

morphology of solid specimens. The S E M uses a focused beam of high-energy electrons to 

generate accelerated secondary electrons with significant kinetic energy. The detection of the 

secondary electrons is commonly used for imaging since they are the most valuable for showing 

the morphology and topography of the sample. In this thesis, high-resolution S E M (FEI Verios 

460L, Mira 3 X M U Tescan, and Lyra 3 Tescan) were used to evaluate the morphology of 

MPSe3, M A X , F - M A X , and 3D-printed carbon electrodes. 

Energy Dispersive X-ray Spectroscopy (EDS). EDS is a technique associated with S E M that 

is used to investigate the chemical composition of the analyzed sample. As a result of the 

exposure to the electron beam of SEM, atoms on the surface of the specimen are excited and 

emit specific wavelengths of X-rays that are characteristic of the atomic structure of the 

elements. An EDS detector can analyze these X-ray emissions and assign them to the 

appropriate element, yielding the composition of the atoms on the specimen surface. The EDS 
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detectors X - M A X 2 0 (Oxford Instruments), XFlash 5010 (Bruker), and X-MaxN 150 (Oxford 

Instruments) were employed to obtain the elemental mapping and the quantification of the 

detected elements in terms of atomic percentage (At %). Based on the analyzed material, the 

applied accelerating voltage was changed in a range of 20-30 kV. 

X-Ray Photoelectron Spectroscopy (XPS). XPS is a widely used surface-sensitive technique 

that provides information about the elemental composition and the chemical state of the 

elements in the sample. The analysis is based on the photoelectric effect, which describes how 

electrons absorb photons of a particular energy and emerge from the solid. The kinetic energy 

of the emitted electrons brings all the information about the sample since each element will 

require a specific amount of energy (binding energy) to leave the surface of the solid. A l l the 

materials used in this thesis work (MPSe3, M A X , F - M A X , and 3D-printed carbon electrodes) 

were studied using XPS (Kratos Analytical Axis Supra) using a monochromatic A l K a (1486.7 

eV) X-ray excitation source with 225 W power. Survey spectra were obtained using emission 

5 mA and a resolution of 80 eV, while the high-resolution spectra were measured using 15 mA 

and 20 eV. The obtained spectra were analyzed with CasaXPS software and calibrated against 

the C Is peak (285 eV). The high-resolution spectra of the elements were fitted using Shirley-

type background. 

X-ray Diffraction Spectroscopy (XRD). X R D is an analytical technique used to identify the 

phase of crystalline material. This technique is based on constructive interference of 

monochromatic X-rays and a crystalline sample. These X-rays are directed at the sample 

through various angles, and the diffracted rays are collected. The conversion of the diffraction 

peaks to d-spacings allows the identification of the mineral because each mineral has a set of 

unique d-spacings. The structural analysis of M A X , F - M A X , and 3D-printed carbon electrodes 

was investigated using X-ray diffractometers (PANalytical XPert-PRO, Rigaku Smartlab 3 kW) 
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with a Co K a i and a Cu K a i source of wavelength 0.1789 nm. The JCPDS database was used 

to obtain the reference peaks for the detected phases. 

4.2.2 Optical characterization 

UV-Visible Spectroscopy (UV-Vis). UV-Vis is a technique based on the interaction of 

ultraviolet and visible light (300-900 nm) with matter. In some molecules and atoms, U V and 

visible light incident photons have enough energy to cause transitions between the different 

electronic energy levels. These transitions result in absorbance bands at wavelengths that are 

highly characteristic of the difference in energy levels of the absorbing species. This analysis 

was performed using a UV-Vis spectrophotometer (JASCO V-750) to obtain the M A X and F-

M A X absorption spectra. The powders were suspended in a 50% solution of ethanol in water 

(0.625 mg/mL), and the absorbance spectra were acquired between 300 and 900 nm with a scan 

speed of 400 nm/min. 

The reflectance spectra of M A X were measured by mounting an integrating sphere in the U V -

Vis spectrophotometer. The integrating sphere is a hollow enclosure with walls constructed of 

a diffusely reflecting material that reflects all wavelengths of interest with high reflecting 

power. The diffuse reflectance of M A X powders was measured within 300-900 nm, using a 

scan speed of 400 nm min"1. Kubelka-Munk function (F(R 0 0)) 8 7 was employed to estimate the 

band gap of M A X phases. In particular, the reflectance measurements can be transformed in 

the corresponding absorption spectra, according to Equation 4.2.1: 

1-R CO 
F(Kco) = J = where Ron = 4.2.1 

2R CO 
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F(R 0 0) can substitute the absorption coefficient a defined in the Tauc method by Equation 

4.2.2: 

i 
(ahv)n = B(hv — Eg) 4.2.2 

where h = Plank constant, u = frequency, E g = band gap energy, B = constant. The factor n is 

equal to lA assuming direct transition band gap and equal to 2 for indirect transition band gap. 

Equation 4.2.2 can then be written in the form of Equation 4.2.3 and 4.2.4, respectively: 

(F(Roo) * hv)2 = B(hv - Eg) for direct transition band gap 4.2.3 

i 

(F(floo) * hv)2 = B(hv - Eg) for indirect transition band gap 4.2.4 

Tauc plots were obtained by plotting the (F(Roo) hv)2 or (F(R00) hv) 1 / 2 versus photon energy, and 

the baseline approach89 was used for the graphic extrapolation of the values. In this approach, 

the linear fit is applied to the fundamental peak, similarly to the Tauc method, and to the slope 

below the fundamental peak, which can be identified as the "baseline". The band gap energy is 

estimated by the intersection of the two fitting lines. 

4.3. Electrochemical measurements 

A l l electrochemical measurements were carried out using a potentiostat (PGSTAT204, 

Metrohm Autolab, The Netherlands) controlled by N O V A software (version 2.1) in a three-

electrode configuration. A platinum wire and a graphite rod were used as counter electrodes, 

and Ag/AgCl (1 M KC1) as the reference electrode. The working electrode (WE) was varied 

accordingly. A l l reported potentials were converted to the RHE using the potential value 

reported in the literature for the reference Ag/AgCl (1 M KC1, E ° A g / A g c i = 236 mV 9 0 ) and 

according to Equation 4.3.1: 
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Erhe - EAg/Agci + 0.059 *pH + E°g/AgCl 4.3.1 

Cyclic voltammetry measurements were performed in 10 mM Fe(CN)6 3" and 0.1 M KC1 

electrolyte with a scan rate of 100 mV/s. 

4.3.1. Electrode preparation 

The WE were prepared based on the nature of the material. The MPSe3 crystals were attached 

to the SPCE (MPSe 3@SPCE) and the ITO coated PET (MPSe 3@ITO) using conductive carbon 

cement and conductive carbon tape, respectively.MAX and F - M A X were suspended in water 

(2.5 mg/mL) and sonicated for 60 minutes. The suspensions (5 uL) were then drop-casted on 

GC and SPCE and dried using a heat lamp. 

4.3.2. Photoelectrochemical measurements 

Linear sweep voltammetry (LSV) was performed by immersing the electrodes in a quartz cell 

containing 0.5 M H2SO4 solution for HER and 1 M NaOH for OER, with a scan rate of 2 mV/s. 

The illumination source for all the photoelectrochemical experiments was a customized L E D 

(LZ4-44UV00, LZ4-40B208, and LZ4-40R208, LedEngin Inc.) setup with interchangeable 

wavelengths (365 nm, 460 nm, and 660 nm). Chronoamperometry measurements were 

performed by switching on/off during the experiment at regular intervals. The experimental 

conditions were changed based on the investigated material, as reported in Table 4.1: 
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Table 4.1. Summary of the experimental conditions for the chronoamperometry measurements. 

W E Electrolyte Potential applied 

MPSe 3@ITO 10 mM Fe(CN) 6

3 \ 0.1 M K C l 0.76 V vs. RHE 

MPSe 3 @SPCE 0.5 M H2SO4 -0.50 V vs. RHE 

M A X and F - M A X on G C 0.5 M H2SO4 -0.46 V vs. R H E 

A L D T i 0 2 on 3D-printed 

carbon electrode 
0.5 M H2SO4 -0.40 V vs. RHE 

A L D T i 0 2 on 3D-printed 

carbon electrode 
1 M NaOH 1.8 V vs. RHE 
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P a r t 1 : N o v e l 2 D m a t e r i a l s f o r p h o t o e l e c t r o c h e m i c a l 

h y d r o g e n e v o l u t i o n r e a c t i o n 
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5. Layered transition metal selenophosphites for 

visible light photoelectrochemical production of 

hydrogen 

Published paper included in this chapter: 

Sanna, M . ; Ng, S.; Pumera, M . , Layered Transition Metal Selenophosphites for Visible Light 

Photoelectrochemical Production of Hydrogen. Electrochem. Commun. 2021, 129 (May), 

107077 

The following results were presented at the conference: 3 r d Cross-Border Seminar on 

Electroanalytical Chemistry (CBSEC), Yonsei-BUT International Workshop: 

Nanomaterials for Chemical Engineering, and at the C E I T E C PhD Retreat 2021. 

5.1. Motivation for the study 

The primary objective of this study was to conduct an experimental investigation into the 

photoelectrochemical characteristics exhibited by transition metal selenophosphites, 

specifically focusing on MnPSe3, FePSe3, and ZnPSe3. Prior theoretical analyses indicated the 

potential of these materials as effective photoelectrocatalysts for solar-driven water splitting. 

However, the absence of empirical validation hindered the translation of theoretical predictions 

into practical applications. Motivated by the imperative to explore novel materials for 

sustainable energy production, particularly in hydrogen generation, our research aimed to 

bridge this gap by subjecting the abovementioned crystals to rigorous experimentation. 

Specifically, we assessed their performance in facilitating the hydrogen evolution reaction 

under acidic conditions while exposed to visible light irradiation. Through this empirical 
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investigation, this work aimed to provide valuable insights into the viability of transition metal 

selenophosphites as promising candidates for advanced solar-driven hydrogen production 

technologies. 

5.2. Paper conclusion 

The research dug into the properties of transition-metal selenophosphites crystals, specifically 

MnPSe3, FePSe3, and ZnPSe3, assessing their efficacy as photoelectrocatalysts in driving the 

hydrogen evolution reaction. Remarkably, all crystals displayed exceptional 

photoelectrocatalytic activity when subjected to visible light (660 nm). Among them, ZnPSe3 

stood out by showcasing the lowest overpotential for the hydrogen evolution reaction and 

demonstrated superior responsiveness to light during photocurrent experiments conducted in 

acidic conditions. Therefore, within the scope of our investigation, ZnPSe3 emerges as the most 

promising candidate for catalyzing hydrogen production through photocatalysis. 

5.3. Author contribution 

In this work, I prepared the electrode by attaching the MPCI13 crystals on screen-printed 

electrodes and ITO. I performed the material characterization, studying the morphology using 

SEM and the elemental composition through EDS and XPS. Afterward, I carried out all the 

photoelectrochemical experiments, analyzed and plotted the data. Finally, I wrote the first draft 

of the manuscript and edited it accordingly with the other authors. 
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The growing consumption of global energy has posed serious challenges to environmental protection and energy 
supplies. A promising solution is via introducing clean and sustainable energy sources, including photo-
electrochemical hydrogen fuel production. 2D materials, such as transition metal trichalcogenphosphites 
(MPCI13), are gaining more and more interest for their potential as photocatalysts. Crystals of transition metal 
selenophosphites, namely MnPSe3, FePSe3 and ZnPSe3, were tested as photocatalysts for the hydrogen evolution 
reaction (HER). ZnPSe3 is the one that exhibited the lowest overpotential and the higher response to the light 
during photocurrent experiments in acidic media. For this reason, among the crystals in this work, it is the most 
promising for the photocatalyzed production of hydrogen. 

1. In t roduc t ion 

The generation of carbon free fuels, such as hydrogen from water, is 
at the forefront of research to reduce the emission of harmful com
pounds in the atmosphere. The water splitting to hydrogen can be car
ried out directly v ia solar light energy 11 ], however, the yields of direct 
photochemical water splitting are low [2-4]. Alternatively, the solar 
energy is converted to electricity v ia solar panels and electrical energy to 
be used for water splitting v i a electrocatalysts, such as Pt or transition 
metal die hale ogenides [5-8]. The combination of both approaches, 
photoelectrochemical water splitting, combines the best from both 
worlds - electrocatalytical water splitting wi th the aid of photons 
[9-11]. 

Since 2004, when a simple procedure to obtain single-layer graphene 
was proposed by Novoselov et al. [12], a renewed interest in two-
dimensional (2D) materials has grown rapidly. The scientific commu
nity started to focus on the study of the remarkable properties and the 
possible applications of these materials, starting wi th mono-element 
compounds, l ike graphene, and then moving to more complex ones, 
for example transition metal dichalcogenides [6,7,13]. The common 
feature in 2D materials is their peculiar structure: in their bulk form they 
present stacked layers, one on top of each other. The in-plane bonds are 

strong, however, the interactions between the layers are weaker, and 
this allows obtaining single or few layers by exfoliation or delamination 
[14-17]. 

Among the rediscovered 2D materials, transition-metal trichalco
genphosphites (MPCli3) are gaining more and more interest in particular 
due to their catalytic properties in the hydrogen evolution reaction 
(HER) [18-22]. Their structure is derived from C d l 2 and C d C l 2 structural 
type and assumes a monoclinic or rhombohedral lattice configuration. 
For the chalcogen atom (Ch), only compounds wi th sulfur or selenium 
are known until now. Nevertheless, a vast number of metals are 
acknowledged to form this k ind of materials, such as transition (e.g., M n , 
Fe, Cd, Zn, N i , etc.) and post-transition metals (e.g., Sn, Ga, In), as wel l 
as alkali metals l ike Ca and M g [23-25]. In the past, MPClv; were deeply 
studied for their magnetic properties [26-28], but recent studies are 
mainly focused on their potential as photocatalysts for energy applica
tions. In fact, these materials are semiconductors wi th band gaps be
tween 1.3 and 3.5 eV, depending on the chalcogen elements and the 
metal [23,25,29]. 

Hydrogen production by photocatalytic water splitting represents an 
alternative way to the exploitation of fossil fuels, since it provides a 
clean source of energy that helps to solve the serious environmental 
problems faced by our society [30-34]. However, several factors l imit 
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the application of this technology, such as low quantum yield and low 
activity in the visible spectral region. 2D materials such as MPClv; have 
the ideal band gaps for the application as photocatalysts for hydrogen 
generation since they could provide more efficient use of visible light i n 
the photocatalytic process. 

In this work, we tested the photoelectrochemical performance of 
three different crystals metal selenophosphites (MPSe3), in which M = 
Mn, Fe and Zn (Scheme 1). In particular, the evaluation of the ability of 
these materials as photoelectrocatalysts for the hydrogen evolution re
action (HER) w i l l lead to a better understanding of their potential i n 
solar-driven processes for clean energy production. 

2. Mate r i a l s a n d methods 

2.1. Chemicals 

Crystals MPSe3, i.e. MnPSe3, FePSe3, and ZnPSe3_ were purchased 
from X F N A N O , China. Screen printed carbon electrodes (SPCE, SE 101) 
were obtained from C H Instruments, Inc. and Indium-Tin-Oxide (ITO) 
coated polyethylene terephthalate (PET) from Sigma Aldr ich . Conduc
tive carbon cement EM-Tec C38 was obtained from Mic ro to Nano. Po
tassium hexacyanoferrate (III) (99%) and potassium chloride (analytical 
grade) were purchased from Merck. Sulfuric acid 96% was obtained 
from Penta, Czech Republic. A l l solutions were prepared in deionized 
water wi th a resistivity of 18 M f l cm. 

2.2. Materials characterization 

Morphological characterization of the crystals was carried out using 
a scanning electron microscope (SEM) T E S C A N L Y R A 3 wi th an accel
erating voltage of 10 kV. The elemental analysis was obtained from 
energy-dispersive X-ray spectroscopy (EDS, Bruker XFlash 5010), using 
an accelerating voltage 20 kV. X-ray photoelectron spectroscopy (XPS) 
was used to evaluate the surface chemical composition. The obtained 
spectra were calibrated against the carbon peak C Is (285 eV) using the 
CasaXPS software. 

2.3. Electrochemical measurements 

A l l electrochemical measurements were carried out using a poten-
tiostat (PGSTAT204, Metrohm Autolab, The Netherlands) controlled by 
N O V A software (version 2.1), in a three-electrode configuration. A 
platinum wire was used as counter electrode and A g / A g C l (1 M KCl) as 
reference electrode. The working electrode was varied accordingly. 

P Se 
Scheme 1. Schematic illustration of the approach used to evaluate the pho
toelectrochemical performances of MPCh 3 . 
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Cyclic voltammetry measurements were performed using MPSe3 on 
SPCE as working electrode in 10 m M Fe(CN)|" and 0.1 M K C l electrolyte 
with a scan rate of 0.1 V / s . 

Photocurrent measurement Crystals of MPSe3 (Figure S3) were 
attached to an ITO coated PET v ia conductive carbon tape and used as 
working electrodes. Chronoamperometry measurements were per
formed in 10 m M Fe(CN)l" and 0.1 M K C l electrolyte, applying 1 V vs. 
A g / A g C l . During the experiments, the light was switched on/off at 
regular intervals. The i l lumination source was a customized LED (LZ4-
40R208, LedEngin Inc.) setup that emits the wavelength 660 nm ( » 4 0 
m W / c m 2 ) . Similar measurements were also carried out in 0.5 M H2SO4 
electrolyte, applying —0.5 V vs. RHE. The MPSe3 crystals were attached 
to SPCE wi th conductive carbon cement. 

Photo-ehctrocatalytic hydrogen evolution measurement The MPSe3 
crystals on SPCE were further used for the hydrogen evolution reaction 
(HER), wi th and without i l lumination. Linear sweep voltammetry (LSV) 
measurements were performed in 0.5 M H2SO4 electrolyte wi th a scan 
rate of 2 mV/s . 

3. Results a n d d iscuss ion 

The layered MPSe3 materials were firstly characterized before 
moving to the investigation as photoelectrocatalysts for the hydrogen 
evolution reaction (HER). The morphology of metal selenophosphites 
(MPSe3) crystals, namely, MnPSe3, FePSe3, and ZnPSe3, were observed 
by scanning electron microscopy (SEM) (Fig. 1). A l l the crystals showed 
a structure wi th several stacked layers wi th different thicknesses, typical 
of the bulk 2D material. The atomic ratio between the chalcogen and the 
transition metal (Se/M) and the phosphorous and the metal ( P / M ) were 
calculated based on the elemental analyses using energy-dispersive X -
ray spectroscopy (EDS). The EDS spectra and the distribution of the 
atomic % are reported in Figure SI . For a l l the crystals, the S e / M ratio is 

-3, and the P / M ratio is-1, which support the presence of MPSe3. 

The surface chemical composition of the MPSe3 was further inves
tigated using X-ray photoelectron spectroscopy (XPS). The obtained 
survey spectra and the key XPS peak of each element are shown in 
Figure S2. The presence of C Is and O Is peaks in a l l the crystals can be 
derivated from the adventitious carbon and oxygen as we l l as the carbon 
tape used to hold the samples for measurement. The survey spectra show 
that a l l the expected element (P, Se, and the respective metal) were 
detected in the analyzed crystals, confirming the observation from EDS 
in Figure SI . 

To evaluate the electrochemical properties of the MPSe3, the crystals 
were supported on screen printed carbon electrodes (SPCE) using 
conductive carbon cement. Cyclic voltammetry measurements of the 
M P S e 3 were carried out in 10 m M Fe(CN)l" and 0.1 M K C l electrolyte. 
The C V curves are shown in Fig. 2 and the difference between the anodic 
and cathodic peak potential ( A £ p ) was calculated from the voltammo-
grams obtained. This parameter gives the information regarding the 
reversibility of the process: smaller A £ p corresponds to a more reversible 
electrochemical process [35]. The bare SPCE has a A £ p of 278 mV, and 
among the MPSe3, MnPSe3 has the lowest peak separation (149 mV), 
followed by ZnPSe 3 (154 mV) and FePSe 3 (252 mV). 

To probe the photoelectrochemical performances, chro
noamperometry experiments were carried out in the same media at the 
fixed potential of 1 V vs. A g / A g C l , switching on and off the source of 
light (660 nm) at regular intervals. As shown in Fig. 3, the exposure to 
light caused an increment of the current density for all the crystals. The 
bare electrode does not show considerable changes in current during 
exposure to the light. FePSe3 has the highest variation of current density 
after i l lumination, on average about 10 n A / c m 2 . For MnPSe3 and 
ZnPSe3, the values are similar, approximately about 2.5 n A / c m 2 . 
Moreover, a peak in the first seconds of i l lumination was observed for 
ZnPSe3. This phenomenon is related to the recombination of the pho-
togenerated charge carriers, that can happened for different reasons, 
including slow electron transport, accumulation of holes near the 
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Fig. 1. SEM images of (a, A) MnPSe 3, (b, B) FePSe3 ) (c, C) ZnPSe3 crystals with different magnifications. 
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Fig. 2. Cyclic voltammograms of 10 mM Fe(CN)|~ at MPSe 3 in 0.1 M KC1 
electrolyte, scan rate 0.1 V/s, screen printed carbon electrode as specimen 
current collector. 
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Fig. 3. Photoelectrochemical response of the MPSe 3 and bare electrode (as 
control) to visible light (660 nm) in 10 mM Fe(CN)|~ and 0.1 M KC1 electrolyte, 
applying 1 V vs. Ag/AgCI. 

surface, etc. [35-38]. In general, the results obtained from the photo-
current experiment suggest that the crystals are photoactive i n the 
visible spectral region. 

Subsequently, we evaluate the photo-assisted hydrogen evolution of 
the three MPSe3 crystals. Linear sweep voltammetry (LSV) was per
formed in 0.5 M H2SO4 wi th and without i l lumination. The over-
potential at —10 m A / c m 2 has been used to compare the polarization 
curves obtained. The bare screen-printed carbon electrode (SPCE) is the 
one that shows the most deficient HER activity wi th an overpotential 

value of almost 1000 mV. The crystal trend is the same in the presence or 
absence of light and indicates that ZnPSe3 is the material wi th higher 
catalytic activity for HER. However, a l l the MPSe3 have a better per
formance wi th irradiation (Fig. 4A), proving the potentiality of these 
compounds as photocatalyst for HER. In particular, ZnPSe3 is the one 
with the lowest overpotential (569 mV), followed by MnPSe3 (655 mV) 
and FePSe 3 (740 mV). Among the three MPSe 3 , FePSe 3 shows the largest 
improvement wi th i l lumination, wi th a reduced overpotential of 78 mV. 
MnPSe3 and ZnPSe3 show a decrease of the overpotential of 48 mV and 
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A) B) 

Fig. 4. Photo-electrocatalytic activity of MPSe3 layered compounds evaluation for the hydrogen evolution reaction (HER). A) Linear sweep voltammograms of MPSe^ 
and bare electrode (as control) recorded in the absence (dashed lines) and in the presence of illumination (solid lines, 660 nm) and B) corresponding Tafel plot, 
extrapolated from A). 

44 mV respectively. These results corroborates wi th recent studies that 
report a theoretical [39] and experimental [40] band gap of —1.5 eV for 
FePSe3 and the consequent higher activity wi thin the red portion of the 
visible spectrum. The band gaps reported for ZnPSe3 and MnPSe3 are 
2.2-2.3 eV [40,41] and 2.2-2.9 eV [39,40], respectively, which suggest 
the higher activity might occur at shorter wavelength regions (<550 
nm). This fact is confirmed by the absorption spectra of these com
pounds [40], in which the absorption of ZnPSe3 and MnPSe3 are 
confined in the range from 250 nm to 500 nm whereas FePSe3 possesses 
an extended region up to 650 nm. 

Tafel plot, represented in Fig. 4B, has been extrapolated from the LSV 
curves in Fig. 4A. The curves obtained by plotting the logarithm of the 
current density against the overpotential were used for linear fitting to 
obtain the Tafel slope. This value indicates the potential required to 
increase the current density of one order of magnitude [42]. This means 
that smaller overpotential and Tafel values indicate better electro-
catalytic performance since less energy is required to increase the cur
rent density. In this case, the i l lumination catalyzes the hydrogen 
evolution hence decreases the Tafel slope for all the crystals. The values 
obtained in the presence of light are lower than the bare SPCE and, in 
particular, ZnPSe3 is the one that shows the most significant decrease i n 
Tafel slope value (from 315 mV/dec to 83 mV/dec) , followed by FePSe3 
(from 240 mV/dec to 171 mV/dec) and MnPSe 3 (from 202 mV/dec to 
143 mV/dec) . The large change in the slope value observed for ZnPSe3 
can indicate that the rate determining step of the HER reaction is 
different during the exposure to the visible light. In fact, Tafel slope (b) is 
usually taken as an indicator of the possible reaction pathway and also to 
identify the l imit ing step of the reaction. It is known that HER in acidic 
media consists of two steps, adsorption and desorption. Moreover, the 
hydrogen desorption can proceed through two different pathways, given 
by Equations ( l ) - (3) [43,44]: 

Adsorption (Volmer step): 

H 3 0 + + e~ -> H a d s + H 2 0 ; & as 118 mV/dec CD 

(2) 

Desorption (Heyrovsky step): 

H a d s + H 3 0 + + e" -> H 2 + H 2 0 ; b a 39 mV/dec 

Desorption (Tafel step): 

H a d s + H a d s -> H 2 ; b » 29 mV/dec (3) 

In general, for values above 118 mV/dec the determining step is the 

discharge reaction, or Volmer reaction, and for lower values (s«39 m V / 
dec for Heyrovsky reaction and s«29.5 mV/dec for Tafel reaction) the 
desorption processes are the rate-determining ones [43,44]. 

To validate the photo-assisted catalytic effect, the photocurrent 
experiment was repeated in acidic media, mimicking the conditions for 
HER to confirm the instant photoresponse (Fig. 5). Considering the re
sults obtained from polarization curves, we selected a potential of —0.5 
V vs. R H E for chronoamperometry measurement. The results in Fig. 5 
show that a l l the MPSe3 present an instant increase in current density 
when exposed to the light, as wel l as rapid decrease when light is 
removed. This suggests that the photocatalytic effect is larger than the 
contribution from any possible convection phenomena. In particular, 
FePSe3 and ZnPSe3 show a significant change in current when exposed 
to light. MnPSe3 is again the crystal which is less responsive to light at 
this particular wavelength region. Overall , the photocurrent is signifi
cantly higher compared wi th those obtained in a neutral media in Fig. 3. 
This fact can be explained considering that the measurement conducted 
in Fe(CN)6 - involves a simple one-electron transfer reaction that is 

< 
E 

FePSe, -ZnPSe, •MnPSe, 0.2 mA/cm 2 

2 0 0 4 0 0 

T i m e (s) 
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Fig. 5. Photoelectrochemical activity of layered MPSe 3 evaluation for the 
hydrogen evolution reaction. Photoresponse of the MPSe 3 to visible light (660 
nm) in 0.5 M H 2 S 0 4 j applying -0.5 V vs. RHE. 
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usually employed to evaluate the electrochemical properties of the 
working electrode [45]. On the other hand, the responses from the 
measurement in the acidic media are from a more complex reaction, as 
above-mentioned, in which a lot of factors can contribute to the increase 
in current, like the catalytic properties of the different materials toward 
the hydrogen generation. 

4. Conc lus ion 

In summary, we have investigated transition-metal selenophosphites 
crystals, MnPSe3, FePSe3 and ZnPSe3, and we tested their performances 
as photoelectrocatalysts for the hydrogen evolution reaction. A l l the 
crystals showed excellent photoelectrocatalytic response during i l lumi
nation wi th visible light (660 nm). ZnPSe3 is the one that exhibited the 
lowest overpotential for HER and the higher response to the light during 
photocurrent experiments in acidic media. For this reason, among the 
crystals in this work, it is the most promising for the photocatalyzed 
production of hydrogen. 
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6. Fluorinated MAX phases for photoelectrochemical 

hydrogen evolution 

Published paper included in this chapter: 

Sanna, M . ; Ng, S.; Vaghasiya, J. V . ; Pumera, M . Fluorinated M A X Phases for 

Photoelectrochemical Hydrogen Evolution. ACS Sustain. Chem. Eng. 2022,10(8), 2793-2801. 

The results obtained were presented at the conference: X NyNA 2022: International 

Conference on Analytical Nanosciences and Nanotechnologies and at the C E I T E C PhD 

Retreat 2022. 

6.1. Motivation for the study 

The primary motivation behind this research is the noticeable disparity in the utilization of 

M A X compared to their derivative MXene counterparts. While MXenes have garnered 

significant attention and boast a rich literature base regarding their applications in various 

electrochemical processes, M A X have received comparatively less exploration. Existing 

studies predominantly focus on the physical attributes of M A X rather than their potential 

applications in electrochemical energy conversion. Nonetheless, M A X present a distinctive 

blend of metallic and ceramic properties, rendering them captivating candidates for 

electrocatalytic processes. Their attributes include commendable thermal and electrical 

conductivity, minimal thermal expansion coefficients, remarkable stability, and resistance to 

chemical degradation. 

Furthermore, the enhancement of the chemical and optoelectronic properties of 2D layered 

materials is often pursued through doping or surface engineering strategies. Chemical 

modification, like fluorination, is particularly interesting, as it offers an interesting way of 
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tailoring the physical and optical characteristics crucial for photoelectrochemical applications. 

This study endeavors to understand the impact of fluorination on four distinct M A X , 

meticulously analyzing alterations in their morphology, elemental composition, and crystalline 

structure. Subsequently, both untreated M A X and their fluorinated counterparts will undergo 

thorough evaluation and comparison as potential photoelectrocatalysts for the HER. 

6.2. Paper conclusion 

The study focused on the impact of fluorination on various M A X compounds, including 

Ta2AlC, CT2A1C, Ti2AlC, and Ti3AlC2, with a focus on their structural, morphological, and 

performance alterations as potential photoelectrocatalysts for hydrogen generation. Exposure 

to fluorine gas induced notable changes in the morphology of the treated compounds, leading 

to partial delamination between layers and extensive formation of oxyfluoride species on their 

surfaces. Notably, F -CnAlC exhibited a significant surface fluorination with minimal 

morphological change, possibly due to its reported higher resistance to oxidation and 

exfoliation compared to other M A X compounds studied. When subjected to illumination by a 

660 nm light source, all M A X and F - M A X compounds displayed enhanced 

photoelectrocatalytic activity. Particularly noteworthy was the pronounced improvement 

observed in F-Ti2AlC and F-Ti3AlC2. This enhancement was mainly attributed to the presence 

of photoactive oxyfluoride (TiOF2) species on their surfaces following fluorination, as 

confirmed by morphological and structural analyses. Despite the absence of oxyfluorides, 

Cr2AlC and F-C^AIC exhibited the lowest overpotential and Tafel slope values in their 

respective categories, with the former showing superior performance and enhanced 

photoelectrocatalytic effects compared to Cr2AlC. Further insights into the properties of C n A l C 

are necessary to elucidate the role of fluorine within its structure. Moreover, the unexpected 

photoactivity observed in M A X compounds, traditionally considered to exhibit metallic 

behavior, suggests intriguing avenues for future research. Through this study, we present, for 
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the first time, the photoelectrocatalytic properties of M A X and F - M A X compounds for energy 

conversion applications. Despite their performances being lower than some benchmark 

materials like M0S2 and MXene, we believe that a deeper understanding of these compounds 

and the effects of fluorination can pave the way for the development of promising new 

photoelectrocatalysts. For instance, given that M A X compounds are primarily used to obtain 

MXenes, and pure MXenes typically lack photoactivity, there is exciting potential to explore 

the synthesis of photoactive MXenes from fluorinated M A X through exfoliation processes. 

6.3. Author contribution 

I carried out the elemental analysis using XPS and performed all the photoelectrochemical 

measurements. Moreover, I performed the data analysis, plotted the results, and wrote the first 

draft of the manuscript. 
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F - M A X 
A B S T R A C T : Photoelectrochemical generation of hydrogen from 
water is considered to be the most appealing solution for the 
replacement of fossil fuels as a source of energy. For this reason, the 
study of novel and affordable materials with high energy conversion 
efficiencies is currently a crucial objective for the scientific 
community. Chemical modification of two-dimensional (2D) and 
layered materials, such as fluorination, can play a decisive role in 
tuning the properties for energy-related applications, as it was 
documented in the past by fluorination of graphite and graphene. 
M A X phases ( M A X ) are a class of layered ternary compounds that is 
well known for their interesting physical properties but still 
underexplored as a photoelectrocatalyst for energy conversion. 
Herein, a set of M A X , namely, T a 2 A l C , C r 2 A l C , T i 2 A l C , and T i 3 A l C 2 

was exposed to fluorine gas in a controlled environment and their photoelectrocatalytic properties were tested for the hydrogen 
evolution reaction with illumination by a visible light source of 660 nm wavelength. A l l of the mentioned compounds showed 
excellent hydrogen evolution performances under illumination, in particular after the fluorination process. Fluorinated C r 2 A l C is the 
phase that showed the lowest overpotential, and fluorinated T i 2 A l C and T i 3 A l C 2 showed the most prominent photoelectrocatalytic 
enhancement upon fluorination. The fluorinated M A X phases should find broad applications to photoelectrochemistry, as their 
fluorinated graphene counterparts did in the past. 

K E Y W O R D S : MAX phase, fluorination, 2D layered material, photoelectrochemistry, hydrogen generation, photoelectrocatalyst 
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• INTRODUCTION 
The limited amount of fossil fuels available on our planet, their 
impact on the environment, and the increasing energy 
consumption have raised an urge to find alternative sustainable 
energy sources. Nowadays, hydrogen is considered to be the 
perfect candidate for building a society based on clean energy 
production. 1 ' 2 In fact, the combustion of this material leads to 
the generation of water, a harmless byproduct for land and air. 
However, hydrogen could be considered as an environmentally 
friendly alternative only if it is produced by exploiting 
renewable sources of energy, such as solar, wind, hydrothermal, 
or hydroelectric energy. Inspired by the early works on light-
induced artificial photosynthesis, photoelectrochemical water 
splitting using solar energy is considered as one of the most 
promising hydrogen generation methods. 3 - 5 Investigating 
novel materials with high energy conversion efficiencies and 
low production cost is currently a crucial objective for 
scientists. 

Many studies are now focused on applying two-dimensional 
(2D) layered materials, such as graphene,6'' graphitic carbon 
nitride ( g - C 3 N 4 ) , 8 ' 9 transition metal dichalcogenides1 0 and 
trichalcogenphosphites, 1 1 ' 1 2 monoelemental compounds 
( v \ 13-15 i t . 

electrocatalysts for energy conversion. These 2D nanomaterials 
including MXenes, which possess high specific surface areas 
and fast charge-transfer kinetics, have been extensively studied 
in the last decade for applications in energy conversion and 
storage, thanks to their promising electrocatalytic proper
ties. MXenes are commonly synthesized from their parent 
M A X phases ( M A X ) , a class of layered ternary materials with 
the general formula M n + 1 AX„, where M is an early transition 
metal, A is an element from IIIA and FVA group, X is carbon or 
nitrogen, and n is equal to f, 2, or 3 . 1 9 ' 2 3 - 2 5 By applying acid 
treatment with aqueous hydrofluoric acid and sonication, the A 
element interlayer can be selectively etched and washed out 
from the M A X giving a set of single or multilayer MXenes that 
present a mix of O H - , O-, and F- functionalizations on their 
surface. 2 6 ' 2 7 Exhaustive literature can be found regarding the 
application of MXenes and their derivates in electrochemical 
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processes. ~ On the other hand, numerous reported studies 
on M A X are more focused on their physical properties, and 
few have been carried out to investigate their electrochemical 
energy-related applications. 3 2 ' 3 3 M A X possess an uncommon 
combination of metallic and ceramic properties that make 
them an interesting candidate for electrocatalytic processes. In 
fact, they are good thermal and electrical conductors, have 
relatively low thermal expansion coefficients, show high 
stability, and resist chemical attacks. 2 4 ' 2 5 ' 3 4 ' 3 5 

Further modifications of 2D layered materials, such as 
doping or surface engineering, are commonly used to enhance 
their chemical and optoelectronic properties.3 In particular, 
chemical modification by fluorination is fascinating for 
photoelectrochemical applications because it can tune the 
physical and optical properties related to the photoresponses of 
2D materials. For example, the fluorination of graphene, 3 7 ' 3 8 

phosphorene,3 9 and g - C 3 N 4

4 0 resulted in improved surface 
polarity, thermal, and chemical stability, but also tunable or 
opening of the band gap. These significant changes in the 
properties of 2D materials are attributed to the strong 
electronegativity and the large dissociation energy of fluorine 4 

In this work, four M A X were treated with fluorine gas (F 2 ) 
in a controlled environment. Morphology, elemental compo
sition, and crystalline phase of the fluorinated M A X phases (F-
M A X ) were studied. Then, M A X and F - M A X were applied and 
compared as phototelectrocatalyst for the hydrogen evolution 
reaction (HER) . 

• RESULTS AND DISCUSSION 
Four M A X , namely, T a 2 A l C , C r 2 A l C , T i 2 A l C , and T i 3 A l C 2 , 
were exposed to F 2 gas in a controlled environment to prepare 
the F - M A X , F-Ta 2 AlC, F - C r 2 A l C , F - T i 2 A l C , and F - T i 3 A l C 2 . 
Different material characterizations were carried out to 
understand the effect of the F-treatment on the starting 
materials. The morphology of the M A X before and after the 
exposure to F 2 gas was observed by scanning electron 
microscopy (SEM). Micrographs of M A X (Figure 1A—D) 
generally show the typical 2D layered structure with really tight 
conformation. After the F-treatment, we observe partial 
delamination with consequent larger space between the layers 
for all F - M A X (Figure la,c,d) except for the layers of F - C r 2 A l C 
(Figure lb ) which remain quite intact. Moreover, the Ta- and 
Ti-based F - M A X also exhibited an extensive formation of 
cube-like aggregates on the surface. 

Besides the change in morphology due to the fluorination 
process, energy-dispersive X-ray spectroscopy (EDS) was used 
to investigate the presence of different elements in the F - M A X . 
As shown in the EDS mapping (Figure 2), the expected 
elements, that is, the respective metal (Ta, Cr, or Ti) , A l , C, 
and O elements are observed, which is confirmed by the EDS 
spectra in Figure S i . The presence of O, which is also found in 
the M A X , is unavoidable (evidenced by XPS of all M A X , to be 
discussed later). The fluorination process induces F in the 
material; in specific, F - C r 2 A l C exhibits the lowest amount (4.1 
At %), followed by F -Ta 2 AlC (6.0 At %), F - T i 3 A l C 2 (6.9 At 
%), and F - T i 2 A l C (11.6 At %). A detailed breakdown of all 
elements is included in the inset of Figure S i . 

More details about the chemical composition of the M A X 
and F - M A X were obtained from the X-ray photoelectron 
spectroscopy (XPS) measurement, as shown in Figure 3. For 
simplicity, only the primary XPS peak of each element was 
labeled in the spectra. By comparing the XPS spectrum before 
and after the fluorination process, the main difference was the 

Figure 1. S E M micrographs of M A X (left column, A—D) and 
respective F - M A X (right column, a—d) phases (A) T a 2 A l C , (B) 
C r 2 A l C , (C) T i 2 A l C , and (D) T i jA lC^ . 

presence of an intense F is peak at « 6 8 5 eV in all the F - M A X . 
The observation again confirms the presence of F within the F-
M A X , which matches the analyses from EDS measurement. 
The peak position related to the other elements (metal, A l , C, 
and O) remained similar but with reduced intensity after the 
fluorination process. Note that the presence of oxygen in M A X 
due to the formation of oxide layers on the surface has been 
reported in previous works. 4 2 ' 4 3 

X-ray diffraction (XRD) pattern of F - M A X was acquired to 
evaluate the crystalline phases (Figure 4). The diffractions 
peaks in the X R D pattern of F-Ta 2 AlC, F - T i 2 A l C , and F-
T i 3 A l C 2 are mainly assigned to their respective M A X and also 
other diffraction peaks that can be attributed to the formation 
of different oxyfluoride species, namely, T a 0 2 F and T i O F 2 for 
Ta- and Ti-based F - M A X , respectively. F - C r 2 A l C is the only 
phase that does not show the presence of the respective 
oxyfluoride, where its X R D pattern shows a prevalence of its 
M A X and traces of C r 2 3 C 6 . 

Based on the different material characterization techniques, 
we observe that the fluorination by F 2 gas on the M A X has 
resulted in different effects. As evidenced by E D X and XPS 
measurements, fluorine was successfully introduced within the 
M A X . The M — A bond in M A X is more chemically reactive 
compared to the M — X bond, and for this reason, the A l layer 
can be selectively etched. 1 9 After the exposure to F 2 , most of 
the M A X undergo a partial etching and, as a consequence, the 
2D layers are noticeably separated (Figure 1 right column). At 
the same time, fluorine reacted with the oxides present in the 
M A X to form the oxyfluoride species detected in X R D . As a 
confirmation, the cubic-like structures observed on the surface 
of F - M A X in Figure la,c,d can be attributed to T a 0 2 F and 
T i O F 2 since both possess a simple cubic crystal structure and 
the cubic morphology agrees with the reported works. 4 4 ' 4 5 

Despite fluorine being detected in F - C r 2 A l C , the etching effect 
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on the A l layer is least prominent, with the smallest separation 

between layers, the lowest amount of F within the sample, and 

no Cr-based oxyfluoride structures were detected. The 

different fluorination effects can be related to the properties 

of individual M A X and its corresponding metal oxides. Of all 

M A X in this work, C r 2 A l C is more resistant to oxidation and 

harsh environment. 4 6 ' 4 Furthermore, the etching effect is 

directly related to the bond strength and exfoliation energy of 
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Figure 4. X R D pattern of F - M A X phases, (A) F - T a 2 A l C , (B) F - C r 2 A l C , (C) F - T i 2 A l C , and (D) F - T i 3 A l C 2 . 

the M A X . A recent computational work predicted that the 
exfoliation energy for C r 2 A l C (0.213 eV A - 1 ) is higher than the 
one for T a 2 A l C (0.192 eV A " 1 ) , T i 2 A l C (0.170 eV A " 1 ) , and 
T i 3 A l C 2 (0.164 eV A " 1 ) , 4 8 which explains the least etching 
effect of C r 2 A l C . 

We investigated the above prepared and analyzed materials 
as photoelectrocatalysts for H E R Linear sweep voltammetry 
(LSV) was performed in 0.5 M H 2 S 0 4 electrolyte for both 
M A X and F - M A X on the glassy carbon ( G C ) electrode with 
and without exposure to a light source (A = 660 nm), and the 
L S V curves are shown in Figure 5. As a reference, the bare G C 
electrode was measured, which is known for its poor catalytic 
activity for H E R 4 J A l l the M A X (red dashed lines) are more 
catalytically active than the blank G C as demonstrated by the 
lowered overpotentials, « 8 0 8 m V for C r 2 A l C , « 8 2 2 m V for 
T a 2 A l C , and « 9 6 6 m V for both Ti-based M A X ; all 
comparisons are made at —10 mA c m - 2 . The higher catalytic 
activity of C r 2 A l C among the M A X tested in this work 
corroborates with a recent study. 3 2 Besides, T i 2 A l C and 
T i 3 A l C 2 exhibited similar activity as electrocatalysts for the 
HER, as also reported by Rosli et a l . 3 3 Generally, all the F-
M A X (green dashed lines) improved the catalytic activity by 
showing an even lower overpotential than the M A X , « 7 1 5 mV 
for C r 2 A l C , «786 m V for T a 2 A l C , «866 m V for T i 3 A l C 2 , and 
« 9 2 8 m V for T i 2 A l C . The presence of the illumination during 
the measurements led to a decrease in the overpotential value 
for both M A X and F - M A X . The more prominent photo-
electrocatalytic H E R enhancement was recorded for F - T i 2 A l C , 
followed by F - T i 3 A l C 2 : the overpotential was, respectively, 
reduced by 178 m V (to 783 mV) and 119 mV (to 747 mV) 
compared to the one obtained without exposure to the light. 

The higher photoactivity of these phases can be related to the 
presence of T i O F 2 on the surface. In fact, different studies on 
T i O F 2 reported its high photoactivity under irradiation (A = 
660 n m ) , 4 4 ' 5 0 with an optical band gap of «3.10 e V . 5 1 As 
discussed above, the presence of the respective oxyfluoride 
( T a 0 2 F ) was also detected in the F -Ta 2 AlC phase. However, 
in this case, the overpotential of F -Ta 2 AlC is lower (reduced by 
88 mV) than the one observed for T a 2 A l C (reduced by 100 
mV). The lower photoelectrocatalytic H E R enhancement by 
T a 0 2 F than T i O F 2 can be related to their optical band gap. A 
recent study reported that T a 0 2 F presents an energy band 
value of «4.10 eV , 4 5 so it is expected to be less photoactive 
than T i O F 2 when both are exposed to the light source (660 
nm) in this work. Overall, C r 2 A l C and F - C r 2 A l C presented the 
lowest overpotential in their respective category. In particular, 
under the illumination, an overpotential of 695 and 642 mV 
was achieved for C r 2 A l C and F - C r 2 A l C , respectively. We 
present a summary of overpotential values of all M A X and F-
M A X with and without illumination in Figure 5a—d for clear 
comparison. 

Furthermore, Tafel plots (Figure S2) were derived from the 
polarization curves in Figure 5A—D, and Tafel slope values 
(Table S i ) were calculated by fitting the linear region of the 
Tafel plots. As reported in previous studies for M A X in 
electrocatalytic H E R , 3 2 ' 3 3 all the phases exhibited slope values 
greater than 100 mV dec - 1 , so it can be inferred that the rate-
limiting step for the M A X and F - M A X phases is the adsorption 
of hydrogen on the surface (Volmer step), that is, usually 
identified as limiting with slope values « 1 2 0 m V dec - 1 or 
larger. Similar to Figure 5, where T a 2 A l C and C r 2 A l C 
presented the lower overpotentials, both demonstrated the 
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lowest slope values, in the range of 120—155 m V dec - 1 with 
and without illumination. The Ti-based compounds generally 
showed higher slopes, in the range of 190—230 m V dec - 1 . 
However, the Tafel slopes of the illuminated F - M A X are lower 
than the non-illuminated, presenting comparable values with 
other F - M A X , in particular, 147 m V dec" 1 for F - T i 3 A l C 2 and 
170 m V dec - 1 for F - T i 2 A l C . As mentioned above, the 
photoresponse of these phases was influenced by the presence 
of T i O F 2 For this reason, we believe that the exposure of the 
oxyfluoride to light can play a role and influence the kinetic of 
the reaction. 

Chronoamperometry measurements (Figure 6) were 
performed in the same electrolyte to validate the illumination 
effect observed in polarization curves, as shown in Figure 5. 
The light source was switched on/off during the experiment at 
regular intervals, and a fixed potential [—0.46 V vs reversible 
hydrogen electrode (RHE)] was applied. This potential value 
was chosen considering the results in Figure 5 at the region 
before the onset potential of hydrogen evolution. This is to 
minimize the noise of the recorded currents caused by the 
evolution of the bubble during the experiment (visible in the 
response of F - T i 3 A l C 2 in Figure 6D) . Comparing the 
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photocurrent density of the bare G C electrode and the M A X 
and F - M A X allowed us to discriminate between the photo-
thermal and the photoelectrochemical effect caused by the 
light exposure. In fact, all the phases showed a greater increase 
in current density than the G C electrode, suggesting the 
presence of the photoelectrocatalytic effect. The results 
confirmed that all F - M A X showed a larger current increment 
during illumination than their respective M A X . In particular, 
the most prominent increase in current was recorded for F-
T i 2 A l C and F - T i 3 A l C 2 (0.13 and 0.15 mA c m - 2 ' respectively), 
which agrees with the lowered H E R overpotentials with the 
illumination, as shown in Figure 5. Further confirmation of the 
photoactivity of the F - M A X was obtained comparing the UV— 
visible absorbance spectra of these materials, reported in Figure 
S3. Similarly, in this case, F - M A X showed a greater absorption 
of light than the respective M A X , considering the region of the 
spectra close to the wavelength used in this work (660 nm). 

• CONCLUSIONS 
In summary, we investigated the effect of the fluorination of 
different M A X , T a 2 A l C , C r 2 A l C , T i 2 A l C , and T i 3 A l C 2 / on their 
structural and morphological properties and performances for 
application as photoelectrocatalysts for hydrogen generation. 
The morphology of the treated compounds changed as a 
consequence of the exposure to the fluorine gas, showing 
partial delamination between the layers and an extensive 
formation of oxyfluoride species on their surface. As an 
exception, the analysis of F - C r 2 A l C showed a considerable 
amount of fluorine on the surface without significant change in 
its morphology. This difference can be related to the fact that 
C r 2 A l C is reported to be more resistant to oxidation and 

exfoliation than the other M A X in this work. A l l M A X and F-
M A X showed an improved photoelectrocatalytic activity when 
exposed to the illumination by a 660 nm light source. The 
more pronounced improvement of the catalytic activity due to 
illumination was observed for F - T i 2 A l C and F - T i 3 A l C 2 , which 
showed a reduction of the overpotential values of 178 and 119 
mV, respectively. The improved response of the two 
compounds when exposed to a 660 nm light can be attributed 
mainly to the presence of the photoactive oxyfluoride ( T i O F 2 ) 
on their surface as a consequence of the fluorination process, as 
confirmed from the morphological and structural character
ization. C r 2 A l C and F - C r 2 A l C presented the lowest over-
potential and Tafel slope values in their respective category 
and, despite the absence of the corresponding oxyfluoride, the 
former showed better performances and improved photo
electrocatalytic effect compared to C r 2 A l C . In this case, a 
better insight into the properties of this compound is necessary 
to explain the role of fluorine within its structure. In particular, 
the photo-activity of M A X was an unexpected result, since they 
are reported to show a metallic behavior, 2 4 and further 
investigation on the origin of the stated photocatalytic activity 
could lead to intriguing discoveries. With this work, we 
reported for the first time the photoelectrocatalytic properties 
of M A X and F - M A X for energy conversion application. Even if 
the performances obtained are lower than some other 
materials, such as M o S 2 and MXene, we believe that a better 
understanding of these compounds and the effect of 
fluorination on their properties can lead to the development 
of new promising photoelectrocatalysts. For example, since 
M A X are mainly used to obtain MXenes and pure MXenes 
typically do not exhibit photo-activity, an exciting perspective 
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could be put forth to evaluate the possibilities to synthesize 
MXenes that present photoelectrochemical activity from the 
exfoliation of F - M A X . 

• MATERIALS AND METHODS 
Mater ia ls . M A X ( T a 2 A l C , C r 2 A l C , T i 2 A l C , and T i 3 A l C 2 ) were 

purchased from Laizhou Kai Kai Ceramic Material Co . Ltd, and 
sulfuric acid ( H 2 S 0 4 ) 96% was obtained from Penta, Czech Republic. 
AH solutions were prepared in deionized water with a resistivity of 18 
MQ. cm. 

F luor ina t ion o f M A X Phases. The reaction was carried out in a 
four-chamber P T F E reactor located inside a sealed Mone l autoclave. 
T a 2 A l C , C r 2 A l C , T i 2 A l C , and T i 3 A l C 2 were placed separately in the 
four chambers of the reactor, which was then secured using a 
permeable stopper. After several evacuation cycles and flushing with 
nitrogen gas ( N 2 ) , the autoclave was evacuated for 20 min to 
complete the de-aeration process. Afterward, 20% fluorine gas (F 2 ) in 
N 2 was slowly flushed inside the system and pressurized to 5 bar. The 
autoclave was then heated to 150 °C and maintained overnight, using 
a Wood's metal heating bath. Subsequently, when the system was 
cooled down to room temperature, the gases were removed from the 
autoclave and collected in a pressurized safety reservoir in which they 
were treated in a soda ash bath for neutralization. T o remove any 
traces of fluorine gas or related volatile compounds, the autoclave was 
vented and flushed several times with N 2 A final evacuation was done 
using a column with sodium carbonate, and the system was filled back 
with N 2 to atmospheric pressure. Finally, the M A X were collected 
from the reactor and properly stored in sealed vials. 

Mater ia ls Charac te r iza t ion . Morphological characterization was 
performed using high-resolution S E M (FEI Verios 460L). A n E D S 
detector X - M a x N 150 (Oxford Instruments) was used to obtain the 
elemental mapping and analysis using an accelerating voltage of 30 
kV. Additional chemical composition analysis was carried out using 
X P S (Kratos Analytical Axis Supra), and the spectra obtained were 
calibrated against the C Is peak (285 eV) using the CasaXPS 
software. The structural analysis of the F - M A X was investigated using 
an X-ray diffractometer (PANalytical XPer t -PRO) with a Co K c ^ 
source of wavelength 0.1789 nm. UV—visible (UV—vis) absorbance 
spectra were acquired between 300 and 900 nm using a UV—vis 
spectrophotometer ( JASCO V-750) with a scan speed of 400 nm 
m i n - 1 . The samples for the UV—vis measurements were prepared 
suspending M A X and F - M A X (0.625 mg m L _ 1 ) in a solution of 50% 
ethanol in water. 

Pho toe lec t rochemica l Measuremen t s . M A X and F - M A X (2.5 
mg m L _ 1 ) were dispersed in deionized water and ultrasonicated for 
60 min. Afterward, 5 /iL of the obtained suspension was drop-casted 
on the G C electrode and dried under a heat lamp. The prepared 
electrode was then used as a working electrode in a three-electrode 
configuration. A g / A g C l ( l M KC1) was used as a reference electrode, 
and a platinum wire was used as a counter electrode. L S V was 
performed using a potentiostat (PGSTAT204, Metrohm Autolab, The 
Netherlands) controlled by N O V A software (version 2.1), using a 
scan rate of 2 m V s - 1 , immersing the electrodes in a quartz cell 
containing 0.5 M H 2 S 0 4 solution. AH reported potentials were 
converted to the R H E , according to the potential value reported in 
the literature for the reference A g / A g C l ( l M KC1, 236 m V ) . 5 2 The 
illumination source used for the photoelectrochemical experiments 
was a customized L E D (LZ4-40R208, LedEngin Inc.) setup that emits 
the wavelength 660 nm ( « 4 0 m W c m - 2 ) . A l l M A X and F - M A X were 
tested with and without illumination, and the bare G C electrode was 
measured as a reference. For chronoamperometry measurements, a 
fixed potential of —0.46 V vs R H E was applied and the light source 
was switched on/off at regular intervals. 
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7. The unexpected photoelectrochemical activity of 

MAX phases: the role of oxide impurities 

Published paper included in this chapter: 

Sanna, M . ; Novčič, K .A . ; Ng, S.; Černý, M . ; Pumera, M . , The unexpected 

photoelectrochemical activity of M A X phases: the role of oxide impurities, 7. Mater. Chem. A, 

2023,11,3080-3090. 

7.1. Motivation for the study 

Building upon the findings from our preceding research, we embarked on a comprehensive 

exploration into the intricacies of M A X properties and the underlying mechanisms governing 

their inherent photoactivity. By synergizing theoretical insights with empirical data, we aimed 

to gain deeper insights into the influence of impurities within these ternary compounds. It is 

intriguing to note that M A X exhibit enhanced catalytic prowess in response to light stimuli, a 

phenomenon that contradicts their anticipated metallic behavior based on electronic structure 

considerations. Unraveling the origins of this discrepancy presents an opportunity to fine-tune 

and optimize the properties of M A X , thereby augmenting their efficacy for applications in 

photoelectrochemical processes. Through this endeavor, we endeavor to unlock the full 

potential of M A X materials, paving the way for advancements in sustainable energy 

technologies. 

7.2. Paper conclusion 

In summary, our investigation focused on analyzing the properties of three M A X , namely 

NbiAlC, TaiAlC, and T Í3A IC2 , utilizing both theoretical and experimental methodologies to 

elucidate the origins of their photoactivity. Theoretical calculations revealed that metals 
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predominantly contribute to the density of states (DOS) around the Fermi level, confirming the 

metallic nature of these compounds, with no discernible band gap in the vicinity of the Fermi 

level. XPS and EDS analyses confirmed the presence of transition metal oxides and revealed a 

notable amount of AI2O3. Interestingly, experimental estimations indicated the presence of two 

fundamental absorptions at 2.2 eV and 3.1 eV for NbiAlC and 2.2 eV and 3.3 eV for TaiAlC, 

contrasting with theoretical predictions. The estimated band gap for Ti3AlC2 was also 

determined to be 2.4 eV. Demonstrating the presence of photoactive material, all M A X phases 

exhibited enhanced photocatalytic activity towards HER under illumination by various light 

sources. Notably, Nb2AlC and Ta2AlC demonstrated superior performance under U V light, 

while Ti3AlC2 exhibited the lowest overpotential under 460 nm light, aligning with the 

estimated optical band gaps. The documented formation of oxides on M A X , resulting from 

inevitable contamination upon exposure to air or oxidizing solvents, was found to play a pivotal 

role in enhancing photoelectrochemical hydrogen generation due to their intrinsic photoactivity. 

These insights may pave the way for further utilization of M A X phases as photoelectrocatalysts. 

Beyond the three M A X phases investigated in this study, the extensive pool of over 150 other 

synthesized M A X phases may harbor similar photoactive properties yet to be explored and 

harnessed in this domain. 

7.3. Author contribution 

In this work, I conducted all the studies related to the experimental evaluation of M A X , 

analysed the data obtained and plotted them. In particular, I performed the optical 

measurements, the morphological characterisation using SEM, and studied the elemental 

composition by EDS and XPS. I carried out the photoelectrochemical measurements and I wrote 

the first draft of the manuscript. 
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T h e u n e x p e c t e d p h o t o e l e c t r o c h e m i c a l a c t i v i t y o f 
M A X p h a s e s : t h e r o l e o f o x i d e i m p u r i t i e s f 

Miche l a Sanna, a Katarina A. N o v č i č , © 3 S i o w w o o n Ng , a Miros lav Č e r n ý b c  

and Mart in P u m e r a * a d e 

M A X p h a s e s a re l a ye r ed t e rna r y c o m p o u n d s that a re m a i n l y s t u d i e d f o r the i r p h y s i c a l p r o p e r t i e s a n d the i r 
use in t h e syn thes i s o f M X e n e s . T h e i r a p p l i c a t i o n in e n e r g y g e n e r a t i o n has b e e n i n ve s t i g a t ed a n d 
recen t l y , t h e u n e x p e c t e d p h o t o a c t i v i t y o f M A X p h a s e s u n d e r t h e i n f l u e n c e o f a v i s ib le l ight s o u r c e has 
b e e n r e p o r t e d . T o inves t iga te t h e o r i g i n o f th is p h o t o a c t i v i t y , t h e o r e t i c a l c a l c u l a t i o n s a n d e x p e r i m e n t a l 
c h a r a c t e r i s a t i o n o f t h e s t r u c t u r a l a n d o p t i c a l p r o p e r t i e s o f t h r e e M A X phases , N b 2 A l C , T a 2 A l C a n d 
TÍ3AIC2, w e r e p e r f o r m e d . A l t h o u g h t h e t h e o r e t i c a l c a l c u l a t i o n s c o n f i r m e d tha t t h e p h a s e s p r e s e n t e d n o 
b a n d g a p in t h e v i c in i t y o f t h e F e r m i leve l , t h e e x p e r i m e n t a l e v a l u a t i o n s h o w e d t w o m a i n a b s o r p t i o n s f o r 
N b 2 A l C a n d T a 2 A l C (2.2 eV , 3.1 eV , a n d 2 .2 eV, 3.3 eV , respec t i ve l y ) a n d o n e f o r T i 3 A l C 2 (2.4 eV) . T o 
c o n f i r m t h e o b s e r v a t i o n s f r o m t h e o p t i c a l c h a r a c t e r i s a t i o n , t h e p h a s e s w e r e a p p l i e d as 
p h o t o e l e c t r o c a t a l y s t s f o r h y d r o g e n g e n e r a t i o n u n d e r t h e i n f l u e n c e o f l ight o f d i f f e ren t w a v e l e n g t h s . 
N b 2 A l C a n d T a 2 A l C p e r f o r m e d be t t e r w h e n e x p o s e d t o U V l ight , w h i l e T i 3 A l C 2 s h o w e d t h e l o w e s t 
o v e r p o t e n t i a l u n d e r t h e i n f l u e n c e o f v i s ib le l ight, in a c c o r d a n c e w i t h t h e e x p e r i m e n t a l l y e s t i m a t e d b a n d 
g a p s . T h e mate r i a l s w e r e e x t e n s i v e l y c h a r a c t e r i s e d a n d t h e p h o t o a c t i v i t y o f M A X p h a s e s w a s a t t r i b u t e d t o 
t h e p r e s e n c e o f p h o t o a c t i v e o x i d e i m p u r i t i e s o n t h e s u r f a c e o f t h e ma te r i a l , w h i c h are na tura l l y f o r m e d 
f r o m c o n t a c t w i t h air a n d s o l v e n t s . In th is w o r k , w e s h o w h o w t h e s e i m p u r i t i e s c a n l ead t o be t t e r 
p e r f o r m a n c e s t h a n k s t o the i r i n t r ins i c p h o t o a c t i v i t y , i n d i c a t i n g t h e p r o s p e c t s f o r t h e u s e o f M A X p h a s e s 
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s o l a r e n e r g y i s 1 8 . 4 8 M J ( m 2 d a y - 1 ) . 3 T h i s i s a r e m a r k a b l e 

a m o u n t o f f r e e e n e r g y t h a t c a n b e h a r v e s t e d a n d i m p l e m e n t e d 

i n f u t u r e e n e r g y p r o d u c t i o n t e c h n o l o g y t o a c h i e v e l o n g - t e r m 

s u s t a i n a b l e a n d r e n e w a b l e e n e r g y s o u r c e s . F o r t h i s r e a s o n , 

t h e s c i e n t i f i c c o m m u n i t y h a s l o n g f o c u s e d o n t h e s o l a r 

p r o d u c t i o n o f c l e a n h y d r o g e n f u e l s w i t h h i g h e n e r g y d e n s i t y 

t h r o u g h p h o t o e l e c t r o c h e m i c a l r e a c t i o n s . 4 - 6 V a r i o u s ( p h o t o ) 

e l e c t r o c a t a l y t i c m a t e r i a l s f r o m T i 0 2 , 7 ' 8 B1VO4,910 C d S , 1 1 ' 1 2 a n d 

M o S 2 , 1 3 ' 1 4 t o m o r e r e c e n t w o r k o n X e n e s 1 5 ' 1 6 a n d M X e n e s , 1 7 ' 1 8 

h a v e b e e n i n v e s t i g a t e d f o r h y d r o g e n p r o d u c t i o n , a n d n e w 

c a t a l y s t s a r e c o n t i n u o u s l y b e i n g s t u d i e d a n d t e s t e d f o r a p p l i 

c a t i o n i n t h i s f i e l d . 

M A X p h a s e s ( M A X ) a r e a c l a s s o f l a y e r e d t e r n a r y c o m p o u n d s 

w i t h t h e g e n e r a l f o r m u l a M „ + 1 A X „ ( M = e a r l y t r a n s i t i o n m e t a l , A 

= I I I A a n d I V A g r o u p e l e m e n t , X = C o r N , a n d n = 1, 2 , o r 3 ) , 

w h i c h p o s s e s s h e x a g o n a l c r y s t a l s t r u c t u r e s w i t h P63/mmc 

s y m m e t r y . 1 9 - 2 2 M A X a r e k n o w n f o r p o s s e s s i n g p r o p e r t i e s t y p i c a l 

o f m e t a l s a n d c e r a m i c s , s u c h a s t h e r m a l a n d e l e c t r i c a l 

c o n d u c t i v i t y , c h e m i c a l a n d o x i d a t i o n r e s i s t a n c e , a n d d a m a g e 

t o l e r a n c e . 1 9 ' 2 2 ' 2 3 L a t e l y , M A X h a v e b e e n t h e c e n t r e o f a t t e n t i o n 

b e c a u s e t h e y a r e t h e p a r e n t m a t e r i a l s i n t h e c r e a t i o n o f t w o -

d i m e n s i o n a l ( 2 D ) M X e n e s . T h e A l a y e r o f M A X c a n b e s e l e c 

t i v e l y e t c h e d t o f o r m M X e n e s . 2 4 - 2 6 T h e s e 2 D m a t e r i a l s h a v e 

a t t r a c t e d a t t e n t i o n f o r e l e c t r o c h e m i c a l a p p l i c a t i o n s s i n c e t h e y 
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a r e c h a r a c t e r i s e d b y h i g h m e t a l l i c c o n d u c t i v i t y , h i g h n e g a t i v e 

z e t a p o t e n t i a l , a n d f a s t c h a r g e t r a n s f e r k i n e t i c s . 2 7 - 3 0 T h e i n t e r e s t 

o f t h e s c i e n t i f i c c o m m u n i t y i s c o n c e n t r a t e d o n t h e a p p l i c a t i o n 

o f M X e n e s i n d i f f e r e n t f i e l d s , a l t h o u g h M A X a n d t h e i r p r o p e r 

t i e s h a v e n o t b e e n f u l l y i n v e s t i g a t e d . R e c e n t s t u d i e s h a v e t a k e n 

o n e s t e p b a c k , l o o k i n g i n t o t h e f u n d a m e n t a l e l e c t r o c h e m i c a l 

p r o p e r t i e s o f M A X p h a s e s a n d t h e p o s s i b l e a p p l i c a t i o n o f t h e s e 

c o m p o u n d s a s ( p h o t o ) e l e c t r o c a t a l y s t s f o r e n e r g y 

c o n v e r s i o n . 2 2 ' 3 1 ' 3 2 

I n p r e v i o u s s t u d i e s , 3 3 ' 3 4 M A X s h o w e d b e t t e r c a t a l y t i c p e r f o r 

m a n c e s w h e n e x p o s e d t o d i f f e r e n t l i g h t s o u r c e s . T a 2 A l C , C r 2 A l C , 

T i 2 A l C a n d T i 3 A l C 2 d e m o n s t r a t e d i m p r o v e d p h o t o -

e l e c t r o c a t a l y t i c H 2 p r o d u c t i o n w h e n i l l u m i n a t e d b y a 6 6 0 n m 

l i g h t s o u r c e . 3 3 I n a d d i t i o n , C r 2 A l C d e m o n s t r a t e d h u g e p o t e n t i a l 

i n t h e p h o t o d e g r a d a t i o n o f v a r i o u s c a t i o n i c a n d a n i o n i c d y e s 

u n d e r t h e i n f l u e n c e o f v i s i b l e a n d U V l i g h t , s h o w i n g a n o p t i c a l 

b a n d g a p o f 1 .28 e V . 3 4 T h e s e s t u d i e s p r o v i d e d e v i d e n c e t h a t i n 

c o n t r a s t t o t h e m e t a l l i c n a t u r e o f M A X , 3 5 ' 3 6 s o m e o f t h e m , i f n o t 

a l l , p o s s e s s b a n d g a p s a n d a b s o r b l i g h t , a s s h o w n i n S c h e m e 1, 

s o t h e y c a n b e a p p l i e d i n s o l a r - d r i v e n a p p l i c a t i o n s . 

H e r e , w e a i m t o u n d e r s t a n d t h e o r i g i n o f t h e p h o t o a c t i v i t y o f 

t h e s e c o m p o u n d s . W e r e p o r t a t h e o r e t i c a l a n d e x p e r i m e n t a l 

s t u d y o n t h r e e M A X , n a m e l y N b 2 A l C , T a 2 A l C , a n d T i 3 A l C 2 . A 

t h e o r e t i c a l s t u d y o n t h e t o t a l a n d p a r t i a l d e n s i t y o f s t a t e s a n d 

b a n d s t r u c t u r e w a s c a r r i e d o u t b a s e d o n D e n s i t y F u n c t i o n a l 

T h e o r y ( D F T ) . T h e m o r p h o l o g y , s u r f a c e c o m p o s i t i o n , a n d 

o p t i c a l p r o p e r t i e s o f M A X w e r e a n a l y s e d i n d e t a i l b y S E M , E D S 

a n d X P S . F i n a l l y , t h e p h a s e s w e r e a p p l i e d a s a p h o t o -

e l e c t r o c a t a l y s t f o r h y d r o g e n g e n e r a t i o n u n d e r t h e i n f l u e n c e o f 

d i f f e r e n t s o u r c e s o f l i g h t . T r a c e a m o u n t s o f i m p u r i t i e s ( i n p p m 

o r e v e n i n p p b l e v e l s ) h a v e b e e n r e p o r t e d t o i n f l u e n c e 

t r a d i t i o n a l s y n t h e t i c c h e m i s t r y c a t a l y s i s , 3 7 " 4 0 e l e c t r o c a t a l y s i s 4 1 " 4 7 

a n d p h o t o c a t a l y s i s . 4 8 ' 4 9 T h i s i s t r u e a b o u t m e t a l s , 3 7 m e t a l 

o x i d e s 4 5 a n d p h a s e i m p u r i t i e s 5 0 b e c a u s e i n c a t a l y s i s ( c h e m i c a l , 

e l e c t r o c h e m i c a l o r p h o t o c h e m i c a l ) t h e s m a l l a c t i v e s i t e s c a n 

o v e r w h e l m i n g l y d o m i n a t e t h e m u c h m o r e s l u g g i s h p e r f o r 

m a n c e o f t h e " h o s t " m a t e r i a l . 4 1 ' 4 2 ' 5 1 W e s h o w t h a t o x i d e i m p u 

r i t i e s w i t h i n t h e M A X a r e t h e d r i v i n g f o r c e o f t h e 

p h o t o e l e c t r o c h e m i s t r y , l i k e i m p u r i t i e s a r e t h e d r i v i n g f o r c e o f 

t h e e l e c t r o c h e m i s t r y i n r e s e a r c h o n c a r b o n n a n o t u b e s , 4 1 ' 4 2 g r a -

p h e n e 4 3 ' 4 4 a n d t r a n s i t i o n m e t a l d i c h a l c o g e n i d e s . 4 5 - 4 7 

E x p e r i m e n t a l 
M a t e r i a l s 

M A X p h a s e s ( N b 2 A l C , T a 2 A l C , a n d T i 3 A l C 2 ) w e r e o b t a i n e d f r o m 

L a i z h o u K a i K a i C e r a m i c M a t e r i a l C o . L t d . a n d w e r e u s e d 

w i t h o u t a d d i t i o n a l t r e a t m e n t . S c r e e n - p r i n t e d c a r b o n e l e c t r o d e s 

( S P C E , S E 1 0 1 ) w e r e p u r c h a s e d f r o m C H i n s t r u m e n t s , a n d 

s u l f u r i c a c i d ( H 2 S 0 4 , 9 6 % ) f r o m P e n t a , C z e c h R e p u b l i c . A l l 

s o l u t i o n s w e r e p r e p a r e d u s i n g d e i o n i s e d w a t e r w i t h a r e s i s t i v i t y 

o f 1 8 M f l c m . 

T h e o r e t i c a l c a l cu l a t i ons 

T h e f i r s t p r i n c i p l e s D F T c a l c u l a t i o n s w e r e p e r f o r m e d u s i n g t h e 

V i e n n a Ab initio S i m u l a t i o n P a c k a g e ( V A S P ) a n d t h e g e n e r a l i s e d 

g r a d i e n t a p p r o x i m a t i o n ( G G A ) i n p a r a m e t r i s a t i o n b y P e r d e w , 

B u r k e a n d E r n z e r h o f ( P B E ) . T h e c u t - o f f e n e r g y o f 5 0 0 e V a n d 

a M o n k h o r s t - P a c k T - c e n t e r e d 1 9 x 1 9 x 4 fc-point m e s h w e r e 

u s e d . F o r t h e s t u d y o f M A X , a 2 x 2 x 1 s u p e r c e l l w a s c r e a t e d . 

V E S T A c o d e 5 2 a n d O r i g i n - P r o 2 0 2 0 w e r e u s e d f o r t h e s t r u c t u r e 

v i s u a l i s a t i o n . A n a l y s i s o f t h e e l e c t r o n i c p r o p e r t i e s w a s 

E x p e r i m e n t a l 

O x i d e i m p u r i t i e s 

r u • H 

fitted line 
baseline 

/ 2.24 eV 3.27 eV 

1 1 5 2 2 5 3 3 5 4 4.5 

Ene rgy (eV) 

T h e o r e t i c a l 

4 > c P 

0 M= Nb, Ta, Ti 
# A = A I 
• X=C 

band gap yf 

: 2 

• - —— 

TA LM 

L a -10 -5 0 5 

Energy / eV 

No band gap X 
S c h e m e 1 S c h e m a t i c r e p r e s e n t a t i o n o f t h e m o t i v a t i o n a n d t h e a p p r o a c h u s e d in th is w o r k fo r t h e i n ve s t i ga t i on o f t h e p h o t o a c t i v i t y o f M A X 
phases . 
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p e r f o r m e d t h r o u g h c a l c u l a t i o n s o f t h e b a n d s t r u c t u r e a n d t o t a l 

a n d p a r t i a l d e n s i t y o f s t a t e s ( D O S ) . 

M a t e r i a l s cha rac te r i sa t ions 

T h e m o r p h o l o g y o f t h e M A X p h a s e p o w d e r s w a s a n a l y s e d u s i n g 

a s c a n n i n g e l e c t r o n m i c r o s c o p e ( S E M , M i r a 3 X M U T e s c a n ) 

e q u i p p e d w i t h a n e n e r g y - d i s p e r s i v e X - r a y s p e c t r o s c o p y ( E D S ) 

d e t e c t o r X - M A X 2 0 ( O x f o r d I n s t r u m e n t s ) f o r e l e m e n t a l m a p p i n g . 

A n a c c e l e r a t i n g v o l t a g e o f 2 0 kv w a s u s e d f o r t h e a n a l y s i s o f t h e 

e l e m e n t a l c o m p o s i t i o n . F u r t h e r i n f o r m a t i o n a b o u t t h e c h e m 

i c a l c o m p o s i t i o n w a s o b t a i n e d u s i n g X - r a y p h o t o e l e c t r o n s p e c 

t r o s c o p y ( X P S , K r a t o s A n a l y t i c a l A x i s S u p r a ) . A l l t h e o b t a i n e d 

s p e c t r a w e r e a n a l y s e d u s i n g t h e C a s a X P S s o f t w a r e a n d c a l i 

b r a t e d a g a i n s t t h e C I s p e a k a t 2 8 5 e V . T h e h i g h - r e s o l u t i o n 

s p e c t r a o f t h e m a j o r e l e m e n t s w e r e f i t t e d u s i n g a S h i r l e y - t y p e 

b a c k g r o u n d . T h e X - r a y d i f f r a c t i o n ( X R D ) p a t t e r n s w e r e o b 

t a i n e d u s i n g a n X - r a y d i f f r a c t o m e t e r ( R i g a k u S m a r t L a b 3 k W ) 

w i t h C u K a s o u r c e o f w a v e l e n g t h 0 . 1 7 8 9 n m . T h e o p t i c a l i m a g e s 

o f t h e p r e p a r e d e l e c t r o d e s w e r e a c q u i r e d b y S t e r e o m i c r o s c o p e 

Z e i s s S t e m i 5 0 8 ( S T E M I ) a n d t h e t h i c k n e s s d e t e r m i n a t i o n w a s 

d o n e b y c o n f o c a l l a s e r s c a n n i n g m i c r o s c o p y ( C L S M , O l y m p u s 

L E X T - O L S 4 1 0 0 ) w i t h 1 0 x l e n s e s . T h e r e f l e c t a n c e s p e c t r a o f 

M A X p h a s e s w e r e m e a s u r e d b y m o u n t i n g a n i n t e g r a t i n g s p h e r e 

i n a U V - v i s s p e c t r o p h o t o m e t e r ( J A S C O V - 7 5 0 ) o p e r a t e d b y J A S C O 

s o f t w a r e . T h e m e a s u r e m e n t s w e r e p e r f o r m e d w i t h i n t h e r a n g e 

o f 3 0 0 - 9 0 0 n m , u s i n g a s c a n s p e e d o f 4 0 0 n m m i n - 1 . T h e 

K u b e l k a - M u n k ( K - M ) f u n c t i o n w a s e m p l o y e d t o e s t i m a t e t h e 

b a n d g a p o f M A X p h a s e s . I n p a r t i c u l a r , t h e r e f l e c t a n c e 

m e a s u r e m e n t s c a n b e c o n v e r t e d i n t o t h e c o r r e s p o n d i n g 

a b s o r p t i o n s p e c t r a , a p p l y i n g t h e K - M f u n c t i o n F ^ ^ ) , 5 3 a s 

d e f i n e d i n e q n (1) : 

F ( * „ ) = f = w h e r e = | ^ ! L ( 1 ] 

F(^co) c a n s u b s t i t u t e f o r t h e a b s o r p t i o n c o e f f i c i e n t a d e f i n e d 

i n t h e T a u c m e t h o d 5 4 b y e q n (2): 

(ahvfn = B(hv- Eg) (2) 

w h e r e h = P l a n c k c o n s t a n t , v = f r e q u e n c y , Eg = b a n d g a p 

e n e r g y , B = c o n s t a n t . T h e f a c t o r n d e p e n d s o n t h e n a t u r e o f t h e 

t r a n s i t i o n , a n d i t i s e q u a l t o 2 f o r i n d i r e c t t r a n s i t i o n b a n d g a p s 

a n d e q u a l t o | f o r d i r e c t t r a n s i t i o n b a n d g a p s . E q n (2) c a n b e 

f i n a l l y w r i t t e n i n t h e f o r m o f e q n (3) a n d (4) : 

(F( i^co) x hv)2 = BQiv — Eg) f o r d i r e c t t r a n s i t i o n b a n d g a p (3) 

I 
(F(R„)*hv)2 = B(hv — Eg) f o r i n d i r e c t t r a n s i t i o n g a p (4) 

T a u c p l o t s w e r e o b t a i n e d b y p l o t t i n g ( F f ^ c ) hvf versus 

p h o t o n e n e r g y a n d t h e b a s e l i n e a p p r o a c h w a s u s e d f o r t h e 

g r a p h i c e x t r a p o l a t i o n o f t h e v a l u e s . 5 5 I n t h i s a p p r o a c h , t h e 

l i n e a r f i t i s a p p l i e d t o t h e f u n d a m e n t a l p e a k , s i m i l a r t o t h e T a u c 

m e t h o d , a n d t o t h e s l o p e b e l o w t h e f u n d a m e n t a l p e a k , w h i c h 

c a n b e i d e n t i f i e d a s t h e " b a s e l i n e " . T h e e s t i m a t i o n o f t h e b a n d 

g a p e n e r g y i s g i v e n b y t h e i n t e r s e c t i o n o f t h e t w o f i t t i n g l i n e s . 
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T h e a b s o r b a n c e s p e c t r a w e r e c o n v e r t e d f r o m t h e r e f l e c t a n c e 

m e a s u r e m e n t u s i n g t h e s p e c t r a l a n a l y s i s t o o l o f t h e J A S C O 

s o f t w a r e . 

Elec t rode p r e p a r a t i o n 

A q u e o u s s o l u t i o n s o f M A X p h a s e s (5 m g m r 1 ) w e r e s o n i c a t e d 

f o r 3 0 m i n u t e s , a n d 5 u L o f t h e o b t a i n e d s u s p e n s i o n s w e r e d r o p -

c a s t e d o n S P C E a n d d r i e d u s i n g a h e a t l a m p . T h e s a m e p r o c e 

d u r e w a s u s e d t o p r e p a r e t h e g l a s s y c a r b o n ( G C ) e l e c t r o d e s u s e d 

f o r t h e c h r o n o a m p e r o m e t r y m e a s u r e m e n t s . T h e l o a d i n g o f 

m a t e r i a l o n t h e e l e c t r o d e s w a s 0 . 3 5 m g c m ~ 2 . T h e d i s t r i b u t i o n 

o f t h e p a r t i c l e s o n t h e S P C E w a s s t u d i e d u s i n g t h e b a c k -

s c a t t e r e d e l e c t r o n d e t e c t o r m o u n t e d o n t h e S E M , w h i l e t h e 

h e i g h t o f t h e d e p o s i t i o n w a s a n a l y s e d u s i n g C L S M . T h e o b 

t a i n e d d a t a , r e p o r t e d i n F i g . S l , t s h o w e d t h a t t h e s i z e o f t h e 

M A X p a r t i c l e s v a r i e d i n t h e r a n g e f r o m 2 t o 1 5 u m w i t h a t y p i c a l 

d i s t r i b u t i o n o f m a t e r i a l s b y t h e d r o p - c a s t i n g t e c h n i q u e . 5 6 

M o r e o v e r , C L S M a n a l y s i s s h o w e d t h a t t h e t h i c k n e s s o f t h e 

d e p o s i t e d M A X v a r i e d b y u p t o 3 6 . 9 u m f o r N b 2 A l C , 1 9 . 2 u m f o r 

T a 2 A l C , a n d 3 8 . 6 u m f o r T i 3 A l C 2 . 

P h o t o e l e c t r o c h e m i c a l m e a s u r e m e n t s 

A l l t h e m e a s u r e m e n t s w e r e c a r r i e d o u t i n a t h r e e - e l e c t r o d e 

c o n f i g u r a t i o n , u s i n g t h e p r e p a r e d M A X o n S P C E a s t h e 

w o r k i n g e l e c t r o d e , a g r a p h i t e r o d a s t h e c o u n t e r e l e c t r o d e , a n d 

A g / A g C l (1 M K C l ) a s t h e r e f e r e n c e e l e c t r o d e . T h e e l e c t r o d e s 

w e r e i m m e r s e d i n a q u a r t z c e l l c o n t a i n i n g 0 .5 M H 2 S 0 4 s o l u 

t i o n , a n d a p o t e n t i o s t a t ( P G S T A T 2 0 4 , M e t r o h m A u t o l a b , T h e 

N e t h e r l a n d s ) o p e r a t e d b y N O V A s o f t w a r e ( v e r s i o n 2 .1 ) w a s u s e d 

t o p e r f o r m l i n e a r s w e e p v o l t a m m e t r y w i t h a s c a n r a t e o f 5 m V 

s _ 1 . T h e m e a s u r e d p o t e n t i a l s w e r e c o n v e r t e d t o t h e R e v e r s i b l e 

H y d r o g e n E l e c t r o d e ( R H E ) . A c u s t o m i s e d L E D s e t u p ( L Z 4 -

4 4 U V 0 0 , L Z 4 - 4 0 B 2 0 8 , a n d L Z 4 - 4 0 R 2 0 8 , L e d E n g i n I n c . ) w i t h 

i n t e r c h a n g e a b l e w a v e l e n g t h s ( 3 6 5 n m , 4 6 0 n m , a n d 6 6 0 n m ) 

w a s u s e d a s t h e i l l u m i n a t i o n s o u r c e . T h e L S V o f t h e b a r e S P C E 

w a s m e a s u r e d i n t h e d a r k a s a r e f e r e n c e , w h i l e M A X p h a s e s 

w e r e t e s t e d w i t h a n d w i t h o u t i l l u m i n a t i o n . F o r c h r o 

n o a m p e r o m e t r y m e a s u r e m e n t s , G C e l e c t r o d e s w e r e u s e d a s t h e 

w o r k i n g e l e c t r o d e a n d a f i x e d p o t e n t i a l o f — 0 . 5 6 V vs. R H E w a s 

a p p l i e d . T h e l i g h t s o u r c e ( 6 6 0 n m ) w a s s w i t c h e d o n / o f f a t 

r e g u l a r i n t e r v a l s . 

R e s u l t s b d i s c u s s i o n 

W e f i r s t p e r f o r m e d a t h e o r e t i c a l i n v e s t i g a t i o n o f t h e p r o p e r t i e s 

o f t h r e e M A X , s p e c i f i c a l l y N b 2 A l C , T a 2 A l C , a n d T i 3 A l C 2 ( S c h e m e 

2 ) , u s i n g t h e f i r s t p r i n c i p l e c a l c u l a t i o n s b a s e d o n D F T . T h e p l o t s 

o f t h e t o t a l d e n s i t y o f s t a t e s ( D O S ) o f N b 2 A l C , T a 2 A l C a n d 

T i 3 A l C 2 a r e p r e s e n t e d i n F i g . 1 A - C . T h e D O S c a l c u l a t i o n s s h o w 

t h e m e t a l l i c n a t u r e o f a l l i n v e s t i g a t e d M A X w i t h n o b a n d g a p . 

T h e c o n t i n u o u s D O S a c r o s s t h e F e r m i l e v e l (E{) i n d i c a t e s t h a t 

t h e m a t e r i a l i s e l e c t r i c a l l y c o n d u c t i v e . S u b s e q u e n t l y , p a r t i a l 

D O S o f N b 2 A l C , T a 2 A l C a n d T i 3 A l C 2 w a s u s e d t o s t u d y t h e n a t u r e 

o f t h e c h e m i c a l b o n d i n g . F i g . S 2 f s h o w s t h e e l e m e n t a n d o r b i t a l 

r e s o l v e d D O S o f t h e M A X . F r o m t h i s F i g u r e , t h e F e r m i l e v e l i s 

d o m i n a n t l y o c c u p i e d b y t h e t r a n s i t i o n m e t a l s o f N b , T a a n d T i , 

This journal is © The Royal Society of Chemistry 2023 
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S c h e m e 2 S c h e m a t i c i l l us t ra t ion o f t h e s t r u c t u r e o f M A X phases . T h e d a s h e d l ines s h o w t h e e d g e s o f t h e un i t c e l l . 

r e s p e c t i v e l y , w h i c h i s a l s o v i s i b l e i n t h e t o t a l D O S ( F i g . 1 A - C ] 

t h a t f o l l o w s t h e p a t t e r n o f t h e N b ( d ) , T a (d ) a n d T i (d) o r b i t a l s . 

T h e r e i s h y b r i d i s a t i o n b e t w e e n t h e t r a n s i t i o n m e t a l s N b ( d ) , T a 

(d) a n d T i (d ) a n d C (p) a t a r o u n d - 5 e V , - 3 e V a n d - 1 0 e V , 

r e s p e c t i v e l y . T h e t r a n s i t i o n m e t a l s a l s o s h o w e d h y b r i d i s a t i o n 

w i t h t h e A l (p) a t a r o u n d —2 e V , —5 e V a n d —2.5 e V , r e s p e c t i v e l y . 

T h e ab initio e l e c t r o n i c s t r u c t u r e c a l c u l a t i o n s o f t h e i n v e s t i 

g a t e d M A X p r e d i c t e d t h e b a n d s t r u c t u r e w i t h n u m e r o u s b a n d s 

c r o s s i n g t h e F e r m i l e v e l , a s s h o w n i n F i g . l a - c T h e r e i s n o g a p 

i n t h e v i c i n i t y o f t h e F e r m i l e v e l , w h i c h a d d i t i o n a l l y c o n f i r m e d 

t h e m e t a l l i c n a t u r e o f t h e M A X . T h e D O S a n d b a n d s t r u c t u r e 

r e s u l t s a g r e e w i t h p r e v i o u s w o r k s o n t h e o r e t i c a l s t u d i e s o f 

N b 2 A l C , 5 7 - 5 8 T a 2 A l C 3 6 a n d T i 3 A l C 2 . 3 5 - 5 9 

H a v i n g a b a s i c u n d e r s t a n d i n g o f t h e M A X , w e p r o c e e d e d 

w i t h e x t e n s i v e e x p e r i m e n t a l m a t e r i a l c h a r a c t e r i s a t i o n s . S E M 

w a s u s e d t o s t u d y t h e m o r p h o l o g y o f t h e t h r e e p h a s e s a n d t h e 

o b t a i n e d m i c r o g r a p h s a r e s h o w n i n F i g . 2 A - C . A l l t h e M A X 

p r e s e n t e d t h e t i g h t l a y e r e d s t r u c t u r e t y p i c a l o f t h e s e n o n -

e x f o l i a t e d m a t e r i a l s a n d n o a d d i t i o n a l s t r u c t u r e s w e r e s e e n . 

A d e t a i l e d s t u d y o f t h e s u r f a c e e l e m e n t a l c o m p o s i t i o n b y 

e m p l o y i n g E D S c o n f i r m e d t h e p r e s e n c e o f t h e c o m p o s i n g 

e l e m e n t s o f t h e M A X ( t r a n s i t i o n m e t a l , a l u m i n i u m , a n d 

c a r b o n ) , b u t a l s o d e t e c t e d a c o n s i d e r a b l e a m o u n t o f o x y g e n . I n 

p a r t i c u l a r , t h e e l e m e n t a l m a p p i n g r e p o r t e d i n F i g . 3 A - C s h o w s 

t h a t o x y g e n i s u n i f o r m l y d i s t r i b u t e d o n t h e M A X , i n d i c a t i n g t h e 

p o s s i b l e p r e s e n c e o f m e t a l o x i d e s . C o m p a r i n g t h e m a p p i n g o f 

o x y g e n w i t h t h e o t h e r e l e m e n t s , w e o b s e r v e d t h e c o r r e s p o n 

d e n c e o f t h e h i g h - i n t e n s i t y s p o t s b e t w e e n a l u m i n i u m a n d 

o x y g e n , s u g g e s t i n g t h e p r e s e n c e o f a l u m i n i u m o x i d e . T h e 

e l e m e n t a l q u a n t i f i c a t i o n f r o m t h e E D S s p e c t r a ( F i g . S 3 f ) s h o w s 

t h a t T a 2 A l C i s t h e M A X w i t h t h e l a r g e s t a m o u n t o f o x y g e n ( 2 2 . 9 

A t % ) , f o l l o w e d b y N b 2 A l C ( 1 0 . 8 A t % ) , a n d T i 3 A l C 2 ( 4 . 8 A t % ) . F o r 

a l l o f t h e m , t h e s u m o f t h e e l e m e n t s d e v i a t e d f r o m t h e e x p e c t e d 

s t o i c h i o m e t r y , s u p p o r t i n g t h e p r e s e n c e o f o t h e r e l e m e n t s o r 

d i f f e r e n t m e t a l o x i d e s . 

X P S w a s u t i l i s e d t o s t u d y i n m o r e d e t a i l t h e s u r f a c e c h e m i c a l 

c o m p o s i t i o n s o f t h e t h r e e M A X ( F i g . 4 A - C ) . T h e s u r v e y s p e c t r a 

o f t h e p h a s e s c o n f i r m e d t h e o b s e r v a t i o n b y E D S , s h o w i n g t h e 

p r e s e n c e o f t h e c o r r e s p o n d i n g t r a n s i t i o n m e t a l s , a l u m i n i u m , 

c a r b o n , a n d o x y g e n . N o a d d i t i o n a l e l e m e n t s w e r e d e t e c t e d . O n l y 

t h e m a i n p e a k s f o r e a c h e l e m e n t w e r e l a b e l l e d i n t h e s u r v e y 

s p e c t r a i n F i g . 4 . T h e h i g h - r e s o l u t i o n s p e c t r a o f a l l t h e m a i n 

p e a k s w e r e r e c o r d e d t o f u r t h e r a n a l y s e t h e o x i d a t i o n s t a t e o f t h e 

t r a n s i t i o n m e t a l s a n d t h e c h e m i c a l b o n d i n g w i t h c a r b o n a n d 

o x y g e n . T h e d e c o n v o l u t i o n o f t h e t r a n s i t i o n m e t a l r e g i o n 

c o n f i r m e d t h e p r e s e n c e o f m e t a l - c a r b i d e a n d m e t a l - o x y g e n 

b o n d s . I n p a r t i c u l a r , t h e N b 3 d r e g i o n r e v e a l e d t h e d o u b l e t 

p e a k s f o r t h e m e t a l l i c s t a t e N b ° ( 2 0 2 . 9 e V , 2 0 5 . 6 e V ) , 6 0 t h e 

d o u b l e t r e l a t i v e t o t h e b o n d w i t h c a r b o n ( 2 0 3 . 7 e V , 2 0 6 . 4 e V ) , 6 1 

a n d t h e o n e f o r t h e o x i d a t i o n s t a t e N b 5 + ( 2 0 7 . 3 e V , 2 1 0 . 0 e V ) , 6 2 

d e n o t i n g t h e p r e s e n c e o f N b 2 0 5 . T h e d e c o n v o l u t i o n o f t h e T a 4 f 

r e g i o n s h o w e d t h e T a - C d o u b l e t s ( 2 2 . 4 e V , 2 4 . 2 e V ) , 6 3 a n d t h e 

p e a k s r e l a t e d t o t h e o x i d a t i o n s t a t e T a 5 + ( 2 6 . 1 e V , 2 8 . 0 e V ) , 6 4 

w h i c h c a n b e a t t r i b u t e d t o T a 2 0 5 . T h e h i g h - r e s o l u t i o n s p e c t r u m 

o f t h e T i 2 p r e g i o n o f T i 3 A l C 2 r e v e a l e d t h e T i - C d o u b l e t s 

( 4 5 5 . 0 e V , 4 6 1 . 2 e V ) , 6 5 t h e p e a k s r e l a t e d t o t h e m e t a l l i c s t a t e T i ° 
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Ene rgy (eV) 

Fig. 1 T o t a l d e n s i t y o f s ta tes (DOS) a n d b a n d s t r u c t u r e o f N b 2 A l C (A, a), T a 2 A l C (B, b) a n d T i 3 A l C 2 (C, c). T h e F e r m i leve l , Ef is s h o w n by t h e b l a c k 
d a s h e d l ine. 

Fig. 2 S E M m i c r o g r a p h s o f M A X phases , N b 2 A l C (A), T a 2 A l C (B), a n d T i 3 A l C 2 (C). T h e s c a l e bars a re 2 urn. 
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[ 4 5 3 . 7 e V , 4 5 9 . 8 e V ) , 6 6 a n d t h o s e o f t h e o x i d a t i o n s t a t e T i 4 + 

[ 4 5 8 . 6 e V , 4 6 4 . 2 e V ) , 6 7 w h i c h i n d i c a t e d t h e e x i s t e n c e o f T i 0 2 . T h e 

d e c o n v o l u t i o n o f t h e A l 2 p r e g i o n o f a l l t h e M A X v a l i d a t e d w h a t 

w a s d e d u c t e d f r o m E D S m a p p i n g . T h e w i d e p e a k a t 7 4 . 4 e V 

i n d i c a t e d t h e p r e s e n c e o f A l 2 0 3 , A l - O a n d A l - O H i n t h e t h r e e 

M A X . 6 8 T h e d e t a i l e d a n a l y s i s o f t h e C I s r e g i o n p r e s e n t e d 

s i m i l a r c h a r a c t e r i s t i c s f o r a l l M A X , w i t h t h e p e a k c o r r e l a t e d t o 

t h e a d v e n t i t i o u s c a r b o n ( 2 8 5 . 0 e V ) , a n d t h e m e t a l c a r b i d e p e a k 

o f t h e a n a l y s e d m a t e r i a l ( N b - C 2 8 2 . 8 e V , 6 9 T a - C 2 8 2 . 5 e V , 6 9 a n d 

T i - C 2 8 1 . 3 e V 6 5 ) . T h e d e c o n v o l u t i o n o f t h e O I s r e g i o n 

c o n f i r m e d t h e p r e s e n c e o f t h e c o r r e s p o n d i n g t r a n s i t i o n m e t a l 

o x i d e s d e t e c t e d f r o m t h e h i g h - r e s o l u t i o n s p e c t r u m o f t h e 

t r a n s i t i o n m e t a l s o f t h e M A X , i n p a r t i c u l a r t h e N b 2 0 5 p e a k a t 

5 3 0 . 3 e V , 6 2 T a 2 0 5 a t 5 3 0 . 2 e V , 6 4 a n d T i 0 2 a t 5 2 9 . 7 e V . 6 7 S i m i l a r l y , 

t h e p e a k i n t h e O I s r e g i o n r e l a t e d t o A l 2 0 3 ( 5 3 1 . 3 e V ) 6 8 w a s 

d e t e c t e d i n a l l t h e M A X . 

E x c e p t f o r a f e w a l u m i n i u m o x i d e p a r t i c l e s d e t e c t e d f r o m t h e 

E D S m a p p i n g i n F i g . 3 , i n g e n e r a l , n o v i s i b l y d i f f e r e n t s t r u c t u r e s 

w e r e n o t i c e d f r o m t h e S E M i m a g e s i n F i g . 2 . I t i s a p p a r e n t f r o m 

t h e E D X a n d X P S a n a l y s e s t h a t a l l M A X c o n t a i n a c e r t a i n 

a m o u n t o f t h e i r r e s p e c t i v e t r a n s i t i o n m e t a l o x i d e s a n d 

a l u m i n i u m o x i d e s ( a n d h y d r o x i d e s ) i n t h e b u l k a n d o n t h e 

s u r f a c e . M o r e o v e r , t h e X R D p a t t e r n s o f M A X p h a s e s , r e p o r t e d i n 

F i g . S 4 , f c o n f i r m e d t h e p r e s e n c e o f M A X p h a s e s 7 0 - 7 2 a n d t r a c e s 

o f A l 2 0 3 , 7 2 b u t w i t h o u t t h e c o r r e s p o n d i n g m e t a l o x i d e s . O n t h e 

o t h e r h a n d , t h e m e t a l o x i d e s d e t e c t e d w i t h t h e s u r f a c e - s e n s i t i v e 

X P S a n a l y s i s w e r e n o t f o u n d w i t h X R D m e a s u r e m e n t s . T h e 

o b s e r v a t i o n s s u g g e s t t h e l o w c o n c e n t r a t i o n o f t h e m e t a l ( N b , T a , 

T i ) o x i d e s r e l a t i v e t o t h e M A X a n d t h e p o o r c r y s t a l l i n i t y o f t h e s e 

c o m p o u n d s . I n g e n e r a l , t h e p r e s e n c e o f t h e a d d i t i o n a l m e t a l 

o x i d e s t h a t a r e n o t e x p e c t e d f r o m t h e p u r e M A X w o u l d l i k e l y 

i n f l u e n c e t h e p r o p e r t i e s a n d t h e e l e c t r o c h e m i c a l p e r f o r m a n c e s 

o f t h e M A X , s i n c e m e t a l o x i d e s s u c h a s N b 2 0 5 , T a 2 0 5 , T i 0 2 a n d 

A l 2 0 3 a r e e i t h e r p h o t o a c t i v e o r c a t a l y t i c a l l y a c t i v e , o r b o t h . 7 3 - 7 7 

T h e e s t i m a t i o n o f t h e o p t i c a l b a n d g a p o f t h e M A X w a s o b 

t a i n e d b a s e d o n d i f f u s e r e f l e c t a n c e m e a s u r e m e n t s . T h e 

K u b e l k a - M u n k ( K - M ) m o d e l 5 3 w a s a p p l i e d i n t h e c a l c u l a t i o n o f 

t h e a b s o r p t i o n c o e f f i c i e n t o f t h i c k p o w d e r s a m p l e s a n d s u b s e 

q u e n t l y l e d t o t h e b a n d g a p e x t r a p o l a t i o n f r o m t h e T a u c p l o t , 

t h r o u g h g r a p h i c a l m e t h o d s . A s s u m i n g d i r e c t t r a n s i t i o n f o r t h e 

M A X , F i g . 5 A - C s h o w t h e T a u c p l o t s t r a n s f o r m e d f r o m t h e 

r e f l e c t a n c e m e a s u r e m e n t ( e q n (3)) . D e t a i l s o f t h e o p t i c a l 

b a n d g a p e s t i m a t i o n a r e g i v e n i n t h e E x p e r i m e n t a l s e c t i o n . T h e 

e s t i m a t i o n o f t h e b a n d g a p v a l u e i s u s u a l l y o b t a i n e d u s i n g t h e 

T a u c p l o t g r a p h i c a l m e t h o d f o r s e m i c o n d u c t o r m a t e r i a l s b u t , i n 

t h i s w o r k , m a t e r i a l s c h a r a c t e r i s a t i o n s s h o w e d t h e c o - e x i s t e n c e 

o f m o r e t h a n a s i n g l e s e m i c o n d u c t o r c o m p o u n d i n t h e M A X . 

F o r t h i s r e a s o n , t h e " b a s e l i n e m e t h o d " w a s a d o p t e d , a l s o 

a p p l y i n g a l i n e a r f i t t o t h e s l o p e r i g h t b e l o w t h e f u n d a m e n t a l 

a b s o r p t i o n ( b a s e l i n e , s o l i d l i n e ) a n d t h e b a n d g a p w a s e x t r a p 

o l a t e d f r o m t h e i n t e r s e c t i o n o f t h e t w o f i t t e d l i n e s . 5 5 N b 2 A l C a n d 

T a 2 A l C s h o w e d t w o d i f f e r e n t s t e e p r e g i o n s , i n d i c a t i n g t h e 

p r e s e n c e o f t w o d i f f e r e n t p h o t o a c t i v e s e m i c o n d u c t o r s , t h u s , t w o 

b a n d g a p v a l u e s w e r e o b t a i n e d , 2 . 2 e V a n d 3 .1 e V f o r N b 2 A l C , 

a n d 2 . 2 e V a n d 3 .3 e V f o r T a 2 A l C . T i 3 A l C 2 p r e s e n t e d o n l y o n e 

f u n d a m e n t a l a b s o r p t i o n w i t h a b a n d g a p o f 2 . 4 e V . T h e e s t i 

m a t i o n o f t h e b a n d g a p w a s a l s o p e r f o r m e d a s s u m i n g i n d i r e c t 

t r a n s i t i o n s , a s s h o w n i n F i g . S 5 . f T h e c a l c u l a t e d v a l u e s a g r e e d 

w i t h t h e o n e s p r e v i o u s l y d i s c u s s e d , d i f f e r i n g b y a b o u t 0 .1 e V . 

C o n s i d e r i n g w h a t w a s o b s e r v e d f r o m t h e m a t e r i a l s c h a r a c t e r 

i s a t i o n , t h e d i f f e r e n t b a n d g a p s c a n b e r e l a t e d t o t h e d i f f e r e n t 

m e t a l o x i d e s d e t e c t e d w i t h X P S a n a l y s e s . I t w a s r e p o r t e d t h a t 
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Fig. 4 XPS s p e c t r a o f M A X p h a s e s , N b 2 A l C (A), T a 2 A l C (B), a n d T i 3 A l C 2 (C) w i t h h i g h - r e s o l u t i o n ana l ys i s o f m e t a l (Nb 3 d , T a 4 f o r T i 2p) , A l 2 p , C Is , 
a n d O Is. T h e m a i n XPS p e a k fo r e a c h e l e m e n t is l a b e l l e d in the s u r v e y s p e c t r u m . 

the band gap of N b 2 0 5 can vary between 3.1 eV and 5.3 eV, 7 8 

while for T a 2 0 5 it was reported that the experimental band gap 
is between 3.6 eV and 4 . 0 eV. 7 9 " 8 1 The latter differs from the 
calculated value but it is also important to highlight that the 
equation developed by Tauc referred to amorphous materials, 
therefore the presence of crystalline phases can lead to the 

underestimation of the band gap. 8 2 , 8 3 Moreover, the absorption 
spectra of N b 2 A l C , Ta 2 AlC, and T i 3 A l C 2 (Fig. S 6 f ) confirmed that 
all the M A X showed absorptions in the visible and UV region. 

The material characterisations highlighted two features that 
are common to all the M A X : the presence of A l 2 0 3 detected by 
EDS and XPS, and the existence of a material that possesses 
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Fig. 5 T a u c p lo ts o f t h e K u b e l k a - M u n k f u n c t i o n c a l c u l a t e d f r o m t h e 
r e f l e c t a n c e s p e c t r a o f N b 2 A l C (A), T a 2 A l C (B), a n d T i 3 A l C 2 (C), a s s u m i n g 
d i r e c t t r ans i t i ons . T h e d a s h e d a n d s o l i d b l a c k l ines s h o w t h e f i t ted l ine 
f r o m t h e T a u c m e t h o d a n d t h e base l i ne , r e spec t i v e l y . T h e e s t i m a t i o n 
of t h e b a n d g a p va l ue c o r r e s p o n d s t o t h e a b s c i s s a o f t h e i n t e r s e c t i o n 
of t h e t w o l ines, as s h o w n by t h e d o t t e d v e r t i c a l l ine . 

a b a n d g a p a r o u n d 2 . 2 - 2 . 4 e V , e x t r a p o l a t e d f r o m t h e T a u c p l o t s . 

AI2O3 i s a n i n s u l a t o r t h a t i s n o t s u p p o s e d t o a b s o r b l i g h t , s i n c e 

i t p o s s e s s e s a w i d e b a n d g a p b e t w e e n 5 .1 e V a n d 7 . 6 e V , 

d e p e n d i n g o n t h e c r y s t a l l i n e f o r m a n d t h e s y n t h e s i s m e t h o d . 8 4 

H o w e v e r , i t w a s r e p o r t e d t h a t A l 2 0 3 c a n b e a p p l i e d i n t h e p h o -

t o d e g r a d a t i o n o f p h e n o l i c c o m p o u n d s u n d e r t h e i n f l u e n c e o f 

U V l i g h t . 7 3 ' 7 4 I n p a r t i c u l a r , i t w a s r e p o r t e d h o w t h e b a n d g a p o f 

t h e A l 2 0 3 s y n t h e s i s e d b y t h e s o l - g e l m e t h o d c h a n g e d d r a m a t i 

c a l l y b a s e d o n t h e a n n e a l i n g t e m p e r a t u r e , a s c r i b e d t o t h e 

h y d r o x y l g r o u p s o f t h e m a t e r i a l . T h e s e f u n c t i o n a l i t i e s a r e 

r e s p o n s i b l e f o r t h e p h o t o r e s p o n s e s i n c e t h e y a l l o w t h e 

a b s o r p t i o n o f m o l e c u l e s t h a t c a n f o r m r e a c t i v e o x y g e n s p e c i e s , 

i n v o l v e d i n t h e d e g r a d a t i o n p r o c e s s . 7 3 T h e p r e s e n c e o f A l - O H 

g r o u p s w a s d e t e c t e d i n a l l M A X u s e d i n t h i s w o r k , a s s h o w n i n 

F i g . 4 . H o w e v e r , i t i s d i f f i c u l t t o u n d e r s t a n d t h e i r r o l e i n t h e 

p h o t o c a t a l y t i c p r o c e s s s i n c e t h e y a r e i m p u r i t i e s t h a t f o r m e d 

s p o n t a n e o u s l y d u e t h e e x p o s u r e t o a i r a n d t h e y c a n n o t e a s i l y b e 

i s o l a t e d t o i n v e s t i g a t e i n d e t a i l t h e i r e x a c t c o m p o s i t i o n a n d 

p r o p e r t i e s . I n c o n t r a s t t o t h e t h e o r e t i c a l c a l c u l a t i o n t h a t a l l 

t h r e e M A X h a v e c o n t i n u o u s D O S a n d b a n d s t r u c t u r e s w i t h o u t 

a g a p , i n d i c a t i n g a m e t a l l i c b e h a v i o u r , t h e e x p e r i m e n t a l e v a l u 

a t i o n s h o w s t h a t t h e M A X w i t h m i x e d m e t a l o x i d e s , a s a w h o l e , 

p o s s e s s o p t i c a l b a n d g a p s w i t h s e m i c o n d u c t o r c h a r a c t e r i s t i c s 

a n d p o t e n t i a l l y d e m o n s t r a t e p h o t o r e s p o n s e s . 

T o v e r i f y t h e h y p o t h e s i s , l i n e a r s w e e p v o l t a m m e t r y w a s u s e d 

t o t e s t t h e p h o t o e l e c t r o c h e m i c a l a c t i v i t y o f M A X f o r H E R u n d e r 

t h e i n f l u e n c e o f i l l u m i n a t i o n a t d i f f e r e n t w a v e l e n g t h s . T h e 

w a v e l e n g t h o f t h e l i g h t s o u r c e s w a s c h o s e n b a s e d o n t h e e s t i 

m a t e d b a n d g a p s m e n t i o n e d a b o v e , c o v e r i n g t h e r e g i o n o f t h e 

e l e c t r o m a g n e t i c s p e c t r u m t h a t g o e s f r o m u l t r a v i o l e t ( U V , 3 6 5 

n m ) , c l o s e t o t h e s t a r t ( b l u e , 4 6 0 n m ) a n d t h e e n d ( r e d , 6 6 0 n m ) 

o f t h e v i s i b l e r e g i o n . F i g . 6 A - C s h o w t h a t c o n s i d e r i n g t h e 

o v e r p o t e n t i a l a t —10 m A c m T 2 , a l l M A X p r e s e n t e d a l o w e r 

o v e r p o t e n t i a l c o m p a r e d t o t h e b a r e s c r e e n - p r i n t e d c a r b o n 

e l e c t r o d e s ( S P C E , d a s h e d l i n e ) , m e a s u r e d f o r r e f e r e n c e . G e n e r 

a l l y , e x p o s u r e t o t h e l i g h t l e d t o b e t t e r p e r f o r m a n c e s f o r a l l 

M A X . N b 2 A l C s h o w e d t h e l o w e s t o v e r p o t e n t i a l u n d e r t h e i n f l u 

e n c e o f U V l i g h t ( 7 5 8 m V ) , f o l l o w e d b y t h e r e d ( 8 1 4 m V ) , a n d t h e 

b l u e l i g h t s o u r c e s ( 8 6 3 m V ) , a s c o m p a r e d t o n o n - i l l u m i n a t e d 

( 9 0 4 m V ) . T a 2 A l C a l s o p r e s e n t e d a d e c r e a s e d o v e r p o t e n t i a l o f 

7 6 0 m V , 7 8 7 m V , a n d 8 1 1 m V w h e n i l l u m i n a t e d b y 3 6 5 n m , 

4 6 0 n m , a n d 6 6 0 n m l i g h t , r e s p e c t i v e l y . T h e e l e c t r o d e m e a s u r e d 

w i t h o u t i l l u m i n a t i o n a g a i n p r e s e n t e d t h e h i g h e s t o v e r p o t e n t i a l 

( 8 6 3 m V ) . A s m e n t i o n e d a b o v e , b o t h M A X p e r f o r m e d b e t t e r 

a f t e r e x p o s u r e t o U V l i g h t , t h a n k s t o t h e p r e s e n c e o f t h e 

r e s p e c t i v e t r a n s i t i o n m e t a l o x i d e s ( N b 2 0 5 a n d T a 2 0 5 ) t h a t a r e 

k n o w n t o b e a c t i v e i n t h e U V r e g i o n . H o w e v e r , T i 3 A l C 2 e x h i b i t e d 

a n o v e r p o t e n t i a l o f 8 1 4 m V i n t h e d a r k a n d s h o w e d t h e b e s t 

p h o t o a c t i v i t y w h e n e x p o s e d t o v i s i b l e l i g h t , p r e s e n t i n g a n 

o v e r p o t e n t i a l o f 6 8 0 m V w i t h t h e b l u e s o u r c e a n d 6 9 7 m V w i t h 

t h e r e d o n e , b u t w a s l e s s a c t i v e w h e n i l l u m i n a t e d b y U V l i g h t , 

w i t h a n o v e r p o t e n t i a l o f 7 3 6 m V . T h i s t r e n d a g r e e s w i t h t h e 

f u n d a m e n t a l a b s o r p t i o n i n t h e v i s i b l e r e g i o n a n d t h e d e d u c e d 

b a n d g a p (2 .4 e V ) s h o w n i n F i g . 5 C . T h e r e s u l t s a g r e e w i t h t h e 

p h o t o a c t i v i t y o f M A X i n t h e l i t e r a t u r e . 3 3 ' 3 4 

E v e n t u a l l y , c h r o n o a m p e r o m e t r y m e a s u r e m e n t s ( F i g . S 7 f ) 

w e r e p e r f o r m e d i n t h e s a m e e l e c t r o l y t e s w i t c h i n g o n / o f f t h e 

l i g h t s o u r c e ( 6 6 0 n m ) t o c o n f i r m t h e p h o t o e l e c t r o c h e m i c a l 

r e s p o n s e r e p o r t e d i n F i g . 6 . T h e r e s u l t s s h o w e d t h a t a l l M A X 

e x h i b i t e d a l a r g e r c u r r e n t i n c r e m e n t d u r i n g i l l u m i n a t i o n a s 

c o m p a r e d t o t h e b a r e G C . I n p a r t i c u l a r , N b 2 A l C s h o w e d t h e 

m o s t p r o m i n e n t i n c r e a s e i n c u r r e n t , f o l l o w e d b y T i 3 A l C 2 a n d 

T a 2 A l C . T h e r e s u l t s o b t a i n e d a g r e e w i t h t h e t r e n d o f t h e p o l a r 

i s a t i o n c u r v e s i n F i g . 6. 
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Fig. 6 L inea r s w e e p v o l t a m m o g r a m s o f M A X phases , N b a A l C (A), 
T a 2 A l C (B), a n d T i 3 A l C 2 (C) s u p p o r t e d by S P C E m e a s u r e d in 0.5 M 
H 2 S 0 4 e l e c t r o l y t e ; s c a n rate 5 m V s _ 1 . T h e m e a s u r e m e n t s w e r e c a r r i e d 
o u t in t h e dark a n d t h e n t h e s a m p l e w a s e x p o s e d t o l ight s o u r c e s o f 
d i f f e r en t w a v e l e n g t h s . 

T h e a p p l i c a t i o n o f t h e N b 2 A l C , T a 2 A l C a n d T i 3 A l C 2 a s p h o -

t o e l e c t r o c a t a l y s t s f o r h y d r o g e n p r o d u c t i o n r e i n f o r c e d t h e 

h y p o t h e s i s t h a t t h e d e t e c t e d m e t a l o x i d e i m p u r i t i e s c o n t r i b u t e d 

s i g n i f i c a n t l y t o t h e p h o t o a c t i v i t y o f t h e s e m a t e r i a l s , a s s c h e 

m a t i c a l l y s h o w n i n S c h e m e 3 . F u r t h e r m o r e , s u r f a c e e n g i n e e r i n g 

H + 

CB 

/ / S VB 
MVIn+1AXn + M-0 + .JAI-0 

M = Nb, Ta, or Ti 
A = AI 

E l e c t r o d e X = c 
n = 1, 2 

S c h e m e 3 R e p r e s e n t a t i o n o f t h e m e c h a n i s m o f t h e p h o t o -
e l e c t r o c h e m i c a l HER , w h e r e t h e o x i d e impu r i t i e s t ake part in t h e 
p h o t o e l e c t r o c a t a l y t i c p r o c e s s . 

c a n b e u s e d t o t u n e t h e p r o p e r t i e s o f t h e s e m a t e r i a l s a n d 

o p t i m i s e t h e i r p e r f o r m a n c e i n e n e r g y - r e l a t e d a p p l i c a t i o n s . 

C o n c l u s i o n 

I n s u m m a r y , w e s t u d i e d t h e p r o p e r t i e s o f t h r e e M A X p h a s e s , 

N b 2 A l C , T a 2 A l C , a n d T i 3 A l C 2 , u s i n g t h e o r e t i c a l a n d e x p e r i 

m e n t a l a p p r o a c h e s t o i n v e s t i g a t e t h e o r i g i n o f t h e i r p h o t o -

a c t i v i t y . T h e t h e o r e t i c a l c a l c u l a t i o n s c o n c l u d e t h a t t h e m e t a l s 

c o n t r i b u t e d o m i n a n t l y t o t h e D O S a r o u n d t h e F e r m i l e v e l , 

c o n f i r m i n g t h e m e t a l l i c n a t u r e o f t h e s e c o m p o u n d s , w i t h n o 

b a n d g a p i n t h e v i c i n i t y o f t h e F e r m i l e v e l . X P S a n d E D S a n a l y s e s 

d e t e c t e d n o t o n l y t h e p r e s e n c e o f t h e r e s p e c t i v e t r a n s i t i o n m e t a l 

o x i d e s b u t a l s o a r e l e v a n t a m o u n t o f A l 2 0 3 . I n c o n t r a s t t o t h e 

t h e o r e t i c a l c a l c u l a t i o n , i t w a s e x p e r i m e n t a l l y e s t i m a t e d t h a t f o r 

N b 2 A l C a n d T a 2 A l C , t h e r e a r e t w o f u n d a m e n t a l a b s o r p t i o n s a t 

2 . 2 e V , 3 .1 e V , a n d 2 . 2 e V , 3 .3 e V , r e s p e c t i v e l y . M o r e o v e r , t h e 

e s t i m a t e d b a n d g a p f o r T i 3 A l C 2 w a s 2 .4 e V . A s a c o n f i r m a t i o n o f 

t h e p r e s e n c e o f p h o t o a c t i v e m a t e r i a l , a l l M A X s h o w e d e n h a n c e d 

p h o t o c a t a l y t i c a c t i v i t y t o w a r d s t h e H E R w h e n e x p o s e d t o i l l u 

m i n a t i o n b y d i f f e r e n t l i g h t s o u r c e s . I n p a r t i c u l a r , N b 2 A l C a n d 

T a 2 A l C p e r f o r m e d b e t t e r ( 7 5 8 m V a n d 7 6 0 m V o f o v e r p o t e n t i a l , 

r e s p e c t i v e l y ) w h e n e x p o s e d t o U V l i g h t , a n d T i 3 A l C 2 s h o w e d t h e 

l o w e s t o v e r p o t e n t i a l ( 6 8 0 m V ) w h e n e x p o s e d t o t h e 4 6 0 n m l i g h t 

s o u r c e , i n a c c o r d a n c e w i t h t h e e s t i m a t e d o p t i c a l b a n d g a p s . I n 

g e n e r a l , t h e f o r m a t i o n o f o x i d e s o n M A X p h a s e s h a s b e e n 

a l r e a d y r e p o r t e d , s i n c e c o n t a m i n a t i o n i s u n a v o i d a b l e i f t h e 

m a t e r i a l c o m e s i n c o n t a c t w i t h t h e a i r o r w i t h o x i d i s i n g 

s o l v e n t s . 8 5 ' 8 6 I n t h i s w o r k , w e s h o w e d h o w t h e s e i m p u r i t i e s c a n 

p l a y a c r u c i a l r o l e i n p h o t o e l e c t r o c h e m i c a l h y d r o g e n g e n e r a 

t i o n , l e a d i n g t o b e t t e r p e r f o r m a n c e s t h a n k s t o t h e i r i n t r i n s i c 

p h o t o a c t i v i t y . T h e s e f i n d i n g s c a n o p e n t h e d o o r f o r f u r t h e r 

i m p l e m e n t a t i o n o f M A X p h a s e s a s p h o t o e l e c t r o c a t a l y s t s . I n 

a d d i t i o n t o t h e t h r e e M A X i n v e s t i g a t e d i n t h i s w o r k , m o r e t h a n 

1 5 0 o t h e r M A X p h a s e s 8 7 s y n t h e s i s e d t o d a t e m i g h t d e m o n s t r a t e 

s i m i l a r p h o t o a c t i v e p r o p e r t i e s , w h i c h a r e y e t t o b e t e s t e d a n d 

p o s s i b l y a p p l i e d i n t h i s f i e l d . 
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M . S: m a t e r i a l c h a r a c t e r i s a t i o n ( S E M , E D S , X P S a n d o p t i c a l 

m e a s u r e m e n t s ) , e l e c t r o c h e m i c a l m e a s u r e m e n t s , d a t a a n a l y s i s , 

o r i g i n a l d r a f t . K . N . : t h e o r e t i c a l c a l c u l a t i o n s ( D O S , b a n d s t r u c 

t u r e ) , m a t e r i a l c h a r a c t e r i s a t i o n ( X R D , C L S M ) , d a t a a n a l y s i s , 

o r i g i n a l d r a f t . S. N . : c o n c e p t u a l i s a t i o n , d a t a a n a l y s i s , e d i t i n g 

a n d r e v i s i o n o f t h e m a n u s c r i p t . M . C : f u n d i n g a c q u i s i t i o n , 

s u p e r v i s i o n o f t h e o r e t i c a l p a r t , e d i t i n g a n d r e v i s i o n o f t h e 

m a n u s c r i p t . M . P . : f u n d i n g a c q u i s i t i o n , s u p e r v i s i o n o f t h e 

e x p e r i m e n t a l p a r t , c o n c e p t u a l i s a t i o n , e d i t i n g a n d r e v i s i o n o f 
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P a r t 2 : 3 D p r i n t i n g f o r t h e d e v e l o p m e n t o f f u n c t i o n a l 

e l e c t r o d e s f o r p h o t o e l e c t r o c h e m i c a l a p p l i c a t i o n s 
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8. Heterolayered carbon allotrope architectonics via 

multi-material 3D printing for advanced 

electrochemical devices 

Published paper included in this chapter: 

Palacios-Corella, M . ; Sanna, M . ; Mufioz, J.; Ghosh, K.; Wert, S.; Pumera, M . , Heterolayered 

carbon allotrope architectonics via multi-material 3D printing for advanced electrochemical 

devices, Virtual and Physical Prototyping, 2023, 18:1. 

8.1. Motivation for the study 

Despite the remarkable strides made in 3D printing technology, the insulating nature of 

commonly employed polymer-based filaments poses a challenge for electronic applications. 

Carbon allotropes embedded in polymer matrices have been developed to enhance filament 

conductivity, leading to the advent of 3D-printed carbon electrodes to address this limitation. 

Carbon nanomaterials, renowned for their exceptional properties at the nanoscale, have 

garnered significant attention for electrochemical sensing applications. This work explores the 

potential of multi-material 3D printing for engineering heterolayered structures, particularly 

focusing on carbon allotropes. By leveraging a print-pause-print approach, we seek to integrate 

diverse carbon filaments in a time-efficient manner, paving the way for the precise engineering 

of 3D-printed carbon electrodes with enhanced functionalities. The incorporation of 

heterolayers holds promise for augmenting electrochemical performance, with implications for 

energy conversion and chemical sensing applications. 
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8.2. Paper conclusion 

In this study, we present the fabrication of heterolayered 3D-printed carbon electrodes for the 

first time, employing multi-material 3D printing. These electrodes are composed of alternating 

commercially available CNT/PLA and CB/PLA conductive nanocomposite filaments. 

Following chemical activation, morphological characterization unveiled an asymmetric surface 

exposing both ID and 3D nanocarbon allotropes. Electrochemical analysis revealed that the 

electrodes exhibit intermediate electrochemical properties compared to electrodes made solely 

of individual carbon allotropes, although statistical analysis did not show significant differences 

between the electrodes. However, in applications such as the HER or the detection of ascorbic 

acid A A , multimaterial 3D-printed carbon electrodes outperformed electrodes made solely from 

a single carbon allotrope. This improvement is attributed to the heterolayered structure of the 

electrodes, facilitating the presence of metallic impurities in multimaterial 3D-printed carbon 

electrodes compared to CB electrodes, as well as the larger active area of multimaterial 3D-

printed carbon electrodes compared to CNT electrodes. Thus, the multimaterial printing 

approach presented here, based on alternating layers of different carbon filaments, offers a 

convenient, rapid, and scalable method for producing carbon electrodes with enhanced 

performance. Furthermore, this strategy lays the groundwork for developing a new generation 

of heterolayered 3D-printed electrodes incorporating various electroactive materials, such as 

2D materials, which holds promise for creating heterolayered structures applicable in 

supercapacitors, batteries, or biosensors. 

8.3. Author contribution 

In this work, I performed the electrochemical measurements and the statistical study related to 

the obtained result. I participated to the data analysis and plotted the significance findings 

obtained from the electrochemical measurements. 
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1. Introduction 

3D printing (also termed additive manufacturing) is 
probably one of the most revolutionary technologies 
developed during the twentieth century [1]. By fol lowing 
a bottom-up approach, 3D printing has gathered 
increasing interest in recent years as it allows for the 
fast production of structures by taking advantage of a 
layer-by-layer deposit ion of the desired material. The 
increasing amount of users has facilitated its fast devel
opment and implementation in many manufacturing 
processes [2]. Complex geometries, a very low amount 
of waste, and cost-effective production of structuralised 
materials are the principal benefits [3] of this technique 
that hasn't gone unnoticed by the scientific community. 
In this line, during the last decade, 3D printing has been 
exploited in the fabrication of structures employed in a 
wealth of scientific fields [4] and applications, such as 

(bio)sensing [5-14], (electro)catalysis [15-20], or micro-
robotics [21-24]. The high applicability of 3D printing 
has also reached the attention of the electrochemistry 
community due to its potential applicability for the 
printing of 3D electrodes [25], preparation of logic 
gates [26], processors [27], or devising of electrochemi
cal energy storage devices [28-32]. Particularly, for elec
tronics manufacturing, fused deposit ion modell ing 
(FDM) is one of the most appealing 3D printing 
methods because of its versatility and fast preparation 
of products [33]. In FDM, polymer-based filaments are 
molten in a movable nozzle to create the individual 
layers that compose the final object. Within the exten
sive library of polymers employed to prepare filaments, 
polylactic acid (PLA), acrylonitrile butadiene styrene 
(ABS), or Nylon could be highlighted as the most 
recurrent. However, the insulating nature of these poly
mers hinders their direct use for electronic applications. 
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To increase their conductivity, filaments consisting of 
mixtures of carbon allotropes embedded in a polymer 
matrix have been developed and commercialised, such 
as graphite/ABS [34,35], carbon nanotubes (CNTs)/PLA 
[36,37], or carbon black (CB)/PLA [38-40], which in turn 
have paved the way for the advance in the electrochem
istry field through the preparation of 3D-printed carbon 
electrodes (3D-PCEs) [40,41]. 

Carbon nanomaterials have emerged as strong candi
dates for electrochemical sensing due to their extraordi
nary properties on the nanoscale [42,43]. On the one 
hand, the diversity of chemical bonds displayed by 
carbon atoms, which can range from sp 3 to sp 1 hybri
dised states, give rise to different allotropic forms (e.g. 
CNTs, carbon fibres, fullerenes, etc.) that show distinct 
physicochemical properties and, additionally, exhibit 
different electrochemical surface area, conductivity or 
structure hybridisation [44]. However, besides these 
very interesting characteristics, carbon materials 
present intrinsic constraints that the materials science 
community has been minimising by merging them in 
harmoniously built heterostructures that consist of a 
layer-by-layer assembly of different 2D materials such 
as graphene/h-BN [45] or MoS 2 /graphene [46]. The 
final heterostructures exhibit remarkable properties 
due to the synergistic effect of the parent single layers. 
These important results motivate even more the devel
opment of heterolayered 3D printed structures that 
could combine several functionalities. Indeed, since the 
first 3D printed structure was built, the technique has 
advanced considerably within the electrochemistry com
munity, which has enabled the preparation of carbon 
composite filaments or inks [47] that can be further 
chemically modified [48], leading to improved or 
tunable properties of the final carbon electrode 
[49,50]. In addit ion, a combination of functionalities 
could easily be achieved in the future by integrating 
materials with very different properties. However, the 
development of heterostructures by 3D printing is 
nowadays an unmatured field. 

Thus, 3D printing, through Multi-material 3D printing, 
can enable the precise engineering of heterolayers via a 
print-pause-print approach in which a second functional 
material can be integrated with the first material by tem
poral disruption of the printing process in a time-
effective robotic controlled manner [51]. The multi-
material 3D printing approach could be considered the 
FDM alternative to the electrochemical double nozzle 
approach [52,53], and reveals itself as a strong candidate 
for combining different carbon allotropes since it allows 
for combining different filaments at the user's demand 
contrasting with conventional 3D printing, where only 
one filament can be used for the printing of a single 

structure. Mechanically, in multi-material 3D printing, a 
robotic body with a rotating pulley barrel and a single 
extruder motor pull up different filaments when they 
must be loaded, al lowing for a fast and fully automatised 
process. Thus, multi-material 3D printing would be a 
potential strategy to combine different carbon allo
tropes in 3D-PCEs via the formation of heterolayers. 
Importantly, the exploration of such heterolayered 
materials as 3D printed devices for electrochemical 
applications such as energy conversion (hydrogen evol 
ution reaction, HER) or sensing of chemical species is an 
unexplored field and their study could pave the way 
towards more efficient sensors or energy devices. 

Herein, the prototype of a heterolayered multi-
material 3D-printed carbon electrode (MM 3D-PCE) has 
been devised via multi-material 3D printing technology 
by alternating the deposit ion of two different commer
cially available carbon filaments (i.e. PLA/CNT and PLA/ 
CB). In the first section of the work, morphological and 
structural characterisation performed on all the electro
des show that an asymmetry is achieved in the M M 
3D-PCE, exposing both carbon allotropes on the 
different surfaces of the electrode, contrary to that 
observed in the pure material electrodes. Electrochemi
cal characterisation of the electrodes using cyclic vol-
tammetry performed on a conventional 
ferrocenemethanol (FcMeOH) redox marker reveals 
that M M 3D-PCEs present hybrid features between 
those of 3D-PCEs purely based on CNT or CB filaments, 
giving rise to calculated electrochemical parameters 
between those of the pure materials, although statistical 
analysis reveals no significant differences between elec
trodes. In the second and third sections of the work, it is 
demonstrated that this intermediate behaviour turns 
into a superior electroactivity when the hydrogen evol 
ution reaction (HER) is investigated, as the M M 3D-
PCEs show an improved performance of around 4 0 % 
compared to the closest pure material electrode. Simi
larly, when the detection of ascorbic acid (AA) is the 
object of study, the M M 3D-PCEs show improved 
response giving rise to a sensibility 1.2 times better 
than that of the pure material electrodes. Thus, this 
work offers a novel strategy for the development of 
M M 3D-PCEs via multi-material 3D printing for the prep
aration of advanced 3D-PCEs exhibiting improved elec
trochemical performances for task-specific applications. 

2 . Experimental 

2.1. Materials and chemicals 

The CB/PLA and CNT/PLA (brand name 'Black Magic') 
filaments used herein were commercially available and 
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purchased from Proto-Pasta, USA, and Graphene Labora
tories Inc., USA, respectively. N,N-Dimethylformamide 
(DMF) used for the chemical activation of printed elec
trodes was purchased from Sigma-Aldrich, Germany. 
The electrochemical activity of the electrodes was 
studied in a 1.5 m M aqueous solution of ferrocene-
methanol (FcMeOH, 9 9 % , ABCR GmbH, Germany) and 
0.2 M in potassium nitrate (KN0 3 , analytical grade, 
Merck KGaA, Germany). For studying their activity for 
the HER, 0.5 M sulfuric acid (H 2 S0 4 , 9 6 % , analytical 
grade, Penta, Czech Republic) was used. Deionised 
water with a resistivity >18.2 M Q cm (Milli-Q Advantage 
A10 system, Germany) was used to prepare solutions. 
Ascorbic acid was purchased from Merck and used 
without further purification. 

2.2. Apparatus and software 

Model l ing of the 3D-PCE was done using Autodesk 
Fusion 360 software. The slicing of the designed 
models was done using the PrusaSlicer 2.4.0 software. 
The electrodes were printed using a Prusa i3 MK3s 
printer which was upgraded with an MMU2s multi-
material unit (Prusa Research, Czech Republic). A ruby-
tipped 0.6 mm diameter nozzle (Olsson, 3DVerkstan, 
Sweden) was used for filament extrusion. The electrodes' 
morphology was assessed by scanning electron 
microscopy (SEM) using a LYRA 3 SEM (Tescan, Czech 

Republic). The surface composit ion of the materials 
was analysed by high-resolution X-ray photoelectron 
spectroscopy (XPS) using a Kratos (Axis Supra, UK), and 
Raman spectroscopy using an Alpha 300R (Witec, 
Oxford). Structural information was acquired by 
powder X-ray diffraction (PXRD) using a Rigaku Smartlab 
3 kW (Rigaku, Japan). Electrochemical studies were 
carried out using a potentiostat (PGSTAT 204, Autolab, 
Netherlands). A Pt rod and an Ag/AgCI (saturated KCI) 
were used as counter and reference electrodes. 

2.3. Electrode preparation 

M M 3D-PCEs were printed via multi-material 3D printing 
technology and had a lollipop-like shape consisting of 4 
alternating horizontal layers of CNT/CB materials as 
shown in Figure 1(B). The base layer was printed with 
CNT filament, while the second layer was printed with 
CB filament, and so on with the filament being automati 
cally changed after each layer deposition to integrate 
CNT/CB heterolayers. Specifically, each layer was set to 
a thickness of 0.15 mm. The circular head of the electro
des had a radius of 3 mm (6mm diameter), and the elec
trode rod had a width of 3.5 and 15 mm in length. For all 
the electrodes in this work, a 0.6 mm nozzle heated to 
220°C was employed to melt the filaments. The infill 
pattern was set to 1 5 % , and the bed printing tempera
ture was fixed to 60°C to ensure the best adhesion of 
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Figure 1. (A) S c h e m a t i c r e p r e s e n t a t i o n o f t h e m u l t i - m a t e r i a l 3 D p r i n t e r s e t u p u s e d t o f a b r i c a t e t h e h e t e r o l a y e r e d e l e c t r o d e b y c o m 
b i n i n g C N T (blue) a n d C B (red) f i l a m e n t s . (B) S c h e m a t i c s t r u c t u r e o f t h e p r i n t e d m u l t i - m a t e r i a l e l e c t r o d e w i t h a t o t a l o f f o u r layers . 
D i m e n s i o n s a re n o t f o r sca le . 
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the printed filament. For reference purposes, single 
material 3D-PCEs were printed solely using either CNT/ 
PLA or CB/PLA filaments. All the electrodes used 
throughout the work were printed using the aforemen
tioned parameters. Activation of 3D-PCEs was performed 
by wet-chemical activation in DMF for 1 h to partially 
remove the PLA and increase their conductivity [54]. In 
short, glass vials were filled with DMF, and the 3D-
PCEs electrodes were introduced individually in each 
vial in a standing position. After one hour immersed in 
the DMF, the solvent was removed, and the electrodes 
were successively washed three times with abundant 
water and three times with ethanol fol lowed by an over
night drying process under the air. 

2.4. Electrochemical measurements 

For electrochemical characterisation of the electrodes, 
cyclic voltammograms were recorded using a 1.5 m M 
FcMeOH redox marker solution containing 0.5 M K N 0 3 

as a supporting electrolyte. CVs were run three times 
between -0.4 and 1 V at a scan rate of 50 mV s - 1 . For 
investigating the electrodes' activity towards the hydro
gen evolution reaction (HER), linear sweep voltammo
grams (LSVs) were recorded in a 1 M H 2 S 0 4 aqueous 
solution. A linearly decreasing potential ranging from 
0.0 V to -1.4 V was applied to the 3D-printed electrodes, 
with a scan rate of 5 mV s - 1 . For sensing approaches, 
ascorbic acid (AA) was used as a model analyte. 
Different concentrations of analyte (2.5, 5, 10, 25, 50, 
100, and 200 ̂ M) were recorded by differential pulse vol-
tammetry (DPV) using a 0.1 M H N 0 3 / K N 0 3 electrolyte 
solution (scan rate: 50 mV s - 1 ) . 

2.5. Statistical analysis 

Unless otherwise stated, every electrochemical exper
iment was carried out three times for each type of 
electrode. For the calculation of electrochemical 
parameters and statistical values, the average of the 
three electrodes was calculated with the corresponding 
standard deviation expressed as the error of the value. 
For the data contained in Table 1, one-way ANOVA 
statistical analyses were carried out using Origin Pro 
software. For all the analyses carried out, the significance 
level was set to 0.05. 

3. Results and discussion 

The materials characterisation of multi-material 3D-
printed electrodes was carried out after their fabrication 
and activation with DMF for 1 h, which allowed to par
tially remove the PLA from the surface of the printed 
structures. The morphology of the electrodes was ana
lyzed using SEM (Figure 2). Both reference carbon elec
trodes (CNT and CB 3D-PCEs) showed their 
characteristic morphology observed previously after 
chemical activation [40,41,55]. Entangled carbon nano-
tubes (1D) (Figure 2(A)) for CNT 3D-PCEs or aggregates 
of very small nanosphere-shaped carbon particles (3D) 
(Figure 2(B)) for CB 3D-PCEs are observed and allow to 
distinguish between both materials easily under the 
electronic microscope. To better understand the hetero-
layered structure of the M M 3D-PCEs, two different SEM 
images were captured (Figure 2(C-D)), one from the 
bottom side and one from the top side, as the asym
metric nature of the electrode should render two sides 
with a very distinct morphology. SEM images of the 
bottom side of M M 3D-PCE reveal the typical mor
phology of CNT 3D-PCEs (Figure 2(C)) again. On the 
other hand, the pictures obtained for the top side 
(Figure 2(D)) stand out as it combines the presence of 
both carbon allotropes on the surface, similar to that 
observed in the 3D-printed electrodes from the com
mercial hybrid CNT/CB filament [50]. The presence of 
these CNTs on the top side of the MM-3DPCEs could 
be explained by the activation procedure with DMF. 
Upon removal of the outer layers of PLA of the electro
de's surface, CNTs are released from the bottom side 
of the MM-3DPCEs and stay in suspension in the DMF 
until the solvent is removed, when some of the CNTs 
transfer and deposit onto the top side of the electrode. 

After assessing the morphology of the 3D-PCEs, the 
physicochemical properties of the different electrodes 
were studied by XPS, RAMAN spectroscopy, and PXRD, 
which allowed the differentiation of structural character
istics of the carbon allotropes. XPS was used to analyze 
the different contributions resulting from the carbon 
allotropes. In the XPS measurements, the sample is irra
diated with X-rays, which leads to the photoemission of 
electrons with a given kinetic energy recorded in a 
detector. It should be noted that every element of the 
periodic table photoemits electrons with characteristic 
kinetic energy, al lowing their identification in the 

Table 1. P r i n c i p a l e l e c t r o c h e m i c a l p a r a m e t e r s c a l c u l a t e d f r o m C V d a t a ( a v e r age v a l u e s f r o m 3 e l e c t r o d e s ) . 
3D-PCE io W AFp (ml/) k° (cm-s-1) A (cm2) Ra (kO) 

MM 0.91 (±0.03) 23.5 (±0.5) 258 (±29) 3.95 X 1 0 ~ 4 (±1.7x10~ 4) 0.40 (±0.03) 1.10 (±0.03) 
CNT 0.94 (±0.02) 25.1 (±0.5) 320 (±35) 1.7 X 1 0 ~ 4 (±0.9 X10~ 4 ) 0.43 (±0.04) 1.02 (±0.02) 
CB 0.88 (±0.03) 19.5 (±0.9) 204 (±10) 7.77 X 1 0 ~ 4 (±0.9 X10~ 4 ) 0.45 (±0.03) 1.32 (±0.06) 
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Figure 2. S E M i m a g e s o f D M F - a c t i v a t e d C N T 3D-PCE (A), C B 3D-PCE (B), M M 3D-PCE b o t t o m s ide (C), M M 3D-PCE t o p s i d e (D). Sca le 
bars : 2 p m . 

sample. Thus, the C 1 s core level signal detected for CNT 
and CB 3D-PCEs was deconvoluted into different com
ponents that have been assigned to C 1s (sp2), C 1s 
(sp3), C 1s (C-O), C 1s (C = 0), and C 1s (0 = C-0) from 
lower to higher binding energy and are in good agree
ment with previous findings for these 3D-PCEs (Figure 
3(A-B)) [55]. The latter three and the sp 3 components 
are usually associated with the PLA matrix, while the 
s p 2 component corresponds to the C = C bonds 
present in the graphitic carbon [41,56]. In addit ion, the 
presence of C = 0 and C-0 groups can also be associ
ated with the oxidised form of graphitic carbon, 
especially in the case of the carbon black filament, and 
this oxidation has been demonstrated to have important 
effects in the roughness and different electrochemical 
parameters [57-59]. Furthermore, the significant C-0 

peak in the C1s spectrum of CB 3D-PCEs (shown in 
Figure 3(B)) suggests the presence of a substantial 
amount of PLA that was not eliminated during DMF acti
vation [60]. Thus, the bottom side of the MM-3DPCEs 
gave rise to very similar C 1s contributions to those 
observed for CNT 3D-PCEs, as expected, due to their 
similar composit ion. When compared with the pure CB 
3D-PCE, the top side of the M M 3D-PCE showed a 
decreased contribution from C 1s (C-O) and C 1s (C = 
0) with respect to the C 1s (sp2) and C 1s (sp3) peaks, 
whose origin is associated with the deposition of CNTs 
on the top side of the electrode (Figures 3(C-D)). XPS 
was additionally employed to evaluate the presence of 
metal impurities in all the electrodes. Metallic impurities 
are common metallic contamination is common in CNT 
filaments, and the origin of the metals can be found in 
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the experimental preparation of the nanotubes [17,61]. 
On the other hand CB filaments have not been widely 
studied and the presence of impurities is uncertain. 
Thus, wide spectra were collected for all the electrodes 
(Figure S1) corroborating the presence of Ti (0.2% at.) 
and Fe (0.06% at.) impurities on CNT 3D-PCEs and the 

bottom side of M M 3D-PCEs. Contrarily, metal impurities 
were not detected either on CB 3D-PCEs or the top side 
of M M 3D-PCEs. To get more insight into the nature of 
the carbon present in all the electrodes, Raman spec
troscopy was employed as an important technique. In 
the Raman technique, the sample is irradiated with 
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light of a fixed monochromatic wavelength. Following, 
the interaction of the light with the bonds of the chemi
cal species present in the sample provokes a shift of the 
monochromatic light towards higher or lower wave-
numbers through scattering and is registered in the 
detector. The Raman scattering allows the assessment 
of the D and G bands ratio, which is commonly used 
as a metric to characterise the density of defects in the 
carbon allotropes [62]. In this regard, both bands were 
found in the Raman spectra acquired for pure material 
CNT and CB 3D-PCEs around 1300 and 1600 c m " 1 , 
respectively. The spectra for both electrodes show 
marked differences between them with calculated lr/lG 

band ratios of 0.69 and 0.94, respectively (Figure 3(E)), 
allowing us to conclude that there is a higher degree 
of disorder in the carbon particles found in CB 3D-PCEs 
compared to the nanotubes that comprise CNTs-based 
electrodes [63]. The spectrum collected for the bottom 
side of M M 3D-PCEs reveals, again, an important simi
larity to that recorded for CNT 3D-PCEs, with a calculated 
/ c / / G band ratio of 0.73. As expected, the same spectrum 
measured for the top side of M M 3D-PCEs gives rise to a 
calculated lr/lG band ratio of 0.95, corroborating the 
strong presence of highly disordered CB black particles. 

To conclude the physicochemical characterisation, 
PXRD was used as a powerful technique to analyse the 
structure of the carbon species present on the surface 
of the carbon electrodes. In this technique, X-rays are 
focused on the sample with the constant movement of 
the generator and or detector theta angles with 
respect to the sample, and the diffracted X-rays by the 
sample are collected in the detector, al lowing to 
obtain diffraction patterns characteristic of each 
sample, which further allow obtaining atomic and 
plane positions. Scans run for all 3D-PCEs (Figure 3(F)) 
showed two main peaks at 29 of 17 and 19.3° which, 
according to previous reports, arise from the crystalline 
PLA polymer present in the electrode [64]. When CNT 
and CB 3D-PCEs diffraction patterns are compared at 
higher 29 values, two important diffraction peaks can 
be found at 29 25.3 and 26.7° for CNT 3D-PCEs, but 
not for CB 3D-PCEs. These peaks correspond to the inter-
layer spacing between layers of CNTs and are closely 
related to the diameter of the CNTs, which further corro
borates the high dispersity of CNTs in our electrodes 
[65,66]. The bottom side of the M M 3D-PCEs inherits 
the diffraction pattern observed for CNT 3D-PCEs, 
whilst the top side diffraction pattern shares an impor
tant similarity with the diffraction pattern observed for 
CB 3D-PCEs with the additional contribution of the 
CNTs deposited on the top layer during the activation 
procedure (see above). Finally, the surface conductivity 
of all the electrodes was determined by using a 

conventional 2-probe system. By measuring the 
surface resistance between two points separated by 1 
cm in 4 different electrodes of each type, we obtained 
the conductivity of the surface of the 3D-PCEs. Thus, 
CNT and CB 3D-PCEs show conductivities of 44.0 ±0.4 
and 86.8 ±0.8 mS/m, respectively. M M 3D-PCEs' 
bottom and top sides had 35.8 ±0.3 and 86.6 ±3.1 S/ 
m, respectively. These results further confirm the asym
metric conductivity of the electrodes M M 3D-PCEs, 
which matches the physicochemical properties charac
terised above. 

After assessing the physicochemical characteristics of 
the 3D-PCEs, their electrochemical properties were eval
uated. We focused on three important reactions: outer 
sphere heterogeneous electron transfer rate (using fer
rocene methanol, FcMeOH), adsorption/desorption-
driven hydrogen evolution, and oxidation of an impor
tant biomolecule. We first studied the heterogeneous 
electron transfer rate using cyclic voltammetry. Before 
getting into the analysis of the electrochemical data, it 
should be pointed out that the different filaments 
employed in this work present different carbon contents 
(e.g. CNT filament is advertised by the manufacturer to 
contain less than 2 0 % carbon, while CB filament is 
21.4%). To avoid any misleading conclusion as a conse
quence of the difference in carbon content and to add 
cost-efficiency dimensionality, the CV data presented 
below has also been normalised per gram of carbon 
and can be found in the supporting information 
(Figures S2 and S3 and Table S1). In addit ion, the proto
typical Fe(CN)6~/ Fe(CN>6~ redox marker was also tested 
(Figure S4), delivering subopt imum results, as has been 
observed in these 3D-printed carbon electrodes 
previously [67,68]. Unless otherwise stated, the data pre
sented for M M 3D-PCEs always corresponds to the elec
trode with both faces exposed to the electrolyte. 

Cyclic voltammograms of all the 3D-PCEs (Figure 4(A-Q) 
show well-defined oxidation and reduction peaks for the 
FcMeOH redox marker. In terms of width, CNT 3D-PCEs 
show wider oxidation and reduction peaks, while both 
M M and CB 3D-PCEs presented narrower peaks. 
Table 1 shows the most relevant parameters calculated 
from CV data for the different 3D-PCEs (information on 
the calculations can be found on the SI). The calculated 
anodic-to-cathodic peak current ratios (/po//pc) remain 
below 1 in all cases. In addit ion, these peak current 
ratios make it clear that the reversibility of oxidation or 
reduction reactions is higher on the surface of the CNT 
3D-PCEs fol lowed closely by M M 3D-PCEs and finally 
by CB 3D-PCEs. In this line, the highest exchange 
current intensity, i0, calculated by the Tafel extrapolation 
of scans registered at 5 mV s - 1 (Figure S5), is also dis
played by the CNT 3D-PCEs fol lowed by M M and CB 
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3D-PCEs, which have very similar calculated values. In 
turn, this higher exchange current intensity leads to a 
smaller charge transfer resistance for the CNT 3D-PCEs 
compared to the other two. 

Contrarily, peak-to-peak separation measurements 
(AE) reveal smaller separations for CB and M M 3D-PCEs 
compared to the larger separation observed in CNT 
3D-PCEs. Furthermore, we calculated the electron trans
fer rate constant, k ° . The obtained values are supported 
by the literature data. It was reported that the hetero
geneous electron transfer (HET) rates between the elec
trode surface and a redox marker such as the electrolyte 
Fe[ (CN) 6 ] 4 _ / 3 ~ varied depending on the carbon allotrope 
used to carry out the electrochemical experiments 
owing to their structure, hybridisation, and surface 
area [43]. Therefore, 1D CNTs with their nanometre 
range diameter provide a high surface area to volume 
ratio, which makes the material ideal for sensing appl i 
cations. However, the HET of CNTs is slower than that 
observed for pyrolytic graphite species and amorphous 
carbon black, which usually show higher carrier mobility 

[69-71]. Thus, CNT 3D-PCEs show lower k ° values than 
CB 3D-PCEs, as it would be expected. Moreover, the 
M M 3D-PCEs show faster HET than CNT 3D-PCEs and 
slower HET than CB 3D-PCEs, showing a closer behaviour 
to the latter with high HET while only exposing one face 
of each carbon species. The electroactive area (A) was 
calculated from CV data using the modified Randles-
Sevcik equation (more information in the SI): [72] 

Ip = (2.69 x 10 5 )n 3 / 2 (D-v) 1 / 2A-C 

In this equation, 'n' is the number of electrons 
involved in the process (1 electron for the reduction/oxi
dation of ferrocenemethanol), V is the scan speed, 'C is 
the concentration of the electroactive species (1.5 mM), 
and 'D' the diffusion coefficient (6.3E-6 c m 2 s - 1 ) . The cal
culated electroactive areas from the Ip vs vV2 plot 
(Figure S4) were in good agreement with the calculated 
geometrical area for all the electrodes (0.57 cm 2 ) , pre
senting negative deviations. Such deviations have 
been observed before and can be related to the 
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presence of residual superficial PLA filler left after the 
chemical activation or to the chosen printing par
ameters, which have been studied, revealing important 
effects in the calculation of the electroactive area [73]. 
In short, these results suggest that CB 3D-PCEs allow 
for the fastest electron transfer rate, fol lowed by M M 
and CNT 3D-PCEs while showing an opposite tendency 
for the reversibility of the redox process on their 
surface [74]. Importantly, one-way ANOVA statistical 
analysis performed on the different calculated par
ameters revealed some relevant information. For all 
the parameters calculated from the recorded current in 
each of the electrodes (/0, Rct, and A), the statistical analy
sis reveals no significant differences between types of 
electrodes, always giving rise to F values between 0.01 
and 0.09. On the other hand, the parameters calculated 
from data recorded from the potential (AF, K°) showed 
significant differences between all the electrodes with 
F values always beyond 5. 

All in all, it may seem that the electrochemical data 
analysis should be complete at this point. Nonetheless, 
a closer look at the CV plots reveals some unexpected 
features that might go unnoticed if the data is analyzed 
just from a mathematical point of view. Thus, the focus 
should now be on the lower potential region, where 
the water splitting occurs. On the one hand, when CNT 
3D-PCEs (Figure 4(A)) are cycled from -0.3 to -0.4 V a 
current decrease can be observed, typically associated 
with the water splitting process due to the inherent 
impurities of the carbon filament [17]. On the other 
hand, this current decrease is not observed for CB 3D-
PCEs (Figure 4(B)). Curiously, and contrarily to the CB-
3DPCEs, in the same region, M M 3D-PCEs show a 
sharper current decrease to that observed in CNT 3D-
PCEs (Figure 4(C)), reaching lower current values and 
demonstrating a higher activity towards the water split
t ing. For the sake of comparison, all the CVs have been 
plotted in Figure 4(D), which shows that while CB 3D-
PCEs do not show a current decrease, in the same 
region there is a current decrease for CNT and M M 3D-
PCEs, with the latter affording lower intensity values. 
This behaviour for the M M 3D-PCEs is unexpected, as 
the water splitting phenomenon in carbon 3D-printed 
electrodes, as mentioned above, has been associated 
with metallic impurities. Thus, the higher activity 
towards the water splitting could be explained by the 
increased electroactive area of MM-3DPCEs compared 
to CNT 3D-PCEs, since CNT 3D-PCEs should inherently 
expose more impurities to the electrolyte than M M 3D-
PCEs (2 pure faces of CNT vs 1 CNT face and 1 CB face 
with CNTs on top). In this regard, the porous nature of 
the bottom CNT layer of the M M 3D-PCEs might allow 
the partial diffusion of the electrolyte into the inner 

layers of the electrode (2nd layer being CB-based), there
fore allowing the M M 3D-PCEs to reach higher currents 
and improved electrochemical response. This phenom
enon of diffusion of the electrolyte into the inner 
layers of the MM-3DPCE is confirmed by the asymmetric 
measurements performed covering one side of the elec
trode at a time and measuring the CV (Figure S6). The 
CVs obtained for each side of the electrode do not 
reveal a big difference between both sides, mostly 
showing very similar behaviour to that of the CB 3D-
PCEs. In this sense, it could be concluded that the role 
of the CNT side in the M M 3D-PCEs is that of providing 
metallic impurities, enhancing the activity towards cata
lytic reactions, while the CB side provides the compact 
packing of graphitic carbon particles that give rise to a 
significant increase in the measured currents. 

In light of these results, HER by means of LSV was 
studied on all the electrodes to determine if this 
improved performance for water splitting showed by 
M M 3D-PCEs can be observed when the HER is studied. 

3.1. Hydrogen evolution reaction 

HER is nowadays one of the most investigated electro
chemical reactions for energy conversion due to the 
ongoing energetic crisis and is usually employed as a 
benchmark to determine the electrocatalytic perform
ance of modified electrodes [75]. The linear sweep vol-
tammetry studies carried out herein reveal (Figure 5) a 
similar trend to that already observed for the small 
water splitting observed during the CV measurements 
of the redox marker. In the low potential region (from 

Potential applied (V) 

Figure 5. LSV measurements for the HER of MM (pink), CB 
(purple), and CNT (grey) 3D-PCEs. Conditions: electrolyte, 
H 2S0 4 (1 M); scan rate, 5mV-s_1. n = 3 electrodes of each kind 
were investigated (the best result is plotted for each type of 
electrode). 
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3D-PCEs are the first electrodes to show a change in 
slope for the decreasing current at -0.21 V, therefore 
abandoning the linearity of the current decrease, while 
CNT and CB 3D-PCEs show their respective change in 
slope of the recorded current at -0.39 V and -0.51 
V. Importantly, although CB 3D-PCEs' current decrease 
remains linear until lower potentials compared to CNT 
3D-PCEs, its slope is much steeper, which leads to the 
crossing of the currents recorded for both pure material 
electrodes at -1.07 V in the plot, leading to the final 
higher activity displayed by CB 3D-PCEs. On the other 
end, M M 3D-PCEs show a much steeper slope, compared 
to the other two, demonstrating its higher efficiency for 
the HER at all times. Translated to overpotential terms, at 
a current density of -1 mA-cm - 2 , M M 3D-PCEs display 
the lowest overpotential of -1.05 V, fol lowed by CB 3D 
PCEs with -1.35 V and CNT 3D-PCEs, which do not 
reach those low current density values. In the end, M M 
3D-PCEs reach the lowest currents and the lowest over-
potential at -1 mA-cm" 2 of all the 3D-printed materials, 
fol lowed by CB and CNT 3D-PCEs, which demonstrates 
the superiority of M M 3D-PCEs towards the HER com
pared to the pure material electrodes. The origin of 
this improved performance is associated with two 
main factors: first, the carbon black-based top side of 
the MM-3DPCEs leads to a higher active area compared 
to CNT 3D-PCEs, which translates into higher currents at 
lower applied potentials; second, the presence of cataly-
tically active metal impurities on the bottom side of M M 
3D-PCEs compared to the non-presence of impurities in 
CB 3D-PCEs enables them towards HER at lower overpo-
tentials. In short, the heterolayered structure of the MM-
3DPCEs integrates the best properties of each of their 
components, giving rise to improved HER efficiency. 

To summarise, these results demonstrate an 
improved performance of the M M 3D-PCEs compared 
to pristine materials for HER, which was anticipated by 
the results obtained in the CV measurements of the 
redox marker. Nonetheless, and even with these inter
esting results, it should be pointed out that it is hard 
to foresee the use of these PLA-based electrodes for 
HER since the conditions employed for this reaction at 
an industrial scale (NaOH 9 M, 80°C) would inevitably 
degrade the PLA matrix and deteriorate the electrodes. 
In light of this outcome, and in order to find a more suit
able application for the electrodes, the capability of the 
M M 3D-PCEs for the detection of ascorbic acid as an 
analyte in water was also interrogated. 

-0.1 to -0.4 V), CNT and CB 3D-PCEs show linearly 
decreasing currents with values close to 0 mA, while, 
in the same region, slightly more negative currents are 
already recorded for M M 3D-PCEs. Additionally, M M 

3.2. Ascorbic acid determination 

The use of electrochemical techniques for the detection 
of analytes in water is an appealing strategy since it 
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allows for a fast, reliable, and cost-effective determi
nation of impurities usually with low limits of detection 
[8,50,76]. For this purpose, the ability of the different 
electrodes to detect AA has been explored by perform
ing a calibration experiment by adding different 
amounts of AA and recording the signal associated 
with the oxidation of AA (Figure 6(A-C), more infor
mation in the experimental section). 

For all the electrodes, the addition of successive ali-
quots of AA results in an increase in the signal recorded 
for the oxidation of the AA process (Figure 6(A-Q). In 
terms of potential, CNT 3D-PCEs require the lowest 
applied potential (0.55 V) for the oxidation of AA, fo l 
lowed by M M and CB 3D-PCEs, which share very similar 
oxidation potentials (0.69 and 0.70 V). This fact contrasts 
heavily with the tendency observed during the CV 
measurements, where CNT 3D-PCEs showed the 
highest required potential for the oxidation of the 
redox marker. It should be noted that residual current 
is recorded for all the electrodes when no AA is added 
to the media. To avoid an overestimation of the electro
de's sensibility, the background signal 'lp0' has not been 
considered by deducting it from the peak current 'Ip' in 
all cases. In this way, the signals recorded for all the elec
trodes become comparable (independently of their com
position). In general terms, all the calibration curves 
(Figure 6(A-C) insets) can be fitted linearly with the 
formula y = a + bx, where 'a' and 'b' represent the inter
cept and the slope of the equation, respectively, while 
' / and V refer to the lp-lp0 (in JUA) and the final concen
tration of AA in the solution (in ^M), in respective order. 
All in all, the calculated equations were y = 0.064x+ 1.109 
for CNT 3D-PCEs,y = 0.072x +0.309 for CB 3D-PCEs, and 
y = 0.080x+2.481 for M M 3D-PCEs. In all cases, the R 2  

obtained for the fitting is equal to or above 0.99, which 
demonstrates the suitability of all the electrodes for the 
AA determination in the range of concentrations from 
2.5 |UM to 200 |UM. In terms of performance, the best sen
sibility is displayed by the M M 3D PCEs with a slope of 
0.080 (±0.002) pA pM~\ fol lowed by CB and CNT 3D-
PCEs with slopes of 0.072 (±0.001) juA- /uM"1 and 0.064 
(±0.001) JUA pM~\ respectively. Therefore, the current 
registered for the M M 3D-PCEs is, at least, 1.1 times 
higher than that recorded at the same AA concentration 
for the pure material electrodes, demonstrating its 
superior capabilities for the sensing of the analyte. 

4. Conclusions 

Herein, heterolayered 3D-printed carbon electrodes (3D-
PCEs) consisting of two alternating commercially avail
able CNT/PLA and CB/PLA conductive nanocomposite 
filaments were fabricated for the first time (MM 3D-

PCEs) via multi-material 3D printing. After their chemical 
activation, the morphological characterisation revealed 
the asymmetric surface with the exposed 1D and 3D 
nanocarbon allotropes. The electrochemical characteris
ation demonstrates that M M 3D-PCEs' electrochemical 
properties are between those of the pure material elec
trodes, although statistical analysis reveals no significant 
differences between electrodes. Contrarily, when appl i 
cations such as hydrogen evolution reaction (HER) or 
detection of ascorbic acid (AA) are the subject of 
study, M M 3D-PCEs show an improved performance 
compared to the electrodes purely built with one 
single allotrope of carbon. The origin of this improve
ment has been associated with the heterolayered struc
ture of the electrodes, which enables the presence of 
metallic impurities in M M 3D-PCEs compared to CB 3D-
PCEs; and to the higher active area of M M 3D-PCEs com
pared to CNT 3D-PCEs. Thus, the multi-material printing 
strategy fol lowed herein, based on alternating layers of 
different carbon filaments, allows for easy, fast, and scal
able preparation of carbon electrodes with improved 
performance. At the same time, this strategy lays the 
foundation for the development of a new generation 
of heterolayered MM-3DPCEs with different electroac
tive materials such as 2D materials, an appealing strat
egy for the preparation of heterolayered structures for 
supercapacitors, batteries, or bio-sensors. 
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9. Engineering 3D-printed carbon structures with 

atomic layer deposition coatings as 

photoelectrocatalysts for water splitting 

Published paper included in this chapter: 

Ng, S.; Sanna, M . ; Redondo, E.; Pumera, M . , Engineering 3D-printed carbon structures with 

atomic layer deposition coatings as photoelectrocatalysts for water splitting, / . Mater. Chem. 

A, 2024,12, 396-404. 

9.1. Motivation for the study 

The primary motivation of this work is optimizing the activation process for 3D-printed carbon 

electrodes to obtain functional platforms that can be further modified with deposition 

techniques, such as A L D . However, challenges arise when employing A L D to deposit 

functional materials onto 3D carbon electrodes due to constraints on reaction temperatures and 

the chemically inert nature of carbon surfaces. To overcome these limitations, surface 

treatments or functionalizations are necessary to introduce surface species and enhance 

nucleation sites for A L D processes. In this study, we address these challenges by presenting a 

novel method to tune carbon surfaces for A L D processes. We demonstrate the deposition of 

T i d , S i d , and A1203 coatings on 3D-printed carbon electrodes for light-enhanced HER and 

OER. Furthermore, we extend this approach to electrodes of various geometries and sizes, 

showcasing the scalability of 3D-printed carbon electrodes for industrial applications. Our work 

underscores the versatility of A L D coatings on 3D carbon structures, offering a pathway for 

design flexibility and scalability across various applications. 
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9.2. Paper conclusion 

A straightforward treatment method was demonstrated using aqueous NaOH to prime the 

surface of 3D-printed carbon electrodes for subsequent low-temperature A L D processes. 

Notably, the surface wettability of the carbon electrodes undergoes a significant change 

following treatment with various solvents. Our study showcases the application of three widely 

utilized A L D coatings, namely TiCh, SiCh, and AI2O3, on 3D-printed carbon electrodes for 

enhancing light-assisted HER and OER activities. Remarkably, all ALD-coated electrodes 

exhibit enhanced performance under blue light irradiation. Specifically, Tid-coated electrodes 

exhibit the lowest HER overpotentials at -10 mA cm" 2, registering 0.60 V (in the dark) and 

0.31 V (under irradiation), and OER overpotentials at 10 mA cm" 2, with values of 1.86 V (in 

the dark) and 1.47 V (under irradiation). Furthermore, we have successfully applied A L D T i 0 2 

coating to 3D electrodes of varying shapes and sizes, including multiple rod structures and 2-

inch diameter disks, demonstrating the versatility and scalability of FDM-based printing in 3D 

design. However, it is worth noting that, similar to other upscaled electrodes, the larger 3D 

electrodes exhibited a slight degradation in HER performance. Consequently, the engineering 

and design of efficient electrodes will be imperative for enabling large-scale electrochemical 

energy conversion in the foreseeable future. Our study presents an enhanced carbon surface 

conducive to diverse A L D coatings, thereby expanding the functionalities of 3D electrodes with 

unparalleled flexibility in design and scaling for various catalytic applications and beyond. 

9.3. Author contribution 

In this work, I contributed to the electrode preparation, post-printing treatment, and to the A L D 

of the functional oxides. I performed part of the electrochemical measurements and contributed 

to the data analysis and plotting. I carried out the X R D measurements and contributed to the 

final version of the manuscript. 
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* a b c d e 

T h r e e - d i m e n s i o n a l (3D )-printing has e v o l v e d as a p o p u l a r t e c h n i q u e f o r p r o d u c i n g c u s t o m i z e d parts a n d 
d e v i c e s . 3D c o n d u c t i v e s t r u c t u r e s m a d e o f m e t a l s o r c a r b o n - b a s e d mate r i a l s a re h igh l y p r e f e r a b l e in t h e 
f ie ld o f e l e c t r o c h e m i s t r y . C o m p a r e d t o the i r m e t a l c o u n t e r p a r t s , 3D c a r b o n s t r u c t u r e s p r i n t e d by t h e 
f i l a m e n t e x t r u s i o n t e c h n i q u e a re read i l y a va i l ab l e t o e n d use rs , w i t h t h e a d v a n t a g e s o f r e d u c e d e l e c t r o d e 
m a s s a n d b r o a d c o m p a t i b i l i t y w i t h ha r sh e n v i r o n m e n t s tha t m i g h t b e r e q u i r e d f o r e l e c t r o c h e m i c a l 
a p p l i c a t i o n s . T o e l e v a t e t h e a p p l i c a b i l i t y o f 3D c a r b o n e l e c t r o d e s in s e n s i n g , ca ta l ys i s , e n e r g y s t o r a g e , 
etc . , s u r f a c e o r c h e m i c a l m o d i f i c a t i o n s a n d c o a t i n g o f f u n c t i o n a l layers a re e s sen t i a l . A t o m i c layer 
d e p o s i t i o n (ALD) is a n idea l d e p o s i t i o n t o o l f o r c r e a t i n g c o a t i n g s o n g e o m e t r i c a l l y c o m p l i c a t e d 
s t ru c tu r e s , ye t t h e s u r f a c e c h e m i s t r y o f t h e inert 3D c a r b o n e l e c t r o d e s c r i t i c a l l y a f f e c t s t h e init ia l g r o w t h . 
W e p e r f o r m e d a s t r a i g h t f o r w a r d s u r f a c e t r e a t m e n t , a l s o k n o w n as ' ac t i va t ion ' , t o i m p r o v e t h e s u r f a c e 
we t t ab i l i t y a n d p r o m o t e t h e A L D o f TiC>2, SiC>2, a n d AI2O3 at l o w d e p o s i t i o n t e m p e r a t u r e s . W e a p p l i e d 
t h e A L D c o a t e d e l e c t r o d e s f o r l i g h t - e n h a n c e d w a t e r sp l i t t i ng h y d r o g e n a n d o x y g e n e v o l u t i o n r e a c t i o n s 
(HER, OER ) . In a d d i t i o n , w e s h o w e d that 3D e l e c t r o d e s c a n b e p r e p a r e d in d i f f e r en t g e o m e t r i c a l s h a p e s 
a n d s izes , as the i r m e t a l c o u n t e r p a r t s . Th i s w o r k p r e s e n t s t h e versat i l i t y o f A L D c o a t i n g s o n 3D c a r b o n 
p l a t f o r m s , t u n a b l e f o r m a n y o t h e r a p p l i c a t i o n s . 

I n t r o d u c t i o n 

T h e rise o f a d d i t i v e m a n u f a c t u r i n g u t i l i z i n g t h r e e - d i m e n s i o n a l 

( 3 D ) - p r i n t i n g t e c h n o l o g i e s i s c l o s e l y a s s o c i a t e d w i t h t h e r a p i d 

p r o d u c t i o n o f f u n c t i o n a l 3 D o b j e c t s b a s e d o n i n d i v i d u a l i z e d 

d e s i g n s w i t h m i n i m a l w a s t e o f m a t e r i a l s . I n a l i g n m e n t w i t h t h e 

d i r e c t i o n o f I n d u s t r y 4 . 0 , 3 D - p r i n t i n g d i r e c t l y i n c r e a s e s t h e 

p r o d u c t i v i t y i n m a n u f a c t u r i n g p r o c e s s e s , t h e r e b y o f f e r i n g a n 

i n t e l l i g e n t m a n u f a c t u r i n g s o l u t i o n a c r o s s t h e v a s t s p e c t r u m o f 

m a t e r i a l s s c i e n c e a n d e n g i n e e r i n g . 1 I n p a r a l l e l , i t i s h i g h l y f l e x i b l e 

t o u p s c a l e t h e p r i n t i n g t o t h e s i z e o f b u i l d i n g s 2 - 3 o r m i n i a t u r i z e i t 

"Future Energy and Innovation Laboratory, Central European Institute of Technology, 

Brno University of Technology, Purkyhova 123, 61200 Brno, Czech Republic. E-mail: 

martin.pumera@ceitec.vutbr.cz 
bFaculty of Electrical Engineering and Computer Science, VSB - Technical University of 

Ostrava, 17. Listopadu 2172/15, Ostrava 70800, Czech Republic 

'Department of Medical Research, China Medical University Hospital, China Medical 

University, No. 91 Hsueh-Shih Road, Taichung 40402, Taiwan 

''Department of Chemical and Biomolecular Engineering, Yonsei University, 50 Yonsei-

ro, Seodaemun-gu, Seoul 03722, South Korea 

'Department of Paediatrics and Inherited Metabolic Disorders, First Faculty of 

Medicine, Charles University, Ke Karlovu 2, 12808 Prague, Czech Republic 

f Electronic supplementary informat ion (ESI) available: Addi t iona l S E M image, 

XPS a n d X R D analyses, a n d L S V curves for the H E R . See DOI: 
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t o w e a r a b l e e l e c t r o n i c d e v i c e s . " A l t o g e t h e r , 3 D - p r i n t i n g o f f e r s 

a b s o l u t e f r e e d o m f r o m d e s i g n t o m a n u f a c t u r i n g f o r f u n c t i o n a l 

a p p l i c a t i o n s . 

T r a n s i t i o n i n g f r o m t h e t r a d i t i o n a l m a c h i n i n g p r o c e s s t o c r e a t e 

3 D o b j e c t s , i n i t i a l l y p o w d e r b e d f u s i o n m e t h o d s , f o r i n s t a n c e , 

e l e c t r o n b e a m m e l t i n g ( E B M ) a n d s e l e c t i v e l a s e r m e l t i n g ( S L M ) t h a t 

fu se f i n e m e t a l p o w d e r s w i t h a h i g h - p o w e r e d e l e c t r o n b e a m o r 

l a s e r , w e r e e m p l o y e d t o d e v e l o p 3 D - p r i n t e d m e t a l e l e c t r o d e s f o r 

e l e c t r o c h e m i c a l p u r p o s e s . 5 - 8 T h e m e t a l e l e c t r o d e s s e r v e a s 

a c o n d u c t i v e p l a t f o r m f o r d i r e c t l y s y n t h e s i z i n g o r d e p o s i t i n g a c t i v e 

m a t e r i a l s f o r e l e c t r o c h e m i c a l c o n v e r s i o n a n d s t o r a g e 

a p p l i c a t i o n s . 5 ' 7 - 1 1 S e v e r a l s t u d i e s h a v e u t i l i z e d t h e c o r e a d v a n t a g e o f 

3 D - p r i n t i n g t o m a n u f a c t u r e t e n s t o h u n d r e d s o f h o l l o w a n d s o l i d 

c o n e s o n a f l a t s u r f a c e 7 - 8 a n d c e n t i m e t e r - s c a l e d t u b u l a r m e t a l 

e l e c t r o d e s . 1 2 I n r e c e n t y e a r s , t h e f u s e d d e p o s i t i o n m o d e l i n g ( F D M ) 

t e c h n i q u e h a s e m e r g e d a s a c a p t i v a t i n g a l t e r n a t i v e t o p r o d u c e 

c a r b o n - c o m p o s i t e e l e c t r o d e s . 1 3 1 4 F D M s i m p l i f i e s t h e p r i n t i n g 

p r o c e s s w i t h a b e n c h t o p p r i n t e r o r h a n d - h e l d p r i n t i n g p e n t h a t i s 

a c c e s s i b l e i n e v e r y r e s e a r c h l a b o r a t o r y . F u r t h e r m o r e , t h e a d v a n 

t ages o f t h e F D M - p r i n t e d c a r b o n e l e c t r o d e s o v e r S L M - o r E B M -

p r i n t e d m e t a l e l e c t r o d e s i n c l u d e u s i n g a n a b u n d a n t m a t e r i a l , 

r e d u c t i o n i n p r i n t i n g c o s t , d e c r e a s e i n e l e c t r o d e m a s s , a n d 

c o m p a t i b i l i t y w i t h a w i d e r a n g e o f c h e m i c a l o r h a r s h e n v i r o n m e n t s . 

T o e x p a n d t h e f u n c t i o n a l i t i e s o f t h e a s - p r i n t e d 3 D c a r b o n -

b a s e d e l e c t r o d e , p o s t - t r e a t m e n t s 1 3 - 1 7 a n d p o s t - m o d i f i c a t i o n s 
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a r e c a r r i e d o u t t o c a t e r t o e l e c t r o c h e m i c a l a p p l i c a t i o n s s u c h a s 

s e n s i n g , e n e r g y s t o r a g e a n d c o n v e r s i o n . 1 8 - 2 5 A t o m i c l a y e r 

d e p o s i t i o n ( A L D ) t h a t f e a t u r e s c o n f o r m a l c o a t i n g i s p r e s e n t l y 

t h e m o s t f e a s i b l e d e p o s i t i o n t e c h n i q u e t o m o d i f y o b j e c t s w i t h 

g e o m e t r i c a l l y c o m p l i c a t e d s t r u c t u r e s s u c h a s h i g h p o r o s i t y 

f o a m s , 2 6 ' 2 7 a r r a y s o f s p h e r e s , 2 8 ' 2 9 t u b e s a n d c h a n n e l s . 3 0 - 3 2 S e v e r a l 

s t u d i e s h a v e e m p l o y e d A L D t o d e p o s i t a n a c t i v e m a t e r i a l o n 3 D -

p r i n t e d m e t a l 1 0 - 1 2 a n d c a r b o n e l e c t r o d e s . 2 0 - 2 3 H o w e v e r , f o r 3 D 

c a r b o n e l e c t r o d e s , t h e r e s t r i c t i o n o n r e a c t i o n t e m p e r a t u r e s a n d 

c h e m i c a l l y i n e r t c a r b o n s u r f a c e c r i t i c a l l y i n f l u e n c e t h e n u c l e -

a t i o n a n d i n i t i a l g r o w t h o f A L D p r o c e s s e s , 2 0 ' 2 3 p o s i n g l i m i t a t i o n s 

t o d e p o s i t i n g f u n c t i o n a l m a t e r i a l s o n c a r b o n e l e c t r o d e s . T o 

a d d r e s s t h e s e c h a l l e n g e s , s u r f a c e t r e a t m e n t o r f u n c t i o n a l i z a -

t i o n t o i n t r o d u c e s u r f a c e s p e c i e s o r t o i n c r e a s e d e f e c t , 

a n c h o r i n g , a n d n u c l e a t i o n s i t e s o n t h e c a r b o n s u r f a c e s a r e 

v i e w e d a s p o s i t i v e s o l u t i o n s . 3 3 

I n t h i s w o r k , w e p r o v i d e a d i r e c t s o l u t i o n t o t u n e t h e c a r b o n 

s u r f a c e f o r A L D p r o c e s s e s . W e d e m o n s t r a t e t h r e e u n i v e r s a l l y u s e d 

m a t e r i a l s , T i 0 2 , S i 0 2 , a n d A I 2 0 3 , 3 1 ' 3 4 c o a t e d o n 3 D - p r i n t e d c a r b o n 

e l e c t r o d e s f o r l i g h t - e n h a n c e d h y d r o g e n a n d o x y g e n e v o l u t i o n 

r e a c t i o n s ( H E R , O E R ) . W e e x t e n d t h e o p t i m i z e d A L D T i 0 2 c o a t i n g 

o n e l e c t r o d e s w i t h d i f f e r e n t g e o m e t r i c a l s h a p e s a n d s i z e s u p t o a 2 

i n c h - d i a m e t e r d i s k ( a n a l o g o u s t o a s m a l l s i l i c o n w a f e r ) , a s i l l u s 

t r a t e d i n S c h e m e 1, i n c o n t r a s t t o m a n y f l a t o r s i m p l e 3 D s t r u c 

t u r e s i n t h e p a s t . W e s h o w t h a t t h e 3 D - p r i n t e d c a r b o n e l e c t r o d e s 

c a n b e p o t e n t i a l l y u p s c a l e d f o r i n d u s t r i a l p u r p o s e s s i m i l a r t o t h e i r 

m e t a l c o u n t e r p a r t s . T h e p r e s e n t w o r k d e m o n s t r a t e s t h e v e r s a t i l i t y 

o f A L D c o a t i n g s o n 3 D c a r b o n h o s t s t r u c t u r e s i n d e s i g n , u p - , a n d 

d o w n - s c a l i n g t o c a t e r t o t h e v a s t a p p l i c a t i o n s . 

E x p e r i m e n t a l 
3 D - p r i n t e d c a r b o n e lec trodes 

3 D c a r b o n e l e c t r o d e s w e r e d e s i g n e d a n d p r i n t e d f o l l o w i n g t h e 

s e t t i n g s i n o u r p r e v i o u s w o r k . 2 0 I n b r i e f , t h e g r a p h e n e / p o l y l a c t i c 

S c h e m e 1 S c h e m a t i c r e p r e s e n t a t i o n o f t h e w o r k f l o w . (Top) D e s i g n 
a n d 3 D - p r i n t i n g o f e l e c t r o d e s w i t h v a r i o u s s i zes a n d s h a p e s . ( Bo t t om) 
A L D o f AI2O3, S i 0 2 , o r T i 0 2 o n t h e 3 D e l e c t r o d e s . T h e e l e c t r o d e s are 
r eady t o be t r a n s f e r r e d t o t h e A L D r eac to r , a n d t h e re f l e c t i ve p i e c e s are 
s i l i c o n w a f e r s f o r r e f e r e n c e p u r p o s e s . 

This journal is © The Roya l S o c i e t y of C h e m i s t r y 2 0 2 4 
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a c i d ( P L A ) c o m p o s i t e c o n d u c t i v e f i l a m e n t ( B l a c k M a g i c , G r a -

p h e n e S u p e r m a r k e t ) w a s s u p p l i e d t o a P r u s a i 3 M K 3 p r i n t e r 

( P r u s a R e s e a r c h ) t o p r i n t t h e 3 D e l e c t r o d e s d e p i c t e d i n S c h e m e 

1. T h e a s - p r i n t e d 3 D e l e c t r o d e s u n d e r w e n t t h e a c t i v a t i o n s t e p s 

f o l l o w i n g t h e l i t e r a t u r e w i t h s l i g h t m o d i f i c a t i o n s a s d e s c r i b e d 

b e l o w . 

(i) E l e c t r o c h e m i c a l o x i d a t i o n + i m m e r s i o n i n a r e d u c i n g 

a g e n t 1 5 - 2 .5 V A g / A g c i f o r 1 0 0 0 s i n p h o s p h a t e - b u f f e r e d s a l i n e 

( P B S , p H 7 . 2 ) , f o l l o w e d b y i m m e r s i o n i n 1 M s o d i u m b o r o h y -

d r i d e ( N a B H 4 ) f o r 2 4 h ; d e n o t e d a s N a B H 4 . 

( i i ) I m m e r s i o n i n p o l a r a p r o t i c s o l v e n t + e l e c t r o c h e m i c a l 

o x i d a t i o n 1 6 - i m m e r s i o n i n i V , i V - d i m e t h y l f o r m a m i d e ( D M F ) f o r 

3 h , f o l l o w e d b y 2 . 5 V A g / A g c i f o r 3 0 0 s; d e n o t e d a s D M F . 

( i i i ) S a p o n i f i c a t i o n 1 4 - i m m e r s i o n i n 4 M s o d i u m h y d r o x i d e 

( N a O H ) f o r 4 h , w h e r e 4 h w a s t h e o p t i m i z e d c o n d i t i o n a n d u s e d 

f o r f u r t h e r s t u d i e s ; d e n o t e d a s N a O H . 

A l l e l e c t r o d e s w e r e r i n s e d t h o r o u g h l y w i t h w a t e r a n d d r i e d i n 

a i r . 

A t o m i c layer d e p o s i t i o n o f T i 0 2 , A l 2 0 3 , a n d S i 0 2 

A f t e r t h e a c t i v a t i o n a n d s u r f a c e t r e a t m e n t o f 3 D - p r i n t e d c a r b o n 

e l e c t r o d e s , a n a t o m i c l a y e r d e p o s i t i o n ( A L D , U l t r a t e c h / C a m -

b r i d g e N a n o T e c h F i j i 2 0 0 ) s y s t e m w a s u s e d f o r m a t e r i a l d e p o 

s i t i o n . T e t r a k i s ( d i m e t h y l a m i n o ) t i t a n i u m ( i v ) ( T D M A T i , S t r e m 

C h e m i c a l s ) , t r i m e t h y l a l u m i n u m ( T M A , S i g m a - A l d r i c h ) , a n d 

t e t r a k i s ( d i m e t h y l a m i d o ) s i l a n e ( T D M A S i , S i g m a - A l d r i c h ) w e r e 

u s e d a s T i , A l , a n d S i p r e c u r s o r s , r e s p e c t i v e l y . T D M A T i w a s 

h e a t e d t o 7 5 ° C t o i n c r e a s e t h e v a p o r p r e s s u r e , w h e r e a s T M A 

a n d T D M A S i w e r e n o t h e a t e d . F o r T i 0 2 a n d A l 2 0 3 , d e i o n i z e d 

w a t e r (==18 M Q ) w a s u s e d a s a n 0 2 p r e c u r s o r , a n d a r g o n ( A i r 

P r o d u c t s , p u r i t y 9 9 . 9 9 9 % ) s e r v e d a s t h e c a r r i e r g a s . T h e p l a s m a 

f o r A L D S i 0 2 w a s o b t a i n e d b y i o n i z i n g 0 2 g a s ( A i r P r o d u c t s , 

p u r i t y 9 9 . 9 9 9 % ) . F o r a l l s u b s t r a t e s t e m p e r a t u r e w a s 1 5 0 ° C . T h e 

A L D g r o w t h c y c l e f o l l o w s t h e s e q u e n c e s t a t e d b e l o w . 

(i) T i 0 2 - 0 . 0 6 s H 2 0 p u l s e ( A r 6 0 s e e m ) , 3 0 s A r p u r g e ; 0 .1 s 

T D M A T i p u l s e ( A r 2 0 0 s e e m ) , 3 0 s A r p u r g e . 

( i i ) A l 2 0 3 - 0 . 0 6 s H 2 0 p u l s e ( A r 3 0 s e e m ) , 3 0 s A r p u r g e ; 0 . 0 6 s 

T M A p u l s e ( A r 1 0 0 s e e m ) , 3 0 s A r p u r g e . 

( i i i ) S i 0 2 - 2 5 s 0 2 p u r g e ( 5 0 s e e m ) , 2 0 s p l a s m a ( 3 0 0 W ) , 5 s 

0 2 p u r g e ; 0 .4 s T D M A S i p u l s e ( A r 1 0 0 s e e m ) , 5 s A r p u r g e . 

M a t e r i a l s c h a r a c t e r i z a t i o n s 

S u r f a c e w e t t a b i l i t y o f t h e a c t i v a t e d 3 D e l e c t r o d e s w a s o b s e r v e d 

u s i n g a s u r f a c e e n e r g y e v a l u a t i o n s y s t e m (See S y s t e m , A d v e x 

I n s t r u m e n t s ) w i t h p r o p r i e t a r y a n a l y s i s s o f t w a r e v 7 . 0 . C o m p o 

s i t i o n a l a n a l y s e s w e r e c a r r i e d o u t b y X - r a y p h o t o e l e c t r o n s p e c 

t r o s c o p y ( X P S , K r a t o s A X I S S u p r a ) . T h e X - r a y e x c i t a t i o n s o u r c e 

w a s a m o n o c h r o m a t i c A l K a ( 1 4 8 6 . 7 e V ) w i t h 2 2 5 W p o w e r . T h e 

m e a s u r e d d a t a w e r e a n a l y z e d u s i n g C a s a X P S s o f t w a r e . T h e 

s u r f a c e o f t h e e l e c t r o d e s w a s a s s e s s e d u s i n g a s c a n n i n g e l e c t r o n 

m i c r o s c o p e ( S E M , F E I V e r i o s 4 6 0 L ) . 

P h o t o - a n d e l e c t r o c h e m i c a l m e a s u r e m e n t s 

A l l e l e c t r o c h e m i c a l e x p e r i m e n t s w e r e p e r f o r m e d u s i n g a p o t e n -

t i o s t a t ( P G S T A T 2 0 4 , M e t r o h m A u t o l a b ) o p e r a t e d b y N O V A 

s o f t w a r e v 2 . 1 i n a t h r e e - e l e c t r o d e c o n f i g u r a t i o n . T h e b l a n k o r 
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Fig. 1 3 D - p r i n t e d e l e c t r o d e s a c t i v a t e d in d i f f e r en t so l v en t s , i.e., N a B H 4 , D M F , a n d N a O H . (Top) S E M i m a g e s o f t h e e l e c t r o d e s af ter t h e a c t i v a t i o n 
p r o c e s s . T h e insets p r e s e n t t h e c o n t a c t a n g l e o f w a t e r w i t h t h e s u r f a c e o f t h e e l e c t r o d e s . ( Bo t t om) LSV c u r v e s s h o w t h e H E R o f t h e b l ank a n d 5 0 0 
A L D c y c l e s TiC>2 c o a t e d e l e c t r o d e s in 0.5 M H2SO4 e l e c t r o l y t e , w i t h o u t a n d w i t h b l ue l ight (A = 4 6 0 nm) i r r ad ia t ion . 
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Fig. 2 A L D c o a t e d 3 D - p r i n t e d c a r b o n e l e c t r o d e s a c t i v a t e d by N a O H . 
XPS s u r v e y s p e c t r a a n d h i g h - r e s o l u t i o n A l 2p , Si 2p , a n d T i 2 p s p e c t r a 
fo r 5 0 c y c l e s AI2O3, 5 0 c y c l e s S i 0 2 , a n d 1 5 0 0 c y c l e s T i 0 2 c o a t e d 
e l e c t r o d e s , r e spec t i v e l y . 

A L D T i 0 2 , A l 2 0 3 , o r S i 0 2 c o a t e d 3 D - p r i n t e d c a r b o n , A g / A g C l 

[1 M K C l ) , a n d g r a p h i t e r o d , w e r e u s e d a s t h e w o r k i n g , r e f e r 

e n c e , a n d c o u n t e r e l e c t r o d e s , r e s p e c t i v e l y . F o r b o t h t h e H E R 

a n d O E R , l i n e a r s w e e p v o l t a m m e t r y ( L S V ) w a s c a r r i e d o u t w i t h 

a s c a n r a t e o f 2 m V s _ 1 i n 0 .5 M H 2 S 0 4 a n d 1 M N a O H e l e c 

t r o l y t e , r e s p e c t i v e l y , w i t h a n d w i t h o u t i r r a d i a t i o n . C h r o -

n o a m p e r o m e t r y p h o t o r e s p o n s e w a s m e a s u r e d i n t h e s a m e 

e l e c t r o l y t e s b y a l t e r n a t i n g l i g h t o n a n d o f f w i t h a p p l i e d p o t e n 

t i a l = - 0 . 4 V R H E f o r t h e H E R a n d = 1.8 V R H E f o r t h e O E R . T h e 

p o t e n t i a l vs. A g / A g C l {VAg/Agj w a s c o n v e r t e d t o t h e p o t e n t i a l vs. 

t h e r e v e r s i b l e h y d r o g e n e l e c t r o d e ( V R H E ) a c c o r d i n g t o t h e l i t e r 

a t u r e . 3 5 T h e b l u e l i g h t i r r a d i a t i o n w a s p r o v i d e d b y a c u s t o m i z e d 

l i g h t - e m i t t i n g d i o d e s e t u p (A = 4 6 0 n m , L Z 4 - 4 0 B 2 0 8 , L e d E n g i n 

I n c . ) . 

R e s u l t s a n d d i s c u s s i o n 

W e p r i n t e d t h e 3 D c a r b o n e l e c t r o d e s w i t h n a n o c a r b o n / P L A 

f i l a m e n t , o n e o f t h e m o s t u s e d c o m m e r c i a l - b a s e d c o n d u c t i v e 

f i l a m e n t s . T h e a s - p r i n t e d 3 D e l e c t r o d e s c o m p r i s e d c a r b o n a n d 

P L A i n a r a t i o o f = 1 : 9 . 1 3 W e a d o p t e d t h r e e d i f f e r e n t a c t i v a t i o n 

p r o c e d u r e s w i t h m i n o r m o d i f i c a t i o n s f r o m t h e l i t e r a t u r e t o 

p a r t i a l l y r e m o v e t h e i n s u l a t i n g P L A , w h i c h s i m u l t a n e o u s l y 
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P a p e r 

s e r v e d a s t h e t r e a t m e n t f o r t h e i n e r t c a r b o n s u r f a c e f o r A L D 

p u r p o s e s . T h e p r o c e d u r e s a r e ( i) e l e c t r o c h e m i c a l o x i d a t i o n , 

f o l l o w e d b y i m m e r s i o n i n a r e d u c i n g s o l u t i o n o f N a B H 4 

( d e n o t e d a s N a B H 4 ) , 1 5 ( i i ) a w i d e l y r e p o r t e d p h y s i c a l s w e l l i n g b y 

D M F , f o l l o w e d b y e l e c t r o c h e m i c a l o x i d a t i o n ( d e n o t e d a s 

D M F ) , 1 6 a n d ( i i i ) t h e l e s s e x p l o r e d s a p o n i f i c a t i o n b y N a O H (as 

c o m p a r e d t o D M F a c t i v a t i o n , d e n o t e d a s N a O H ) . 1 4 

F i g . 1 p r e s e n t s t h e s u r f a c e o f t h e a s - a c t i v a t e d e l e c t r o d e s 

o b s e r v e d b y S E M . T h e e l e c t r o d e a c t i v a t e d i n N a B H 4 i s l e s s 

f i b r o u s t h a n t h e o t h e r e l e c t r o d e s , a s t h e f i b e r s a r e c o v e r e d b y 

t h e P L A . F o r r e f e r e n c e , a n i m a g e o f t h e a s - p r i n t e d , n o n -

a c t i v a t e d e l e c t r o d e i s g i v e n i n F i g . S I i n t h e E S I , f w h e r e o n l y 

s e v e r a l f i b e r s a r e v i s i b l e o n t h e s u r f a c e . B o t h e l e c t r o d e s a c t i 

v a t e d i n D M F a n d N a O H a r e s i m i l a r f r o m t h e m i c r o s c o p i c 

p o i n t , w h e r e a s u b s t a n t i a l a m o u n t o f P L A w a s r e m o v e d , 

c o n s i s t e n t w i t h p r e v i o u s w o r k s . 1 6 ' 2 3 H o w e v e r , t h e s u r f a c e 

w e t t a b i l i t y o f t h e s e e l e c t r o d e s i s c o m p l e t e l y d i f f e r e n t , e v i d e n c e d 

b y t h e c o n t a c t a n g l e o f a w a t e r d r o p l e t w i t h t h e e l e c t r o d e s u r f a c e 

i n t h e i n s e t s i n F i g . 1. S p e c i f i c a l l y , t h e c o n t a c t a n g l e w i t h 

N a B H 4 , D M F , a n d N a O H e l e c t r o d e s i s 8 2 . 5 ° , 1 2 4 . 5 ° , a n d 1 7 . 1 ° , 

r e s p e c t i v e l y , s h o w i n g t h a t t h e N a O H e l e c t r o d e p o s s e s s e s t h e 

h i g h e s t h y d r o p h i l i c i t y a m o n g t h e t h r e e e l e c t r o d e s . T h e N a O H 

t r e a t s t h e e l e c t r o d e s i n t w o w a y s . F o r P L A , t h e h y d r o x i d e s 

c o n t r i b u t e t o t h e s a p o n i f i c a t i o n o f t h e P L A a s a n a l i p h a t i c 

p o l y e s t e r , e v e n t u a l l y b r e a k i n g d o w n t h e p o l y m e r c h a i n i n t o 

J o u r n a l o f M a t e r i a l s C h e m i s t r y A 

l a c t a t e m o n o m e r s w i t h o x y g e n - r i c h f u n c t i o n a l i t i e s . 1 4 F o r 

c a r b o n , t h e h y d r o x i d e s f o r m o x y g e n - r i c h f u n c t i o n a l i t i e s o n t h e 

c a r b o n s u r f a c e , a l t e r i n g t h e w e t t a b i l i t y o f t h e s u r f a c e . T r a n s 

f o r m i n g t h e h y d r o p h o b i c s u r f a c e t o h y d r o p h i l i c d i r e c t l y 

i m p r o v e s t h e a c c e s s i b i l i t y o f t h e e l e c t r o l y t e t o t h e e l e c t r o d e , 

h e n c e i m p r o v i n g t h e c h a r g e t r a n s f e r , 3 6 - 3 8 a n d l o w e r i n g t h e 

a d h e s i o n f o r c e s o f t h e p r o d u c e d b u b b l e s o n t h e e l e c t r o d e 

s u r f a c e s . T h e s e c h a r a c t e r i s t i c s s t r o n g l y i n f l u e n c e t h e O E R , H E R 

a n d o t h e r e l e c t r o c h e m i c a l r e a c t i o n s . 3 7 - 4 0 

W e c a r r i e d o u t t h e r m a l A L D o f T i 0 2 f o r 5 0 0 c y c l e s a t 1 5 0 ° C 

o n t h e 3 D - p r i n t e d c a r b o n e l e c t r o d e s a c t i v a t e d b y d i f f e r e n t 

s o l v e n t s . W e e v a l u a t e d t h e T i 0 2 c o a t e d e l e c t r o d e s f o r t h e i r H E R 

p e r f o r m a n c e i n 0 .5 M H 2 S 0 4 e l e c t r o l y t e . C o m p a r i n g t h e L S V 

c u r v e s i n F i g . 1, t h e T i 0 2 c o a t e d e l e c t r o d e s p o s s e s s a l o w e r 

o v e r p o t e n t i a l t h a n t h e b l a n k c o u n t e r p a r t s , w i t h f u r t h e r r e d u c e d 

o v e r p o t e n t i a l s b y t h e i r r a d i a t i o n o f a b l u e l i g h t s o u r c e . T h e 

p o t e n t i a l r e q u i r e d t o d r i v e t h e H E R i n d e s c e n d i n g s e q u e n c e 

f o l l o w s : T i 0 2 c o a t e d N a B H 4 , D M F , a n d N a O H e l e c t r o d e s . T h e 

n a n o m e t e r - s c a l e A L D T i 0 2 c o a t i n g s a r e n o t d i s t i n g u i s h a b l e 

f r o m t h e f i b e r s o f a h u n d r e d n a n o m e t e r d i a m e t e r b y S E M 

i m a g i n g ( n o t s h o w n ) . T h e X P S a n a l y s i s c o n f i r m s t h a t t h e 

s u r f a c e o f t h e e l e c t r o d e s i s c o m p o s e d o f C , O , a n d T i . T h e s u r v e y 

s p e c t r a o f a l l t h r e e T i 0 2 c o a t e d e l e c t r o d e s a n d a t o m i c c o n c e n 

t r a t i o n o f t h e t h r e e e l e m e n t s a r e g i v e n i n F i g . S 2 i n t h e E S I . f I n 

t h e h i g h - r e s o l u t i o n T i 2 p s p e c t r a , t h e s p i n - o r b i t s p l i t d o u b l e t s 

Potential vs . R H E (V) T ime (s) 

Fig. 3 A L D c o a t e d 3 D - p r i n t e d c a r b o n e l e c t r o d e s : 5 0 c y c l e s o f A l 2 0 3 , 5 0 c y c l e s o f S i 0 2 , a n d 1 5 0 0 c y c l e s o f T i 0 2 . (A a n d D) LSV o f t h e H E R 
m e a s u r e d in 0.5 M H 2 S 0 4 a n d O E R m e a s u r e d in 1 M N a O H , w i t h a n d w i t h o u t i r r ad ia t ion by b lue l ight s o u r c e (A = 4 6 0 nm) , (B a n d E) o v e r p o t e n t i a l 
of t h e H E R (at - 1 0 m A c m - 2 ] a n d O E R (at 10 m A c m - 2 ) . C h r o n o a m p e r o m e t r y o f t h e p h o t o r e s p o n s e s o f 1 5 0 0 A L D c y c l e T i 0 2 c o a t e d e l e c t r o d e s 
i r rad ia ted by a b lue l ight s o u r c e w i t h (C) a p p l i e d p o t e n t i a l = - 0 . 4 V R H E in 0.5 M H 2 S 0 4 a n d (F) a p p l i e d p o t e n t i a l o f = 1 . 8 V R H E in 1.0 M N a O H . 
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a t = 4 5 8 - 4 5 9 e V a n d = 4 6 4 - 4 6 5 e V a r e a s s i g n e d t o T i 2 p 3 / 2 a n d 

T i 2 p 1 / 2 , r e s p e c t i v e l y , 4 1 ' 4 2 v e r i f y i n g t h e f o r m a t i o n o f T i 4 + - 0 f o r 

t h e A L D T i 0 2 c o a t i n g s . F u r t h e r m o r e , t h e a n a l y s i s o f t h e s u r v e y 

s p e c t r a s h o w s t h a t t h e a t o m i c c o n c e n t r a t i o n s o f T i i n T i 0 2 

c o a t e d N a B H 4 , D M F , a n d N a O H e l e c t r o d e s a r e = 0 . 7 5 , 0 . 5 0 , a n d 

1 . 8 5 % , r e s p e c t i v e l y , i m p l y i n g m o r e d e p o s i t i o n o c c u r r e d o n t h e 

s u r f a c e o f t h e N a O H e l e c t r o d e u n d e r t h e s a m e A L D c o n d i t i o n s . 

B a s e d o n t h e e v a l u a t i o n f r o m d i f f e r e n t a s p e c t s , w e c o n c l u d e 

t h a t t h e s u r f a c e o f N a O H e l e c t r o d e s f a v o r s t h e d e p o s i t i o n o f 

A L D c o a t i n g s . I n a d d i t i o n , b e t w e e n t h e D M F a n d N a O H e l e c 

t r o d e s , t h e l a t t e r h a s a h i g h e r m e c h a n i c a l s t a b i l i t y , w h i c h i s 

p r e f e r a b l e f o r d e v i c e a p p l i c a t i o n s . 

W i t h t h e N a O H e l e c t r o d e s , w e m o v e d f o r w a r d w i t h d e p o s 

i t i n g 1 5 0 0 c y c l e s o f T i 0 2 a n d 5 0 c y c l e s o f A l 2 0 3 b y t h e r m a l A L D 

a n d 5 0 c y c l e s o f S i 0 2 b y p l a s m a A L D . T h e X R D p a t t e r n s i n 

F i g . S 3 i n t h e E S I f p r e s e n t o n l y t h e d i f f r a c t i o n p e a k s o f c a r b o n 

a n d P L A , 4 3 ' 4 4 w i t h n o s i g n o f t h e p e a k s a s s o c i a t e d w i t h t h e 

r e s p e c t i v e c o a t i n g s . A l l A L D c o a t i n g s w e r e a m o r p h o u s b e c a u s e 

o f t h e 1 5 0 ° C s u b s t r a t e t e m p e r a t u r e , c o n s i s t e n t w i t h t h e l i t e r 

a t u r e a n d o u r p r e v i o u s W O r k . 2 2 ' 2 3 ' 3 4 ' 4 5 - 4 7 I n a d d i t i o n , t h e t h i c k 

n e s s e s o f c o a t i n g s i n n a n o m e t e r s a r e r a t h e r t h i n t o c o n f i r m t h e 

c r y s t a l l i n i t y . 3 4 W e p e r f o r m e d X P S a n a l y s i s t o v e r i f y t h e d e p o s i 

t i o n o n t h e 3 D - p r i n t e d c a r b o n e l e c t r o d e s . T h e s u r v e y s p e c t r a i n 

F i g . 2 c o n f i r m t h e p r e s e n c e o f t h e e x p e c t e d e l e m e n t s , A l , S i , a n d 

T i i n t h e i r r e s p e c t i v e e l e c t r o d e s , a l o n g w i t h C f r o m t h e e l e c t r o d e 

a n d O f r o m b o t h t h e c o a t i n g a n d e l e c t r o d e . I n a d d i t i o n , F i g . 2 

p r e s e n t s t h e h i g h - r e s o l u t i o n A l 2 p , S i 2 p , a n d T i 2 p s p e c t r a f o r 

t h e e l e c t r o d e s w i t h A L D c o a t i n g s . T h e A l 2 p s p e c t r u m p r e s e n t s 

a d o m i n a n t p e a k a t 7 5 . 0 e V a n d a s h o u l d e r p e a k a t 7 2 . 3 e V , 

a s s o c i a t e d w i t h A l - O a n d A l m e t a l , 4 6 ' 4 8 r e s p e c t i v e l y . I n a d d i t i o n , 

t h e s m a l l a m o u n t o f A l m e t a l i n d i c a t e s t h e i n c o m p l e t e f o r m a 

t i o n o f t h e A l 2 0 3 . 2 2 ' 2 3 T h e s y m m e t r i c p e a k o f S i 2 p c e n t e r e d a t 

1 0 3 . 1 e V c o n f i r m s t h e d e p o s i t i o n o f S i 0 2 , 4 9 w h e r e a s t h e s p i n -

o r b i t s p l i t d o u b l e t o f T i 2 p a t 4 6 4 . 2 e V ( T i 2 p 1 / 2 ) a n d 4 5 8 . 5 e V ( T i 

2 p 3 / 2 ) v e r i f i e s t h e f o r m a t i o n o f T i 0 2 . 4 1 ' 4 2 

W e e x a m i n e d t h e f u n c t i o n a l i t i e s o f t h e s e A L D c o a t e d 3 D -

p r i n t e d c a r b o n e l e c t r o d e s f o r t h e H E R . F i g . 3 A p r e s e n t s t h e 

L S V c u r v e s o f a l l A l 2 0 3 , S i 0 2 a n d T i 0 2 c o a t e d 3 D - p r i n t e d c a r b o n 

e l e c t r o d e s f o r t h e H E R w i t h a n d w i t h o u t i r r a d i a t i o n . F o r r e f e r 

e n c e , t h e L S V c u r v e s c o m p a r i n g t h e b l a n k a n d A L D c o a t e d 

e l e c t r o d e s a r e i n c l u d e d i n F i g . S 4 i n t h e E S I . f T h e H E R w a s 

c a t a l y z e d b y t h e A L D c o a t i n g s a n d f u r t h e r e n h a n c e d b y t h e 

i r r a d i a t i o n , a s r e f l e c t e d b y t h e l o w e r p o t e n t i a l r e q u i r e d t o d r i v e 

t h e r e a c t i o n . T h i s i s p a r t i c u l a r l y o b v i o u s f o r T i 0 2 , w h i c h h a s 

b e e n w i d e l y u s e d a s a p h o t o c a t a l y t i c m a t e r i a l . F o r a b e t t e r 

o v e r v i e w o f t h e e l e c t r o d e s ' p e r f o r m a n c e , w e c o m p i l e d t h e 

o v e r p o t e n t i a l a t —10 m A c m ~ 2 , a s a c o m m o n c o m p a r i s o n 

c u r r e n t d e n s i t y f o r e l e c t r o c a t a l y t i c r e a c t i o n s i n F i g . 3 B . F o r t h e 

H E R w i t h o u t i r r a d i a t i o n , t h e o v e r p o t e n t i a l f o r a l l t h r e e c o a t i n g s 

i s r a t h e r s i m i l a r , b e t w e e n 0 . 6 0 a n d 0 . 6 6 V . W i t h i r r a d i a t i o n , t h e 

S i 0 2 c o a t e d e l e c t r o d e s h o w s a m i n o r i m p r o v e m e n t t o 0 . 6 2 V , 

f o l l o w e d b y A l 2 0 3 c o a t i n g a t 0 . 4 7 V , a n d t h e m o s t s i g n i f i c a n t 

i m p r o v e m e n t b y T i 0 2 c o a t i n g a t 0 . 3 1 V . I n c o n t i n u a t i o n , w e 

t e s t e d t h e A L D A l 2 0 3 , S i 0 2 a n d T i 0 2 c o a t e d 3 D - p r i n t e d c a r b o n 

e l e c t r o d e s f o r t h e O E R w i t h a n d w i t h o u t i r r a d i a t i o n . F i g . 3 D 

d i s p l a y s t h e c o r r e s p o n d i n g L S V c u r v e s . S i m i l a r t o t h e H E R , t h e 

O E R w a s c a t a l y z e d b y t h e a d d e d c o a t i n g s a n d i m p r o v e d b y 
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i r r a d i a t i o n . F i g . 3 E s u m m a r i z e s O E R o v e r p o t e n t i a l s a t 1 0 m A 

c m ~ 2 f o r a l l A L D c o a t e d e l e c t r o d e s . W i t h o u t i r r a d i a t i o n , t h e 

o v e r p o t e n t i a l s w e r e b e t w e e n 1.83 a n d 1 .98 e V . W i t h i r r a d i a t i o n , 

t h e o v e r p o t e n t i a l s o f A l 2 0 3 , S i 0 2 , a n d T i 0 2 w e r e r e d u c e d t o 1 . 7 2 , 

1 . 7 1 , a n d 1 .47 V , r e s p e c t i v e l y . 

A p p a r e n t l y , T i 0 2 c o a t i n g s a s a p h o t o a c t i v e m a t e r i a l h a v e 

d e m o n s t r a t e d t h e m o s t s u b s t a n t i a l l i g h t e n h a n c e m e n t e f f e c t i n 

b o t h t h e H E R a n d O E R . W h i l e A l 2 0 3 a n d S i 0 2 a r e c l a s s i f i e d a s 

i n s u l a t o r s b a s e d o n t h e i r e l e c t r o n i c b a n d s t r u c t u r e s , b o t h h a v e 

s h o w n c o n s i d e r a b l e e n h a n c e m e n t . I n f a c t , b o t h i n s u l a t i n g 

m a t e r i a l s h a v e s e r v e d a s t h e p r i m a r y o r c o - c a t a l y t i c m a t e r i a l i n 

m a n y p h o t o - a n d e l e c t r o c a t a l y t i c r e a c t i o n s . 5 0 - 5 4 A l t h o u g h t h e i r 

c o n t r i b u t i o n a n d e x a c t r o l e r e m a i n d i s p u t a b l e , t h e p l a u s i b l e 

e x p l a n a t i o n s i n c l u d e t h e p h o t o a c t i v i t y o f d e f e c t i v e A l 2 0 3 p h a 

s e s , 5 0 t h e e f f e c t i v e s e p a r a t i o n o f t h e e l e c t r o n - h o l e p a i r s b y t h e 

( h y d r o x y l a t e d - ) A l 2 0 3 o r S i 0 2 , 5 1 - 5 3 a n d t h e f a c t t h a t s u r f a c e s t a t e s 

o f t h e i n s u l a t o r s ( A l 2 0 3 a n d S i 0 2 ) l o c a t e d b e t w e e n t h e c o n d u c 

t i o n a n d v a l e n c e b a n d s a c t a s e l e c t r o n a c c e p t o r s . 5 4 M o r e o v e r , 

i n s u l a t o r p h o t o c a t a l y s t s h a v e b e c o m e i n c r e a s i n g l y p o p u l a r i n 

r e c e n t y e a r s . 5 5 

I n A L D p r o c e s s e s , t h e g r o w t h p e r c y c l e ( G P C ) v a r i e s f o r e a c h 

m a t e r i a l . I t i s l a r g e l y i n f l u e n c e d b y v a r i o u s d e p o s i t i o n c o n d i 

t i o n s , i n c l u d i n g s u b s t r a t e t e m p e r a t u r e , t h e p r e c u r s o r ( a s w e l l a s 

c o - r e a c t a n t ) d o s i n g a n d p u r g i n g t i m e , o r b r i e f l y , t h e i n t e r a c t i o n 

b e t w e e n t h e p r e c u r s o r a n d t h e s u b s t r a t e . T h e r e f o r e , t h e n u m b e r 

o f c y c l e s a p p l i e d f o r d i f f e r e n t m a t e r i a l s d o e s n o t c o r r e s p o n d t o 

t h e s a m e t h i c k n e s s . T i 0 2 i s a n e x a m p l e m a t e r i a l w i t h m u c h 

l o w e r G P C a s c o m p a r e d t o A l 2 0 3 . 5 6 - 5 9 F o r e x a m p l e , T u p a l a et al. 

d e m o n s t r a t e d t h a t c o a t i n g t h i c k n e s s o f = 5 n m f o r A l 2 0 3 , T a 2 0 5 

A) 

9 rods 16 rods 25 rods 

B ) 0-

*E 

E. 
>> - 4 - //// 

ns
i 

/ / / A L D T i 0 2 

•D - 6 - 1 1 / Regu la r 

1/1/ ^ roc's c 
u 

/ V 16 rods 
t - 8 - V I 25 rods 
o / / / Sphe re 

-10- lj J I 2 inch 

Potent i a l v s . R H E (V) 

Fig. 4 S c a l i n g - u p 3 D - p r i n t e d c a r b o n e l e c t r o d e s . (A) M o d e l s o f 3 D 
e l e c t r o d e s in d i f f e r en t s h a p e s a n d s izes . (B) LSV o f t h e H E R o f 1 5 0 0 
A L D c y c l e s T i 0 2 c o a t e d o n d i f f e r en t 3 D e l e c t r o d e s . 
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Tab le 1 C o m p a r i s o n o f t h e H E R a n d O E R p e r f o r m a n c e o f th is w o r k w i t h t h e l i t e ra ture . S e l e c t i o n c r i t e r i a : e i t h e r t h e ca ta l ys t ma t e r i a l o r 3 D 
e l e c t r o d e is s im i l a r t o t h e p r e s e n t w o r k , a n d t h e bes t value(s) f r o m e a c h w o r k is(are) r e p o r t e d " 

Hydrogen evolution 

Catalyst material 3D electrode Electrolyte Performance (overpotential vs. RHE) Ref. 

Anodized T i 0 2 

Electrodeposition of Ni 

Electrodeposition of NiPt 

A L D M o S 2 

A L D T i Q 2 

Ti electrode by E B M 
Carbon electrode by F D M 
Carbon electrode by F D M 
Carbon electrode by F D M 

Carbon electrode by F D M 

0.5 M H 2 S 0 4 

1.0 M N a O H 
1.0 M K O H 
0.5 M H 2 S 0 4 

0.5 M H 2 S 0 4 

0.092 V at - 1 0 mA cm 2 

0.60 V at - 5 0 mA c m ~ 2 

0.27 V at - 1 0 mA c m ~ 2 

0.49 V at - 1 0 mA c m ~ 2 

0.44 V at - 1 0 mA c m ~ 2 (irradiation) 

0.60 V at - 1 0 mA c n T 2 

0.31 V at - 1 0 mA c m ~ 2 (irradiation) 

73 

24 

25 
20 

This work 

Oxygen evolution 

Catalyst material 3D electrode Electrolyte 
Performance (overpotential vs. R H E or 
current density) Ref. 

Anodized and hydrogenated T i 0 2 

A L D T i 0 2 

A L D Ir coating within anodized T i 0 2 

Graphene electrode by DIW Electrodeposition of NiFe-layered double 
hydroxide 

Electrodeposition of Ni-Fe (oxy)hydroxide Graphene electrode by F D M 

Ti electrode by S L M 1.0 M N a O H =0.3 mA c n T 2 at 1.2 V (irradiation) 
Stainless steel electrode by S L M 1.0 M N a O H =0.9 mA c m ~ 2 at 1.23 V (irradiation) 
TisAljV electrode by selective E B M 1.0 M H 2 S 0 4 0.29 V at 10 mA c n T 2 or 

at 60 °C 65.2 mA c m ~ 2 at 0.5 V 
1.0 M K O H 1.50 V at 10 mA c m ~ 2 

Electrodeposition of Ni 
Electrodeposition ReS 2 

A L D T i 0 2 

Carbon electrode by F D M 
Carbon electrode by F D M 
Carbon electrode by F D M 

0.1 M K O H 0.52 V at 10 mA c n T 2 

1.0 M N a O H 1.80 V at 50 mA c m ~ 2 

1.0 M N a O H = 7 uA c n T 2 at 1.23 V (irradiation) 
1.0 M N a O H 1.86 V at 10 mA c m " 2 

1.47 V at 10 mA c m ~ 2 (irradiation) 

7 
10 
12 

74 

75 
24 
18 
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' Abbreviations: E B M = electron-beam melting, S L M = selective laser melting, DIW = direct-ink-writing, F D M = fused deposition modelling. 

a n d T i 0 2 r e q u i r e d 5 0 , 1 4 0 , a n d 3 7 6 c y c l e s , r e s p e c t i v e l y . 5 6 I n t h i s 

w o r k , t h e t h r e e A L D c o a t i n g s s e r v e d a s t h e c a t a l y t i c m a t e r i a l . 

F o r A l 2 0 3 a n d S i 0 2 w i t h a n i n s u l a t i n g n a t u r e , o v e r l y t h i c k 

c o a t i n g s w i l l h i n d e r t h e c h a r g e t r a n s f e r t o t h e c a r b o n f i b e r s . 2 3 

O n t h e o t h e r h a n d , T i 0 2 i s w e l l k n o w n a s a p h o t o a c t i v e m a t e 

r i a l , t h e t h i c k e r c o a t i n g s h e n c e p r o v i d e h i g h e r p h o t o c a t a l y t i c 

a n d p h o t o e l e c t r o c h e m i c a l a c t i v i t i e s , 1 0 ' 6 0 a s l o n g a s t h e I D 

c a r b o n f i b e r s a r e n o t c o m p l e t e l y c l o g g e d , a s s u p p o r t e d b y t h e 

c o m p a r i s o n i n F i g . S 5 i n t h e E S I . f 

T h e p h o t o r e s p o n s e o f t h e A L D T i 0 2 c o a t e d 3 D - p r i n t e d c a r b o n 

e l e c t r o d e s i r r a d i a t e d b y a b l u e l i g h t w a s e x e m p l i f i e d b y t h e c h r o -

n o a m p e r o m e t r y m e a s u r e m e n t i n F i g . 3 C a n d F . T h e m e a s u r e m e n t 

f o l l o w e d t h e e l e c t r o l y t e u s e d i n F i g . 3 A a n d D . T h e a p p l i e d 

p o t e n t i a l s o f = — 0 . 4 V R H E a n d = 1 . 8 V R H E w e r e s e l e c t e d f o r 

c a t h o d i c a n d a n o d i c r e g i o n r e a c t i o n s , r e s p e c t i v e l y , a c c o r d i n g t o 

t h e L S V m e a s u r e m e n t s , w h e r e t h e H E R a n d O E R w e r e a l r e a d y 

i n i t i a t e d a t t h e s e p o t e n t i a l s . I n b o t h r e g i o n s , t h e T i 0 2 c o a t e d 3 D 

e l e c t r o d e s h o w e d a n i m m e d i a t e r e s p o n s e t o w a r d i r r a d i a t i o n , 

c o n f i r m i n g a p h o t o r e s p o n s e s i m i l a r t o o t h e r T i 0 2 p h o t o -

e l e c t r o d e s , f a v o r a b l e f o r s o l a r e n e r g y h a r v e s t i n g . 7 ' 1 0 ' 6 1 ' 6 2 

B a s e d o n t h e p o s i t i v e r e s u l t s a t t a i n e d b y t h e ' r e g u l a r ' 3 D -

p r i n t e d e l e c t r o d e s , w e a p p l i e d t h e A L D T i 0 2 c o a t i n g s t o 3 D 

e l e c t r o d e s o f d i f f e r e n t d i m e n s i o n s a n d s h a p e s , a s s h o w n i n 

F i g . 4 A . W e t e s t e d t h e s e T i 0 2 c o a t e d e l e c t r o d e s f o r t h e H E R , 

w h e r e t h e L S V c u r v e s a r e g i v e n i n F i g . 4 B . T a k i n g i n t o c o n s i d 

e r a t i o n t h e d i f f e r e n t g e o m e t r i c a l s u r f a c e a r e a s o f t h e p r e p a r e d 

3 D e l e c t r o d e s , a t —10 m A c n T 2 , t h e o v e r p o t e n t i a l v a r i e s i n 

b e t w e e n 0 . 7 0 a n d 0 . 7 5 V , w i t h t h e ' r e g u l a r ' 3 D e l e c t r o d e 

s h o w i n g t h e l o w e s t o v e r p o t e n t i a l o f 0 . 6 0 V . T h e r e s u l t s s h o w 

t h a t t h e e l e c t r o d e p e r f o r m a n c e , i n o t h e r w o r d s , i t s e f f i c i e n c y , 

d o e s n o t i n c r e a s e l i n e a r l y b y s c a l i n g u p t h e s u r f a c e a r e a o f a n 

e l e c t r o d e . I n m o s t c a s e s , e l e c t r o d e s w i t h s u r f a c e a r e a = 1 c m 2 

o r s m a l l e r r e m a i n t h e m o s t o p t i m i z e d p h o t o - a n d e l e c t r o -

c a t a l y t i c w a t e r s p l i t t i n g e l e c t r o d e s . 6 3 - 6 5 

F o r l a r g e s c a l e e l e c t r o d e s , f a c t o r s s u c h a s e l e c t r o d e h o m o 

g e n e i t y , d i s t r i b u t i o n o f c u r r e n t d e n s i t y , o h m i c l o s s e s , e l e c t r o 

l y t e c o n d u c t i v i t y , a n d p H g r a d i e n t m i g h t b e m o r e p r o n o u n c e d 

a n d t h u s i n f l u e n c e t h e e l e c t r o d e p e r f o r m a n c e , o f w h i c h s o m e o f 

t h e s e f a c t o r s a r e a l s o s u p p o r t e d b y m o d e l l i n g a n d 

s i m u l a t i o n . 6 3 - 6 7 T h e s e f i n d i n g s s u g g e s t t h a t p o t e n t i a l m i t i g a t i o n 

c a n b e a c h i e v e d b y c o m b i n i n g m u l t i p l e s m a l l e r u n i t s t o m i n i 

m i z e t h e l o s s e s d e s c r i b e d a b o v e t o a c h i e v e a l a r g e a r e a d e v i c e . 6 8 

I n o t h e r w o r d s , t h e s c a l a b i l i t y i s a c h i e v e d w i t h t h e c o n t i n u o u s 

r e p e t i t i o n o f a b a s e u n i t t o f o r m a r r a y s a s a l a r g e u n i t . T h i s 

a p p r o a c h h a s b e e n d e m o n s t r a t e d b y m a n y a p p l i c a t i o n s , 6 9 f o r 

e x a m p l e , p h o t o v o l t a i c c e l l s , s o l a r s t e a m g e n e r a t i o n f o r C 0 2 

r e d u c t i o n , 7 0 f l u i d i c b a t t e r i e s , 7 1 a n d a l u m i n u m - a i r m i c r o -

b a t t e r i e s . 7 2 T h e s e w o r k s s h o w t h a t c o m b i n i n g s m a l l b a s e u n i t s 

t o f o r m a l a r g e u n i t r e t a i n s t h e a d v a n t a g e s s u c h a s a l a r g e 

s u r f a c e - t o - v o l u m e r a t i o , e n h a n c e d h e a t a n d m a s s t r a n s f e r , a n d 

p r e c i s e f l u i d c o n t r o l , a l l o f w h i c h a r e f u n d a m e n t a l a s p e c t s f o r 

s o l a r a n d e l e c t r o c h e m i c a l a p p l i c a t i o n s . O v e r a l l , t h e d e s i g n a n d 

g e o m e t r y o f t h e e l e c t r o d e s a r e a m a j o r c h a l l e n g e i n s c a l i n g u p 

This journal is © The Roya l S o c i e t y o f C h e m i s t r y 2 0 2 4 J. Mater. Chem. A, 2 0 2 4 , 12, 3 9 6 - 4 0 4 | 4 0 1 
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p h o t o - a n d e l e c t r o c a t a l y t i c d e v i c e s t o m o v e f r o m l a b o r a t o r y t o 

i n d u s t r i a l s c a l e s y s t e m s . 

T o e v a l u a t e t h e p e r f o r m a n c e o f t h e 3 D - p r i n t e d e l e c t r o d e s , w e 

c o m p i l e T a b l e 1 f o r t h e H E R a n d O E R p e r f o r m a n c e o f o t h e r 

w o r k s f r o m t h e l i t e r a t u r e . W e s e l e c t e d T i 0 2 a s a c a t a l y t i c 

m a t e r i a l o n 3 D e l e c t r o d e s p r i n t e d b y o t h e r t e c h n i q u e s ( e l e c 

t r o d e s w e r e m a d e f r o m o t h e r m a t e r i a l s , t y p i c a l l y m e t a l s ) a n d 

s i m i l a r c a r b o n - b a s e d e l e c t r o d e s p r i n t e d b y t h e F D M t e c h n i q u e 

w i t h o t h e r c a t a l y t i c m a t e r i a l s . E v i d e n t l y , o u r 3 D e l e c t r o d e s 

d o c u m e n t e d c o m p a r a b l e H E R a n d O E R o v e r p o t e n t i a l s , s h o w i n g 

t h a t t h e c a r b o n - b a s e d e l e c t r o d e i s a f e a s i b l e a l t e r n a t i v e a s a 3 D 

c o n d u c t i v e p l a t f o r m . 

Conclusions 
W e d e m o n s t r a t e d a s i m p l e t r e a t m e n t s t e p i n a q u e o u s N a O H t o 

p r e p a r e t h e s u r f a c e o f 3 D - p r i n t e d c a r b o n e l e c t r o d e s f o r s u b s e 

q u e n t l o w - t e m p e r a t u r e A L D p r o c e s s e s . T h e s u r f a c e w e t t a b i l i t y 

o f t h e c a r b o n e l e c t r o d e s i s e n t i r e l y d i f f e r e n t a f t e r t r e a t m e n t i n 

d i f f e r e n t s o l v e n t s . W e s h o w e d t h r e e c o m m o n l y u s e d A L D 

c o a t i n g s , T i 0 2 , S i 0 2 , a n d A l 2 0 3 o n 3 D - p r i n t e d c a r b o n e l e c t r o d e s 

f o r l i g h t - e n h a n c e d H E R a n d O E R . A l l A L D c o a t e d e l e c t r o d e s 

p r e s e n t e d i m p r o v e d p e r f o r m a n c e w i t h b l u e l i g h t i r r a d i a t i o n . 

T i 0 2 c o a t e d e l e c t r o d e s r e c o r d e d t h e l o w e s t H E R o v e r p o t e n t i a l s 

a t - 1 0 m A c n T 2 a t 0 . 6 0 V ( d a r k ) a n d 0 . 3 1 V ( i r r a d i a t i o n ) , a n d 

O E R o v e r p o t e n t i a l s a t 1 0 m A c n T 2 a t 1 .86 V ( d a r k ) a n d 1 .47 V 

( i r r a d i a t i o n ) . W e a p p l i e d t h e A L D T i 0 2 c o a t i n g o n 3 D e l e c t r o d e s 

w i t h d i f f e r e n t s h a p e s a n d s i z e s , s u c h a s m u l t i p l e r o d s t r u c t u r e s 

a n d 2 i n c h - d i a m e t e r d i s k s , t o s h o w t h e f r e e d o m o f 3 D d e s i g n 

a n d s c a l a b i l i t y b y F D M - b a s e d p r i n t i n g . S i m i l a r t o o t h e r 

u p s c a l e d e l e c t r o d e s , t h e H E R p e r f o r m a n c e o f t h e l a r g e r 3 D 

e l e c t r o d e s s u f f e r e d a s l i g h t d e g r a d a t i o n . T h u s , e n g i n e e r i n g a n d 

d e s i g n i n g e f f i c i e n t e l e c t r o d e s w i l l b e e s s e n t i a l f o r l a r g e s c a l e 

e l e c t r o c h e m i c a l e n e r g y c o n v e r s i o n i n t h e n e a r f u t u r e . T h e 

p r e s e n t w o r k r e p o r t s a n i m p r o v e d c a r b o n s u r f a c e r e a d y f o r 

d i v e r s e A L D c o a t i n g s t o i n c r e a s e t h e f u n c t i o n a l i t i e s o f 3 D e l e c 

t r o d e s w i t h a b s o l u t e f r e e d o m i n d e s i g n a n d s c a l i n g f o r c a t a l y t i c 

a p p l i c a t i o n s a n d b e y o n d . 
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10. Conclusions 

In summary, different compounds were investigated as photoelectrocatalysts for HER. 

Transition-metal selenophosphites crystals, MnPSe3, FePSe3 and ZnPSe3, showed excellent 

photoelectrocatalytic response during illumination with visible light (660 nm). ZnPSe3 was the 

one that exhibited the lowest overpotential for HER and the higher response to the light during 

photocurrent experiments in acidic media. For this reason, among the studied crystals, it is the 

most promising for the photocatalyzed production of hydrogen. 

Moreover, the effect of the fluorination of different M A X , Ta2AlC, Cr2AlC, Ti2AlC, and 

Ti3AlC2, on their structural and morphological properties was evaluated and the phases were 

then applied as photoelectrocatalysts for hydrogen generation. The morphology of the treated 

compounds changed as a consequence of the exposure to the fluorine gas, showing partial 

delamination between the layers and an extent formation of oxyfluoride species on their surface. 

As an exception, the analysis of F-Cr^AlC showed a considerable amount of fluorine on the 

surface without significant change in its morphology. This difference can be related to the fact 

that & 2 A I C is reported to be more resistant to oxidation and exfoliation than the other M A X 

phases in this work. A l l M A X and F - M A X , showed improved photoelectrocatalytic activity 

when exposed to the illumination by a 660 nm light source. The more pronounced improvement 

of the catalytic activity due to illumination was observed for F-Ti2AlC and F-Ti3AlC2, which 

showed a reduction of the overpotential value of 178 mV and 119 mV respectively. The 

improved response of the two compounds can be attributed mainly to the presence of the 

photoactive oxyfluoride (TiOF2) on their surface as a consequence of the fluorination process, 

as confirmed by the morphological and structural characterization. Cr2AlC and F-CnAlC 

presented the lowest overpotential and Tafel slope values in their respective category and, 

despite the absence of the corresponding oxyfluoride, the former showed better performances 
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and improved photoelectrocatalytic effect compared to Cr2AlC. In this case, a better insight into 

the properties of this compound is necessary to explain the role of fluorine within its structure. 

In particular, the photo-activity of M A X phases was an unexpected result, since they are 

reported to show a metallic behaviour. This fact inspired the last work presented in this thesis, 

in which three M A X , NbiAlC, Ta2AlC, and Ti3AlC2, were studied in detail using theoretical 

and experimental approaches to investigate the origin of their photoactivity. The theoretical 

calculations concluded that the metals contribute dominantly to the DOS around the Fermi 

level, confirming the metallic nature of these compounds, with no band gap in the vicinity of 

the Fermi level. XPS and EDS analyses detected not only the presence of the respective 

transition metal oxides but also a relevant amount of AI2O3. In contrast to the theoretical 

calculation, it was experimentally estimated that for Nb2AlC and Ta2AlC, there are two 

fundamental absorptions at 2.2 eV, 3.1 eV, and 2.2 eV, 3.3 eV, respectively. Moreover, the 

estimated band gap for Ti3AlC2 was 2.4 eV. As a confirmation of the presence of photoactive 

material, all M A X showed an enhanced photocatalytic activity towards HER when exposed to 

illumination by different light sources. In particular, Nb2AlC and Ta2AlC performed better (758 

mV and 760 mV of overpotential, respectively) when exposed to U V light, and Ti3AlC2 showed 

the lowest overpotential (680 mV) when exposed to the 460 nm light source, in accordance with 

the estimated optical band gaps. In general, the formation of oxides on M A X phases has been 

already reported, since contamination is unavoidable if the material comes in contact with the 

air or with oxidizing solvents7 5'9 1. The results obtained in this study showed how these 

impurities can play a crucial role in photoelectrochemical hydrogen generation, leading to better 

performances thanks to their intrinsic photoactivity. These findings can open the door for 

further implementation of M A X phases as photoelectrocatalysts. In addition to the three M A X 

investigated in this work, more than 150 other M A X phases92 synthesized to date might observe 

similar photoactive properties, which are yet to be tested and possibly applied in this field. Even 
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if the performances obtained are not comparable with other materials, such as M0S2 and 

MXene, a better understanding of these compounds and the effect of surface modification 

processes on their properties can lead to the development of new promising 

photoelectrocatalysts. 

The implementation of the second objective of this thesis resulted in the fabrication of 

heterolayered 3D-printed carbon electrodes using multi-material 3D printing for the first time. 

These electrodes consisted of alternating commercially available CNT/PLA and C B / P L A 

conductive nanocomposite filaments. After chemical activation, morphological analysis 

revealed an asymmetric surface exposing both ID and 3D nanocarbon allotropes. 

Electrochemical tests showed that the electrodes display intermediate properties compared to 

those made solely of individual carbon allotropes, with no significant differences observed 

between them statistically. However, in applications such as the HER or the detection of 

ascorbic acid A A , multimaterial 3D-printed carbon electrodes demonstrated superior 

performance compared to single carbon allotrope electrodes. This enhancement is attributed to 

the heterolayered structure, facilitating the presence of metallic impurities and a larger active 

area. Thus, the multimaterial printing approach offers a convenient, rapid, and scalable method 

for producing carbon electrodes with improved performance. Additionally, this strategy sets the 

stage for developing advanced heterolayered 3D-printed electrodes incorporating various 

electroactive materials, promising applications in supercapacitors, batteries, or biosensors. 

Moreover, a simple treatment method was implemented using aqueous NaOH to prepare the 

surface of 3D-printed carbon electrodes for subsequent A L D processes at low temperatures. 

Interestingly, the surface properties of the carbon electrodes change significantly after treatment 

with different solvents. Our research highlights the effectiveness of three common A L D 

coatings, such as T i02, S1O2, and AI2O3, on 3D-printed carbon electrodes, enhancing their light-

assisted HER and OER activities. Notably, all ALD-coated electrodes show improved 
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performance under blue light irradiation. Particularly, TiCh-coated electrodes demonstrate the 

lowest overpotentials for HER and OER under both dark and irradiation conditions. 

Additionally, A L D T1O2 coating to 3D electrodes of various shapes and sizes was successfully 

applied, showcasing the adaptability and scalability of FDM-based printing in 3D design. 

However, larger 3D electrodes experienced a slight degradation in HER performance, 

highlighting the need for efficient electrode engineering and design for large-scale 

electrochemical energy conversion. Our study presents an enhanced carbon surface suitable for 

diverse A L D coatings, expanding the capabilities of 3D electrodes with unmatched design 

flexibility and scalability for various catalytic applications and beyond. 

In conclusion, the content of this thesis will contribute to a better understanding of 2D materials 

like MPCI13 and their potential application as photoelectrocatalysts capable of absorbing visible 

light to promote hydrogen production from water-based electrolytes. Moreover, the 

fundamental study of M A X and the role of impurities and chemical modification on their optical 

properties open new insights about this class of materials and their possible application in 

photoelectrochemistry. The combination of this knowledge and the use of 3D-printed 

conductive platforms discussed in this thesis can lead to the fabrication of performing electrodes 

that combine the mechanical strength of the 3D electrode and the catalytic properties of 

functional materials that can be combined with this technology. Further studies in this direction 

will contribute to the development of photoelectroactive electrodes that can be used under the 

influence of visible light, guaranteeing solid performance in the field of the 

photoelectrochemical production of hydrogen from water. 
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