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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. MAX phases were modified through exposure to
fluorine gas and the properties of the obtained fluorinated MAX 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 MAX
phases. The improved catalytic activity was attributed to photoactive oxyfluorides that formed

as a consequence of the fluorination process. The photoactivity of the MAX phases was further



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 TiOo,
SiO2, and Al>Os3. 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,

MAX phases, 3D printing, atomic layer deposition



Abstrakt

Elektrochemicka vyroba vodiku z vody ziskava stale vice pozornosti jako Cisty a obnovitelny
zdroj energie v reakci na alarmujici environmentalni problémy zptsobené t€zbou fosilnich paliv
behem poslednich stoleti. Proces vsak lze povazovat za ekologicky Setrnou alternativu pouze
tehdy, pokud je pohanén obnovitelnymi zdroji energie, jako je solarni energie, nejvétsi uhlikove
neutralni zdroj dostupny na nasi planeté. Solarni energie lze preménit na elektfinu pomoci
solarnich panelt a elektricka energie muze byt vyuzita k rozkladu vody za pomoci
elektrokatalyzatort, jako je platina. Alternativné lze rozklad vody na vodik provadét pfimo
pomoci solarni energie. Nicméné vytézky piimého fotochemického rozkladu vody jsou nizké.
Kombinace obou pfistupt, nazyvana fotoelektrochemicky rozklad vody, kombinuje nejlepsi z
obou svétu - elektrokatalyticky rozklad vody s pomoci fotonii. Z tohoto divodu je studium
novych materiald zaloZzenych na hojné se vyskytujicich prvkd, které lze pouzit jako
fotoelektrokatalyzatory pro tvorbu vodiku, zasadni pro navadéni spolecnosti k udrzitelnéjsi
vyrobé energie. Tato prace zkouma potencial t€chto novych dvourozmérnych (2D) materialt a
souvisejicich sloucenin, spolu s vyzkumem vyuziti 3D tisku pro vyrobu funkénich elektrod v
oblasti fotoelektrochemie. Studium nékolika pfechodnych kovovych selenofosfitd potvrdilo
jejich potencial jako fotoelektrokatalyzatori pro tvorbu vodiku, zejména za pusobeni
viditelného svétla. MAX faze byly modifikovany expozici fluorovému plynu a vlastnosti
ziskanych fluorovanych MAX byly zkoumany, zacinaje jejich morfologii az po jejich potencial
jako fotoelektrokatalyzatori pro reakci vyvoje vodiku. Fluorované faze vykazovaly lepsi
vykony ve srovnani s neoSetfenymi fazemi MAX. ZlepSena katalyticka aktivita byla pficitana
fotoaktivnim oxyfluoridim, které vznikaly v dusledku procesu fluorace. Fotoaktivita fazi MAX
byla dale zkoumana jak teoreticky, tak experimentalné, aby bylo mozné porozumét ptvodu
fotokatalytického chovani. Vysledky ukazaly, ze pfitomnost oxidovych necistot na fazich hraje

klicovou roli v fotoelektrochemické tvorbé vodiku. Role oxida v fotokatalytické aktivité té€chto
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sloucenin inspirovala vyrobu a zkoumani 3D tiSténych elektrod a jejich modifikaci s oxidy
deponovanymi atomovou vrstvou (ALD), jako je TiO2, SiO2 a Al,Os. I v tomto pripadé
pritomnost tenké vrstvy oxidu na povrchu elektrody vyznamné pfispéla ke zlepSeni vykonu za
pusobeni viditelného svétla. Ziskané vysledky prokazaly dulezitost zakladniho studia novych
2D materiala pro aplikaci v fotoelektrochemické vyrobé vodiku a oteviely nové pohledy na
vyrobu inovativnich 3D tisténych vodivych zafizeni, ktera lze modifikovat s funkCénimi

materialy pro pfeménu energie.

Klicova slova

Vyroba vodiku, 2D materialy, fotoelektrochemie, selenofosfity prechodnych kovi, MAX faze,

fluorace, 3D tisk, nanaseni atomarni vrstvy



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 (MPChs), MAX 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. All 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 MPCh3z and MAX 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.



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
MPChs and MAX 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



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:

e 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;

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

through ALD 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.!, two-dimensional (2D) layered materials, such as graphene’®, graphitic
carbon nitride (g-C3N4)*, transition metal dichalcogenides®, transition metal
trichalcogenphosphites (MPChs)’, monoelemental compounds (Xenes)® ', 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 layers'!~'%. Moreover, the chemical and optoelectronics properties of 2D layered
materials can be enhanced through different modifications, such as doping or surface
engineering'>. In particular, chemical modification by fluorination is fascinating for PEC
applications because it can tune the physical and optical properties related to the photoresponses

1617 phosphorene!8, and g-C3N4"

of 2D materials. For example, the fluorination of graphene
resulted in improved surface polarity, thermal and chemical stability, and tunable or opening of

the band gap.

Among the 2D materials, MPCh3z are particularly gaining interest due to their catalytic
properties in the HER72%2%, 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, Ni, etc.) and post-transition metals
(e.g., Sn, Ga, In), as well as alkali metals like Ca and Mg’**%, MPChs were deeply studied for

26-28

their magnetic properties™ “°, but recent studies mainly focus on their potential as

photocatalysts for energy applications®>->39,

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'**!%*, MXenes are commonly synthesized from

12



their layered parent MAX phases (MAX), a class of layered ternary materials with the general
formula Mn;1AX,, where M is an early transition metal, A is an element from IIIA and IVA
group, X is carbon or nitrogen, and n is equal to 1, 2, or 337 By applying acid treatment with
aqueous hydrofluoric acid and sonication, the A element interlayer can be selectively etched
and washed out from the MAX giving a set of single or multilayer. The scientific community
mainly concentrates on applying MXenes in different fields, although MAX 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 MPCh3z and MAX, 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 others®%"
40 Different studies recently proved the potential utilization of 3D printing techniques, such as
fused deposition methods, in electrochemistry*'~*, 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 (H2). 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 CO> 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 fuels*. 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/m’ kWh/m? 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 CO; 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 reforming*®.
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 cathode*’:

1
Anode OER H,0 + 2h* - 2H™ +§02 3.1.1

Cathode HER 2H* + 2e™ - H, 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 rate*’.

AG°

=-1.23V 3.13

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 3.1.6%%%:
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Step 1:  H;0% +e~ -» Hyys + H,0;b =~ 118 mV /dec ~ (Volmer reaction) 3.1.4

Step 2: Hg4s + Hyqs = Hy; b = 29 mV /dec (Tafel reaction) 3.1.5
Or Hyys + H;0* + e~ - H, + H,0; b (Heyrovsky 3.1.6
~ 39mV /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 magnitude®®. 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 10°
TW) is sufficient to fuel all human activities for one year’!. 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 reactions®**. 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 materials®>, 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 UV light
irradiation. For example, TiO; 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, TiO> has a large bandgap of 3.2 eV, which can only be used in the

UV light range, which includes only 5% of all solar energy (solar conversion efficiency in UV
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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. 2D 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 graphene??, graphitic carbon nitride (g-

810 and

C3Ny)*5, transition metal dichalcogenides (TMDs)S, monoelemental compounds
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 them'!.

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
attention®’. 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 active’®,

In 2007, the Thomas group reported remarkable HER performance of MoS> 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®>. 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®%*¢!, Besides the
edge sites, the Cao group revealed that sulfur vacancies and grain boundaries are active as

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

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

metastable 1T MoS,, enhancing the performance of HER®,

3.2.1.1. Transition metal trichalchogenphosphites (MPChs)

MPChs is a large family of van der Waals-layered materials whose structure is derived from the
CdI; and CdCl: structural type and assumes a monoclinic or rhombohedral lattice configuration.
They are dominated by divalent metal cations stabilized in octahedral chalcogen environments.
MPCh; were synthesized for the first time in 1894% and then intensively studied for their
magnetic properties’® %, 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?%, Different works?**! reported the tendency for MPSes
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 MPChj3 results in enhanced catalytical activity due to the exposure

of a higher number of active sites. For example, Mukherjee et al. >>¢7

reported an improved
onset potential of about 300 mV for FePS3; and FPSes 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 MPChs. Li et al. reported that traces of cobalt doping
on NiPS; led to enhanced catalytic activity for HER, attributed to increased electrical

conductivity by about three orders of magnitude®®.
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Figure 3.1. The highlighted blocks in the periodic table represent metal elements for which the
layered MPChj3 structure has been reported in electrochemical applications (S in yellow and Se
in green)’. Phosphorus is delimited in red as it is a constant in MPChs. There are no reports of
MPChs with tellurium as the chalcogen element, delimited in purple. Copyright (2019) Wiley.

Reproduced with permission from Ref 7.

3.2.1.2. MAX phases

In 2000, Barsoum® used the term "MAX 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¢X octahedra are connected by shared edges and alternated with
layers of the A element. Changing the n value in the general formula Mn+1AXa, the structure of
the MAX 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,
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like good electrical and thermal conductivity and high thermal shock and oxidation resistance.
Most of the known MAX were discovered by Nowotny et al.”’! more than 40 years ago. Still,

672,73

only after the reports of Barsoum et al. in 199 about their intriguing physical properties,

the interest in MAX exploded. Most of the works related to MAX were primarily focused on
studying their fundamental physical properties but less on their potential applications’*7”.
However, in the laat years, MAX 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 al.

reported the synthesis and characterization of Ti2AlC,
Ti2AIN, TizAlIC,, and Ti3SiCa. 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 MAX have intermediate electrocatalytic performances
compared to other recently reported layered catalysts. Following this work, Kumar et al.’
reported the study of the electrochemical properties of Ti2AIC, TaAlC, Ti2SnC, TizSiCa,
V2AIC, M0:TiAlC2, and Cr, AIC 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
(Mo2TiC,Tx) by Anasori et al.””. In another recent report, Novcic et al.”® studied in detail the
electrochemical performance of Mo2TiAlC, 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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413 |

Figure 3.2. MAX unit cell structures of 211 (n = 1), 312 (n = 2), and 413 (n = 3)”°. The figure

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 CuBi,0, electrode improved the photoelectrochemical performances thanks to the electron

collection properties of RGO from the photocathodes®

. The photocurrent density of
CuBi,04/RGO was nearly two times higher than that of CuBi,0O,. 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 HER®!. 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. fabricated by atomic layer deposition was used as the co-
catalyst to decorate the Si photocathode®?. The transportation and separation of photo-generated
carriers were boosted because of the heterojunction between MoS. and Si. In addition, the
activity of MoS:2 was further increased with the post-sulfurization at high temperatures. Under
one sun illumination, the MoS,/Si photocathode exhibited a reduced overpotential of about 630
mV compared to bare Si. Dong et al. used MoS, as the co-catalyst to modify the CdSe/NiO
heteroarchitecture photoelectrode®’. In this system, the CdSe absorbed light and generated
electron—hole pairs. MoS> quickly attracted the electrons and took part in the HER reaction,

reducing the carrier recombination.

3.2.3. Additive 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 waste®. 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 processes®*’. 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)®. 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 synthesis*'****, 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.
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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. All the MPChs crystals (MnPSes,
FePSes, and ZnPSes) were selenophosphites, so it will be referred to them as MPSes. Among
the purchased MAX (Nb2AIC, TaxAlIC, Cr2AIC, Ti2AIC, and TizAlCy), four of them, namely
Ta2AlC, Cr2AIC, Ti2AlIC, and TizAlC,, were treated to obtain the corresponding fluorinated

MAX (F-MAX). All the other materials were used as received.

4.1. Materials and synthesis

MPSe; crystals were purchased from XFNANO, China. MAX were purchased from Laizhou
Kai Kai Ceramic Material Co. Ltd. Screen-printed carbon electrodes (SPCE, SE 101) were
obtained from CH 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
(TDMASIi) were obtained from Sigma-Aldrich, while tetrakis(dimethylamino)titanium(IV)
(TDMATi) from Strem Chemicals. All solutions were prepared in deionized water with a

resistivity of 18 MQ 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 MAX phases

A four-chamber PTFE reactor was located inside a sealed Monel autoclave and MAX, namely
TazAlC, Cr2AlC, Ti2AlC, and Ti3AlC», 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 N> 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 N> several
times to remove any traces of F> and related volatile compounds and finally evacuated through
a column of sodium carbonate. After filling with N2 to atmospheric pressure, the F-MAX (F-
TaxAlC, F-CroAlC, F-Ti2AlC, and F-TisAlC2) 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
13 MK3+MMU?2) 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;

(i1) Immersion in polar aprotic solvent;

(ii1) Immersion in polar aprotic solvent + electrochemical oxidation

(iv) Saponification

All electrodes were rinsed thoroughly with water and dried in air.

4.1.3. Atomic layer deposition of TiO,, SiO,, and Al,O;

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
introduced®. The advantage of ALD 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 substrate®>%,

A typical ALD process is illustrated in Figure 4.1, which shows the example of metal oxide
ALD using a metal precursor of ML, (M = metal and L = ligand) and water (i.e., H>O) as the
precursors. In the first step, the ML> vapor is introduced into an ALD reactor containing the
substrate(s) to be coated. ML 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 ML reaction forms a new

metal-oxygen bond and liberates one or more L groups as the HL gas, while the other L group
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remains bound to the metal. Once ML> has consumed all of the surface hydroxyl groups, the
reaction terminates even in the presence of excess ML2. The excess ML, precursor and HL
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 ML, exposure, forming again new
metal-oxygen bonds and releasing HL as the by-product. This reaction also repopulates the
surface with -OH groups, restoring the initial surface chemical termination. Finally, the residual
water and HL are removed by evacuation or purging. These four steps (dosing ML, the first
purge, dosing water, and the second purge) comprise one metal oxide ALD 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 ALD cycles can be performed sequentially to grow a film of the desired

thickness.
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Figure 4.1. Schematic illustration of the ALD process of metal oxides for using ML> (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. TDMATi, TMA, and TDMASi were used as Ti, Al, and Si precursors,
respectively. TDMATI was heated to 75 °C to increase the vapor pressure, whereas TMA and
TDMASi were not heated. For TiO2 and Al,O3, deionized water was used as an O2 precursor,
and argon was the carrier gas. The plasma for ALD SiO2 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). SEM is an imaging technique used to investigate the
morphology of solid specimens. The SEM 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 SEM (FEI Verios
460L, Mira 3 XMU Tescan, and Lyra 3 Tescan) were used to evaluate the morphology of

MPSes, MAX, F-MAX, and 3D-printed carbon electrodes.

Energy Dispersive X-ray Spectroscopy (EDS). EDS is a technique associated with SEM 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-MAX20 (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. All the
materials used in this thesis work (MPSe3, MAX, F-MAX, and 3D-printed carbon electrodes)
were studied using XPS (Kratos Analytical Axis Supra) using a monochromatic Al Ko (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 1s peak (285 eV). The high-resolution spectra of the elements were fitted using Shirley-

type background.

X-ray Diffraction Spectroscopy (XRD). XRD 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 MAX, F-MAX, 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 Koy and a Cu Ka; 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, UV 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 MAX and F-
MAX 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 MAX were measured by mounting an integrating sphere in the UV-
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 MAX powders was measured within 300-900 nm, using a
scan speed of 400 nm min™. Kubelka-Munk function (F(R-))®’ was employed to estimate the
band gap of MAX phases. In particular, the reflectance measurements can be transformed in

the corresponding absorption spectra, according to Equation 4.2.1:

K 1- Roo sample
S ZROO Rstandard

F(Ry) = 4.2.1
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F(R.) can substitute the absorption coefficient o defined in the Tauc method® by Equation

42.72:

(ahwy® = B(hw — E,) 422

where h = Plank constant, v = frequency, E; = band gap energy, B = constant. The factor n is
equal to %2 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(Ry) * hv)? = B(hv — Eg) for direct transition band gap 423
(F(Rs) * hv)% = B(hu — Eg) for indirect transition band gap 424

Tauc plots were obtained by plotting the (F(R.) hv)? or (F(R.) hv)'? versus photon energy, and
the baseline approach®® 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

All electrochemical measurements were carried out using a potentiostat (PGSTAT204,
Metrohm Autolab, The Netherlands) controlled by NOVA 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 KCl) as the reference electrode. The working electrode (WE) was varied
accordingly. All reported potentials were converted to the RHE using the potential value
reported in the literature for the reference Ag/AgCl (1 M KCl, E’agagci = 236 mV®’) and

according to Equation 4.3.1:
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Erue = Eagjager +0.059 * pH + Egg/AgCl 4.3.1

Cyclic voltammetry measurements were performed in 10 mM Fe(CN)¢* and 0.1 M KCl

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 MPSej3 crystals were attached
to the SPCE (MPSe; @SPCE) and the ITO coated PET (MPSe; @ITO) using conductive carbon
cement and conductive carbon tape, respectively. MAX and F-MAX 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 H2SOs4 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 LED
(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.

WE Electrolyte Potential applied

MPSe; @ITO 10 mM Fe(CN)e>, 0.1 M KClI 0.76 V vs. RHE
MPSe;@SPCE 0.5 M HoSOq4 —0.50 V vs. RHE
MAX and F-MAX on GC 0.5 M H2SOq4 -0.46 V vs. RHE

ALD TiOz on 3D-printed
0.5 M HoSOq4 -0.40 V vs. RHE
carbon electrode

ALD TiOz on 3D-printed
1 M NaOH 1.8 V vs. RHE
carbon electrode
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Part 1: Novel 2D materials for photoelectrochemical

hydrogen evolution reaction
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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 Cross-Border Seminar on
Electroanalytical Chemistry (CBSEC), Yonsei-BUT International Workshop:

Nanomaterials for Chemical Engineering, and at the CEITEC 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 MnPSes, FePSes, and ZnPSes. 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
MnPSes, FePSes, and ZnPSes, 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, ZnPSes 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 MPChs 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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ARTICLE INFO ABSTRACT

Keywords:
2D materials
Transition metal selenophosphites

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

Elhzzzel:fltzii?;: reaction (MPChyj), are gaining more and more interest for their potential as photocatalysts. Crystals of transition metal
Pl}llotoeglectrochemistry selenophosphites, namely MnPSes, FePSes and ZnPSes, were tested as photocatalysts for the hydrogen evolution

reaction (HER). ZnPSe; 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. Introduction

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 via solar light energy [1], however, the yields of direct
photochemical water splitting are low [2-4]. Alternatively, the solar
energy is converted to electricity via solar panels and electrical energy to
be used for water splitting via electrocatalysts, such as Pt or transition
metal dichalcogenides [5-8]. The combination of both approaches,
photoelectrochemical water splitting, combines the best from both
worlds - electrocatalytical water splitting with 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 with mono-element
compounds, like 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 (MPChg) 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 CdI, and CdCl, structural
type and assumes a monoclinic or rhombohedral lattice configuration.
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 materials, such as transition (e.g., Mn,
Fe, Cd, Zn, Ni, etc.) and post-transition metals (e.g., Sn, Ga, In), as well
as alkali metals like Ca and Mg [23-25]. In the past, MPChs 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 with 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 limit
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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 MPChs have
the ideal band gaps for the application as photocatalysts for hydrogen
generation since they could provide more efficient use of visible light in
the photocatalytic process.

In this work, we tested the photoelectrochemical performance of
three different crystals metal selenophosphites (MPSes), 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) will lead to a better understanding of their potential in
solar-driven processes for clean energy production.

2. Materials and methods
2.1. Chemicals

Crystals MPSes, i.e. MnPSes, FePSes, and ZnPSe3, were purchased
from XFNANO, China. Screen printed carbon electrodes (SPCE, SE 101)
were obtained from CH Instruments, Inc. and Indium-Tin-Oxide (ITO)
coated polyethylene terephthalate (PET) from Sigma Aldrich. Conduc-
tive carbon cement EM-Tec C38 was obtained from Micro 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. All solutions were prepared in deionized
water with a resistivity of 18 MQ cm.

2.2. Materials characterization

Morphological characterization of the crystals was carried out using
a scanning electron microscope (SEM) TESCAN LYRA3 with 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 1s (285 eV) using the
CasaXPS software.

2.3. Electrochemical measurements

All electrochemical measurements were carried out using a poten-
tiostat (PGSTAT204, Metrohm Autolab, The Netherlands) controlled by
NOVA software (version 2.1), in a three-electrode configuration. A
platinum wire was used as counter electrode and Ag/AgCl (1 M KCl) as
reference electrode. The working electrode was varied accordingly.
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Scheme 1. Schematic illustration of the approach used to evaluate the pho-
toelectrochemical performances of MPChg.
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Cyclic voltammetry measurements were performed using MPSe; on
SPCE as working electrode in 10 mM Fe(CN)Z and 0.1 M KCl electrolyte
with a scan rate of 0.1 V/s.

Photocurrent measurement. Crystals of MPSes; (Figure S3) were
attached to an ITO coated PET via conductive carbon tape and used as
working electrodes. Chronoamperometry measurements were per-
formed in 10 mM Fe(CN)Z™ and 0.1 M KCI electrolyte, applying 1 V vs.
Ag/AgCl. During the experiments, the light was switched on/off at
regular intervals. The illumination source was a customized LED (LZ4-
40R208, LedEngin Inc.) setup that emits the wavelength 660 nm (~40
mW/cm?). Similar measurements were also carried out in 0.5 M HySO4
electrolyte, applying —0.5 V vs. RHE. The MPSe; crystals were attached
to SPCE with conductive carbon cement.

Photo-electrocatalytic hydrogen evolution measurement. The MPSes
crystals on SPCE were further used for the hydrogen evolution reaction
(HER), with and without illumination. Linear sweep voltammetry (LSV)
measurements were performed in 0.5 M H,SO, electrolyte with a scan
rate of 2 mV/s.

3. Results and discussion

The layered MPSes; materials were firstly characterized before
moving to the investigation as photoelectrocatalysts for the hydrogen
evolution reaction (HER). The morphology of metal selenophosphites
(MPSes) crystals, namely, MnPSes, FePSes, and ZnPSes, were observed
by scanning electron microscopy (SEM) (Fig. 1). All the crystals showed
a structure with several stacked layers with 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 S1. For all the crystals, the Se/M ratio is
-3, and the P/M ratio is-1, which support the presence of MPSe;.

The surface chemical composition of the MPSes 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 1s and O 1s peaks in all the crystals can be
derivated from the adventitious carbon and oxygen as well as the carbon
tape used to hold the samples for measurement. The survey spectra show
that all the expected element (P, Se, and the respective metal) were
detected in the analyzed crystals, confirming the observation from EDS
in Figure S1.

To evaluate the electrochemical properties of the MPSes, the crystals
were supported on screen printed carbon electrodes (SPCE) using
conductive carbon cement. Cyclic voltammetry measurements of the
MPSes were carried out in 10 mM Fe(CN)Z and 0.1 M KCl electrolyte.
The CV curves are shown in Fig. 2 and the difference between the anodic
and cathodic peak potential (AEp) was calculated from the voltammo-
grams obtained. This parameter gives the information regarding the
reversibility of the process: smaller AE,, corresponds to a more reversible
electrochemical process [35]. The bare SPCE has a AE,, of 278 mV, and
among the MPSes, MnPSes has the lowest peak separation (149 mV),
followed by ZnPSe; (154 mV) and FePSe; (252 mV).

To probe the photoelectrochemical performances,
noamperometry experiments were carried out in the same media at the
fixed potential of 1 V vs. Ag/AgCl, 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. FePSes has the highest variation of current density
after illumination, on average about 10 nA/cm?. For MnPSe; and
ZnPSes, the values are similar, approximately about 2.5 nA/cm?
Moreover, a peak in the first seconds of illumination was observed for
ZnPSes. 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

chro-
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Fig. 1. SEM images of (a, A) MnPSe;s, (b, B) FePSes, (c, C) ZnPSe; crystals with different magnifications.
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Fig. 2. Cyclic voltammograms of 10 mM Fe(CN)3 at MPSe; in 0.1 M KCl
electrolyte, scan rate 0.1 V/s, screen printed carbon electrode as specimen
current collector.

surface, etc. [36-38]. In general, the results obtained from the photo-
current experiment suggest that the crystals are photoactive in the
visible spectral region.

Subsequently, we evaluate the photo-assisted hydrogen evolution of
the three MPSes crystals. Linear sweep voltammetry (LSV) was per-
formed in 0.5 M H,SO4 with and without illumination. The over-
potential at —10 mA/cm? 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 with an overpotential
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Fig. 3. Photoelectrochemical response of the MPSe; and bare electrode (as
control) to visible light (660 nm) in 10 mM Fe(CN)2" and 0.1 M KCl electrolyte,
applying 1 V vs. Ag/AgCL

value of almost 1000 mV. The crystal trend is the same in the presence or
absence of light and indicates that ZnPSes is the material with higher
catalytic activity for HER. However, all the MPSe; have a better per-
formance with irradiation (Fig. 4A), proving the potentiality of these
compounds as photocatalyst for HER. In particular, ZnPSes is the one
with the lowest overpotential (569 mV), followed by MnPSes (655 mV)
and FePSes3 (740 mV). Among the three MPSes, FePSe; shows the largest
improvement with illumination, with a reduced overpotential of 78 mV.
MnPSe; and ZnPSe; show a decrease of the overpotential of 48 mV and
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Fig. 4. Photo-electrocatalytic activity of MPSes layered compounds evaluation for the hydrogen evolution reaction (HER). A) Linear sweep voltammograms of MPSes
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 with recent studies that
report a theoretical [39] and experimental [40] band gap of ~1.5 eV for
FePSes and the consequent higher activity within the red portion of the
visible spectrum. The band gaps reported for ZnPSe; and MnPSe; 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 ZnPSe; and MnPSe; are
confined in the range from 250 nm to 500 nm whereas FePSe; 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 illumination 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, ZnPSes is the one that shows the most significant decrease in
Tafel slope value (from 315 mV/dec to 83 mV/dec), followed by FePSes
(from 240 mV/dec to 171 mV/dec) and MnPSe;s (from 202 mV/dec to
143 mV/dec). The large change in the slope value observed for ZnPSes
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 limiting 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 (1)-(3) [43,44]:

Adsorption (Volmer step):

H30" + ¢ — Hygs + H0; b ~ 118 mV/dec @
Desorption (Heyrovsky step):

Hys + H30" + ¢ — Hy + H,0; b ~ 39 mV/dec %)
Desorption (Tafel step):

Hads + Hags = Ha, b ~ 29 mV/dec )

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

discharge reaction, or 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 [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. RHE for chronoamperometry measurement. The results in Fig. 5
show that all the MPSes present an instant increase in current density
when exposed to the light, as well 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,
FePSe; and ZnPSes show a significant change in current when exposed
to light. MnPSes is again the crystal which is less responsive to light at
this particular wavelength region. Overall, the photocurrent is signifi-
cantly higher compared with those obtained in a neutral media in Fig. 3.
This fact can be explained considering that the measurement conducted
in Fe(CN)g' involves a simple one-electron transfer reaction that is
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Fig. 5. Photoelectrochemical activity of layered MPSe; evaluation for the
hydrogen evolution reaction. Photoresponse of the MPSe; to visible light (660
nm) in 0.5 M H,SO,, 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, Conclusion

In summary, we have investigated transition-metal selenophosphites
crystals, MnPSes, FePSe; and ZnPSes, and we tested their performances
as photoelectrocatalysts for the hydrogen evolution reaction. All the
crystals showed excellent photoelectrocatalytic response during illumi-
nation with visible light (660 nm). ZnPSe; 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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The results obtained were presented at the conference: X NyNA 2022: International
Conference on Analytical Nanosciences and Nanotechnologies and at the CEITEC PhD

Retreat 2022.

6.1. Motivation for the study

The primary motivation behind this research is the noticeable disparity in the utilization of
MAX 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, MAX have received comparatively less exploration. Existing
studies predominantly focus on the physical attributes of MAX rather than their potential
applications in electrochemical energy conversion. Nonetheless, MAX 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

45



tailoring the physical and optical characteristics crucial for photoelectrochemical applications.
This study endeavors to understand the impact of fluorination on four distinct MAX,
meticulously analyzing alterations in their morphology, elemental composition, and crystalline
structure. Subsequently, both untreated MAX 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 MAX compounds, including
Ta2AlC, Cr2AIC, 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-Cr,AlC exhibited a significant surface fluorination with minimal
morphological change, possibly due to its reported higher resistance to oxidation and
exfoliation compared to other MAX compounds studied. When subjected to illumination by a
660 nm light source, all MAX and F-MAX compounds displayed enhanced
photoelectrocatalytic activity. Particularly noteworthy was the pronounced improvement
observed in F-Ti2AlIC and F-Ti3AlC». This enhancement was mainly attributed to the presence
of photoactive oxyfluoride (TiOF;) species on their surfaces following fluorination, as
confirmed by morphological and structural analyses. Despite the absence of oxyfluorides,
Cr2AlIC and F-CrAIC 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 CroAIC
are necessary to elucidate the role of fluorine within its structure. Moreover, the unexpected
photoactivity observed in MAX 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 MAX and F-MAX compounds for energy
conversion applications. Despite their performances being lower than some benchmark
materials like MoS, 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 MAX 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 MAX 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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ABSTRACT: 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.
MAX phases (MAX) 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 MAX, namely, Ta,AlC, Cr,AlC, Ti,AlC, and Ti,AlC,
was exposed to fluorine gas in a controlled environment and their
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photoelectrocatalytic properties were tested for the hydrogen

evolution reaction with illumination by a visible light source of 660 nm wavelength. All of the mentioned compounds showed
excellent hydrogen evolution performances under illumination, in particular after the fluorination process. Fluorinated Cr,AIC is the
phase that showed the lowest overpotential, and fluorinated Ti,AlC and Ti;AlC, showed the most prominent photoelectrocatalytic
enhancement upon fluorination. The fluorinated MAX phases should find broad applications to photoelectrochemistry, as their

fluorinated graphene counterparts did in the past.

KEYWORDS: MAX phase, fluorination, 2D layered material, photoelectrochemistry, hydrogen generation, photoelectrocatalyst

B 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."” 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.>™> 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,é’7 graphitic carbon
nitride (g-C;N,),*’ transition metal dichalcogenides'® and
trichalco§enphosphites,”’12 monoelemental compounds
(Xenes),">™* and transition metal carbides (MXenes), as

© 2022 American Chemical Society
2793

7 ACS Publications

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
MAX phases (MAX), a class of layered ternary materials with
the general formula M, ,AX,, where M is an early transition
metal, A is an element from IIIA and IVA group, X is carbon or
nitrogen, and n is equal to 1, 2, or 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 MAX giving a set of single or multilayer MXenes that
present a mix of OH-, O-, and F- functionalizations on their
surface.”*”” 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 MAX are more focused on their physical properties, and
few have been carried out to investigate their electrochemical
energy-related applications.32’33 MAX 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 coeflicients, show high
stability, and resist chemical attacks.”**>**3*

Further modifications of 2D layered materials, such as
doping or surface engineering, are commonly used to enhance
their chemical and optoelectronic properties.’® 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,®”**
phosphorene,” and g-C;N,* 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.”

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

B RESULTS AND DISCUSSION

Four MAX, namely, Ta,AlC, Cr,AIC, Ti,AIC, and Ti;AlC,,
were exposed to F, gas in a controlled environment to prepare
the F-MAX, F-Ta,AlC, F-Cr,AlC, F-Ti,AlC, and F-Ti;AlC,.
Different material characterizations were carried out to
understand the effect of the F-treatment on the starting
materials. The morphology of the MAX before and after the
exposure to F, gas was observed by scanning electron
microscopy (SEM). Micrographs of MAX (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-MAX (Figure la,c,d) except for the layers of F-Cr,AlC
(Figure 1b) which remain quite intact. Moreover, the Ta- and
Ti-based F-MAX 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-MAX.
As shown in the EDS mapping (Figure 2), the expected
elements, that is, the respective metal (Ta, Cr, or Ti), Al, C,
and O elements are observed, which is confirmed by the EDS
spectra in Figure S1. The presence of O, which is also found in
the MAX, is unavoidable (evidenced by XPS of all MAX, to be
discussed later). The fluorination process induces F in the
material; in specific, F-Cr,AIC exhibits the lowest amount (4.1
At %), followed by F-Ta,AlC (6.0 At %), F-Ti;AlC, (6.9 At
%), and F-Ti,AIC (11.6 At %). A detailed breakdown of all
elements is included in the inset of Figure S1.

More details about the chemical composition of the MAX
and F-MAX 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

2794

Figure 1. SEM micrographs of MAX (left column, A—D) and
respective F-MAX (right column, a—d) phases (A) Ta,AIC, (B)
Cr,AlIC, (C) Ti,AlC, and (D) Ti;AIC,.

presence of an intense F 1s peak at 685 eV in all the F-MAX.
The observation again confirms the presence of F within the F-
MAX, which matches the analyses from EDS measurement.
The peak position related to the other elements (metal, Al, C,
and O) remained similar but with reduced intensity after the
fluorination process. Note that the presence of oxygen in MAX
due to the formation of oxide layers on the surface has been
reported in previous works.*>**

X-ray diffraction (XRD) pattern of F-MAX was acquired to
evaluate the crystalline phases (Figure 4). The diffractions
peaks in the XRD pattern of F-Ta,AlC, F-Ti,AIC, and F-
Ti;AlC, are mainly assigned to their respective MAX and also
other diffraction peaks that can be attributed to the formation
of different oxyfluoride species, namely, TaO,F and TiOF, for
Ta- and Ti-based F-MAX, respectively. F-Cr,AlC is the only
phase that does not show the presence of the respective
oxyfluoride, where its XRD pattern shows a prevalence of its
MAX and traces of Cr,;Cq.

Based on the different material characterization techniques,
we observe that the fluorination by F, gas on the MAX has
resulted in different effects. As evidenced by EDX and XPS
measurements, fluorine was successfully introduced within the
MAX. The M—A bond in MAX is more chemically reactive
compared to the M—X bond, and for this reason, the Al layer
can be selectively etched.' After the exposure to F,, most of
the MAX 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
MAX to form the oxyfluoride species detected in XRD. As a
confirmation, the cubic-like structures observed on the surface
of F-MAX in Figure la,c,d can be attributed to TaO,F and
TiOF, since both possess a simple cubic crystal structure and
the cubic morphology agrees with the reported works.****
Despite fluorine being detected in F-Cr,AIC, the etching effect

https://doi.org/10.1021/acssuschemeng.1c08133
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Figure 2. SEM-EDS mapping of the F-MAX phases; (A) F-Ta,AIC, (B) F-Cr,AlC, (C) F-TL,AIC, and (D) F-Ti;AlC,, elemental map of the

respective metal (Ta, Cr or Ti), Al, C, F, and O.
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Figure 3. XPS survey spectra of MAX and F-MAX phases, (A) Ta,AIC, (B) Cr,AIC, (C) Ti,AlIC, and (D) Ti;AlC,.

on the Al 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

2795

of individual MAX and its corresponding metal oxides. Of all

MAX in this work, Cr,AlC is more resistant to oxidation and

46,47

harsh environment. Furthermore, the etching effect is

directly related to the bond strength and exfoliation energy of

https://doi.org/10.1021/acssuschemeng.1c08133
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Figure 4. XRD pattern of F-MAX phases, (A) F-Ta,AIC, (B) F-Cr,AlC, (C) F-TLAIC, and (D) F-Ti,AIC,.

the MAX. A recent computational work predicted that the
exfoliation energy for Cr,AIC (0.213 eV A™") is higher than the
one for Ta,AIC (0.192 eV A7), TLAIC (0.170 eV A™!), and
Ti;AIC, (0.164 eV A™'),*® which explains the least etching
effect of Cr,AlC.

We investigated the above prepared and analyzed materials
as photoelectrocatalysts for HER. Linear sweep voltammetry
(LSV) was performed in 0.5 M H,SO, electrolyte for both
MAX and F-MAX on the glassy carbon (GC) electrode with
and without exposure to a light source (4 = 660 nm), and the
LSV curves are shown in Figure 5. As a reference, the bare GC
electrode was measured, which is known for its poor catalytic
activity for HER.*” All the MAX (red dashed lines) are more
catalytically active than the blank GC as demonstrated by the
lowered overpotentials, ~808 mV for Cr,AlC, ~822 mV for
Ta,AlC, and =966 mV for both Ti-based MAX; all
comparisons are made at —10 mA cm 2. The higher catalytic
activity of Cr,AIC among the MAX tested in this work
corroborates with a recent study.’> Besides, Ti,AIC and
Ti;AIC, exhibited similar activity as electrocatalysts for the
HER, as also reported by Rosli et al.** Generally, all the E-
MAX (green dashed lines) improved the catalytic activity by
showing an even lower overpotential than the MAX, X715 mV
for Cr,AlC, ~786 mV for Ta,AlC, 866 mV for Ti;AlC,, and
~928 mV for Ti,AlC. The presence of the illumination during
the measurements led to a decrease in the overpotential value
for both MAX and F-MAX. The more prominent photo-
electrocatalytic HER enhancement was recorded for F-TLAIC,
followed by F-Ti;AlC,: the overpotential was, respectively,
reduced by 178 mV (to 783 mV) and 119 mV (to 747 mV)
compared to the one obtained without exposure to the light.
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The higher photoactivity of these phases can be related to the
presence of TiOF, on the surface. In fact, different studies on
TiOF, reported its high photoactivity under irradiation (4 =
660 nm),**** with an optical band gap of ~3.10 eV.>' As
discussed above, the presence of the respective oxyfluoride
(TaO,F) was also detected in the F-Ta,AlC phase. However,
in this case, the overpotential of F-Ta,AlC is lower (reduced by
88 mV) than the one observed for Ta,AIC (reduced by 100
mV). The lower photoelectrocatalytic HER enhancement by
TaO,F than TiOF, can be related to their optical band gap. A
recent study reported that TaO,F presents an energy band
value of ~4.10 eV,* so it is expected to be less photoactive
than TiOF, when both are exposed to the light source (660
nm) in this work. Overall, Cr,AlC and F-Cr,AIC presented the
lowest overpotential in their respective category. In particular,
under the illumination, an overpotential of 695 and 642 mV
was achieved for Cr,AlC and F-Cr,AlC, respectively. We
present a summary of overpotential values of all MAX and F-
MAX with and without illumination in Figure Sa—d for clear
comparison.

Furthermore, Tafel plots (Figure S2) were derived from the
polarization curves in Figure SA—D, and Tafel slope values
(Table S1) were calculated by fitting the linear region of the
Tafel plots. As reported in previous studies for MAX in
electrocatalytic HER,*>** all the phases exhibited slope values
greater than 100 mV dec™), so it can be inferred that the rate-
limiting step for the MAX and F-MAX phases is the adsorption
of hydrogen on the surface (Volmer step), that is, usually
identified as limiting with slope values ~120 mV dec”' or
larger. Similar to Figure 5, where Ta,AlC and Cr,AlC
presented the lower overpotentials, both demonstrated the
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lowest slope values, in the range of 120—155 mV dec™ with
and without illumination. The Ti-based compounds generally
showed higher slopes, in the range of 190—230 mV dec™.
However, the Tafel slopes of the illuminated F-MAX are lower
than the non-illuminated, presenting comparable values with
other F-MAX, in particular, 147 mV dec™ for F-Ti;AIC, and
170 mV dec™! for F-Ti,AlC. As mentioned above, the
photoresponse of these phases was influenced by the presence
of TiOF, 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/oft 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-Ti;AlC, in Figure 6D). Comparing the
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photocurrent density of the bare GC electrode and the MAX
and F-MAX 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 GC electrode, suggesting the
presence of the photoelectrocatalytic effect. The results
confirmed that all F-MAX showed a larger current increment
during illumination than their respective MAX. In particular,
the most prominent increase in current was recorded for F-
Ti,AIC and F-Ti;AIC, (0.13 and 0.15 mA cm™ respectively),
which agrees with the lowered HER overpotentials with the
illumination, as shown in Figure 5. Further confirmation of the
photoactivity of the F-MAX was obtained comparing the UV—
visible absorbance spectra of these materials, reported in Figure
S3. Similarly, in this case, F-MAX showed a greater absorption
of light than the respective MAX, considering the region of the
spectra close to the wavelength used in this work (660 nm).

B CONCLUSIONS

In summary, we investigated the effect of the fluorination of
different MAX, Ta,AlC, Cr,AlC, Ti,AIC, and T;AlC, 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-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
Cr,AlIC is reported to be more resistant to oxidation and
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exfoliation than the other MAX in this work. All MAX and F-
MAX 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-Ti,AlC and F-Ti;AlC,, 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 (TiOF,)
on their surface as a consequence of the fluorination process, as
confirmed from the morphological and structural character-
ization. Cr,AlIC and F-Cr,AlC 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 Cr,AlC. 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 MAX was an unexpected result, since they
are reported to show a metallic behavior,”* 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 MAX and F-MAX for energy conversion application. Even if
the performances obtained are lower than some other
materials, such as MoS, 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
MAX 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
MZXenes that present photoelectrochemical activity from the
exfoliation of F-MAX.

B MATERIALS AND METHODS

Materials. MAX (Ta,AlC, Cr,AIC, TLAIC, and Ti,AlC,) were
purchased from Laizhou Kai Kai Ceramic Material Co. Ltd, and
sulfuric acid (H,SO,) 96% was obtained from Penta, Czech Republic.
All solutions were prepared in deionized water with a resistivity of 18
MQ cm.

Fluorination of MAX Phases. The reaction was carried out in a
four-chamber PTFE reactor located inside a sealed Monel autoclave.
Ta,AlC, Cr,AIC, TL,AIC, and Ti;AlC, 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,), the autoclave was evacuated for 20 min to
complete the de-aeration process. Afterward, 20% fluorine gas (F,) in
N, was slowly flushed inside the system and pressurized to S 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. To remove any
traces of fluorine gas or related volatile compounds, the autoclave was
vented and flushed several times with N, A final evacuation was done
using a column with sodium carbonate, and the system was filled back
with N, to atmospheric pressure. Finally, the MAX were collected
from the reactor and properly stored in sealed vials.

Materials Characterization. Morphological characterization was
performed using high-resolution SEM (FEI Verios 460L). An EDS
detector X-MaxN 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
XPS (Kratos Analytical Axis Supra), and the spectra obtained were
calibrated against the C 1s peak (285 eV) using the CasaXPS
software. The structural analysis of the F-MAX was investigated using
an X-ray diffractometer (PANalytical XPert-PRO) with a Co K
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
min~". The samples for the UV—vis measurements were prepared
suspending MAX and F-MAX (0.625 mg mL™) in a solution of 50%
ethanol in water.

Photoelectrochemical Measurements. MAX and F-MAX (2.5
mg mL™") were dispersed in deionized water and ultrasonicated for
60 min. Afterward, 5 uL of the obtained suspension was drop-casted
on the GC electrode and dried under a heat lamp. The prepared
electrode was then used as a working electrode in a three-electrode
configuration. Ag/AgCl (1 M KCl) was used as a reference electrode,
and a platinum wire was used as a counter electrode. LSV was
performed using a potentiostat (PGSTAT204, Metrohm Autolab, The
Netherlands) controlled by NOVA software (version 2.1), using a
scan rate of 2 mV s, immersing the electrodes in a quartz cell
containing 0.5 M H,SO, solution. All reported potentials were
converted to the RHE, according to the potential value reported in
the literature for the reference Ag/AgCl (1 M KCl, 236 mV).>* The
illumination source used for the photoelectrochemical experiments
was a customized LED (LZ4-40R208, LedEngin Inc.) setup that emits
the wavelength 660 nm (240 mW cm™2). All MAX and F-MAX were
tested with and without illumination, and the bare GC electrode was
measured as a reference. For chronoamperometry measurements, a
fixed potential of —0.46 V vs RHE 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.; Nov¢i¢, K.A; Ng, S.; Cerny, M.; Pumera, M., The unexpected
photoelectrochemical activity of MAX phases: the role of oxide impurities, J. 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 MAX 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 MAX 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 MAX, thereby augmenting their efficacy for applications in
photoelectrochemical processes. Through this endeavor, we endeavor to unlock the full
potential of MAX 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 MAX, namely
Nb2AIC, TaxAlIC, and TizAlC», 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 Al,Os. Interestingly, experimental estimations indicated the presence of two
fundamental absorptions at 2.2 eV and 3.1 eV for Nb2AIC and 2.2 eV and 3.3 eV for TaAlC,
contrasting with theoretical predictions. The estimated band gap for TizAlC, was also
determined to be 2.4 eV. Demonstrating the presence of photoactive material, all MAX phases
exhibited enhanced photocatalytic activity towards HER under illumination by various light
sources. Notably, Nb2AIC and Ta;AlC demonstrated superior performance under UV light,
while Ti3AlC, exhibited the lowest overpotential under 460 nm light, aligning with the
estimated optical band gaps. The documented formation of oxides on MAX, 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 MAX phases as photoelectrocatalysts.
Beyond the three MAX phases investigated in this study, the extensive pool of over 150 other
synthesized MAX 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 MAX,
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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MAX phases are layered ternary compounds that are mainly studied for their physical properties and their
use in the synthesis of MXenes. Their application in energy generation has been investigated and
recently, the unexpected photoactivity of MAX phases under the influence of a visible light source has
been reported. To investigate the origin of this photoactivity, theoretical calculations and experimental
characterisation of the structural and optical properties of three MAX phases, Nb,AIC, Ta,AlC and
TizAlC,, were performed. Although the theoretical calculations confirmed that the phases presented no
band gap in the vicinity of the Fermi level, the experimental evaluation showed two main absorptions for
NbLAIC and TaAlC (2.2 eV, 3.1 eV, and 2.2 eV, 3.3 eV, respectively) and one for TizAlC, (2.4 eV). To
confirm the observations from the optical characterisation, the phases were applied as
photoelectrocatalysts for hydrogen generation under the influence of light of different wavelengths.
Nb,AIC and Ta,AlC performed better when exposed to UV light, while TizAlC, showed the lowest
overpotential under the influence of visible light, in accordance with the experimentally estimated band

gaps. The materials were extensively characterised and the photoactivity of MAX phases was attributed to
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Introduction

The dramatic increase in energy demand in the past decades
and the consequent overexploitation of fossil fuels have
contributed to the great need to find alternative energy sources.
Among the environmentally friendly energy sources, one of the
most interesting alternatives to fossil fuels to alleviate envi-
ronmental and energy issues is solar energy, combined with
electrochemical reactions to store energy in chemical bonds.**
In 2007, it was estimated that in the so-called “solar belt”, which
referred to the abundant solar radiation region of the Earth
between latitudes of 40°N and 40°S, the yearly average input of
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in other photoelectrochemical processes.

solar energy is 18.48 MJ (m”> day ‘).’ This is a remarkable
amount of free energy that can be harvested and implemented
in future energy production technology to achieve long-term
sustainable and renewable energy sources. For this reason,
the scientific community has long focused on the solar
production of clean hydrogen fuels with high energy density
through photoelectrochemical reactions.*® Various (photo)
electrocatalytic materials from TiO,,”* BiVO,,>** CdS,"** and
MoS,,"** to more recent work on Xenes'>'® and MXenes,'”"*®
have been investigated for hydrogen production, and new
catalysts are continuously being studied and tested for appli-
cation in this field.

MAX phases (MAX) are a class of layered ternary compounds
with the general formula M,,,;AX,, (M = early transition metal, A
= IITA and IVA group element, X = C or N, and n = 1, 2, or 3),
which possess hexagonal crystal structures with P6s/mmc
symmetry.'** MAX are known for possessing properties typical
of metals and ceramics, such as thermal and electrical
conductivity, chemical and oxidation resistance, and damage
tolerance.'**>** Lately, MAX have been the centre of attention
because they are the parent materials in the creation of two-
dimensional (2D) MXenes. The A layer of MAX can be selec-
tively etched to form MXenes.>?® These 2D materials have
attracted attention for electrochemical applications since they

This journal is © The Royal Society of Chemistry 2023
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are characterised by high metallic conductivity, high negative
zeta potential, and fast charge transfer kinetics.””=*° The interest
of the scientific community is concentrated on the application
of MXenes in different fields, although MAX and their proper-
ties have not been fully investigated. Recent studies have taken
one step back, looking into the fundamental electrochemical
properties of MAX phases and the possible application of these
compounds as (photo)electrocatalysts for energy
conversion.>>*"3*

In previous studies,**** MAX showed better catalytic perfor-
mances when exposed to different light sources. Ta,AlC, Cr,AlC,
Ti,AIC and TizAlIC, demonstrated improved photo-
electrocatalytic H, production when illuminated by a 660 nm
light source.*® In addition, Cr,AIC demonstrated huge potential
in the photodegradation of various cationic and anionic dyes
under the influence of visible and UV light, showing an optical
band gap of 1.28 eV.** These studies provided evidence that in
contrast to the metallic nature of MAX;***® some of them, if not
all, possess band gaps and absorb light, as shown in Scheme 1,
so they can be applied in solar-driven applications.

Here, we aim to understand the origin of the photoactivity of
these compounds. We report a theoretical and experimental
study on three MAX, namely Nb,AIC, Ta,AlC, and Ti;AlC,. A
theoretical study on the total and partial density of states and
band structure was carried out based on Density Functional
Theory (DFT). The morphology, surface composition, and
optical properties of MAX were analysed in detail by SEM, EDS
and XPS. Finally, the phases were applied as a photo-
electrocatalyst for hydrogen generation under the influence of
different sources of light. Trace amounts of impurities (in ppm
or even in ppb levels) have been reported to influence
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traditional synthetic chemistry catalysis, electrocatalysis
and photocatalysis.*”**® This is true about metals,”” metal
oxides* and phase impurities® because in catalysis (chemical,
electrochemical or photochemical) the small active sites can
overwhelmingly dominate the much more sluggish perfor-
mance of the “host” material.*»*>** We show that oxide impu-
rities within the MAX are the driving force of the
photoelectrochemistry, like impurities are the driving force of
the electrochemistry in research on carbon nanotubes,*** gra-
phene**** and transition metal dichalcogenides.**™”

Experimental
Materials

MAX phases (Nb,AIC, Ta,AlC, and TizAlC,) were obtained from
Laizhou Kai Kai Ceramic Material Co. Ltd. and were used
without additional treatment. Screen-printed carbon electrodes
(SPCE, SE 101) were purchased from CH instruments, and
sulfuric acid (H,SO,4, 96%) from Penta, Czech Republic. All
solutions were prepared using deionised water with a resistivity
of 18 MQ cm.

Theoretical calculations

The first principles DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP) and the generalised
gradient approximation (GGA) in parametrisation by Perdew,
Burke and Ernzerhof (PBE). The cut-off energy of 500 eV and
a Monkhorst-Pack I'-centered 19 x 19 x 4 k-point mesh were
used. For the study of MAX, a 2 x 2 x 1 supercell was created.
VESTA code* and Origin-Pro 2020 were used for the structure
visualisation. Analysis of the electronic properties was

Experimental
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Scheme 1 Schematic representation of the motivation and the approach used in this work for the investigation of the photoactivity of MAX

phases.
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performed through calculations of the band structure and total
and partial density of states (DOS).

Materials characterisations

The morphology of the MAX phase powders was analysed using
a scanning electron microscope (SEM, Mira 3 XMU Tescan)
equipped with an energy-dispersive X-ray spectroscopy (EDS)
detector X-MAX20 (Oxford Instruments) for elemental mapping.
An accelerating voltage of 20 kV was used for the analysis of the
elemental composition. Further information about the chem-
ical composition was obtained using X-ray photoelectron spec-
troscopy (XPS, Kratos Analytical Axis Supra). All the obtained
spectra were analysed using the CasaXPS software and cali-
brated against the C 1s peak at 285 eV. The high-resolution
spectra of the major elements were fitted using a Shirley-type
background. The X-ray diffraction (XRD) patterns were ob-
tained using an X-ray diffractometer (Rigaku SmartLab 3 kW)
with Cu Ka source of wavelength 0.1789 nm. The optical images
of the prepared electrodes were acquired by Stereomicroscope
Zeiss Stemi 508 (STEMI) and the thickness determination was
done by confocal laser scanning microscopy (CLSM, Olympus
LEXT-OLS 4100) with 10x lenses. The reflectance spectra of
MAX phases were measured by mounting an integrating sphere
in a UV-vis spectrophotometer (JASCO V-750) operated by JASCO
software. The measurements were performed within the range
of 300-900 nm, using a scan speed of 400 nm min~'. The
Kubelka-Munk (K-M) function was employed to estimate the
band gap of MAX phases. In particular, the reflectance
measurements can be converted into the corresponding
absorption spectra, applying the K-M function F(R.),* as
defined in eqn (1):

R R,
= where R, = —mple (1)

K 1-
F(R.) = —
( ) S 2Roo Rstandard

F(R.) can substitute for the absorption coefficient o defined
in the Tauc method®* by eqn (2):

(ahv)s = B(hv — E,) @)

where & = Planck constant, v = frequency, E; = band gap
energy, B = constant. The factor n depends on the nature of the
transition, and it is equal to 2 for indirect transition band gaps
and equal to 1 for direct transition band gaps. Eqn (2) can be
finally written in the form of eqn (3) and (4):

(F(Rw) x hv)* = B(hv — E,) for direct transition band gap (3)

1
(F(R.)*hv)2 = B(hv — E,) for indirect transition gap  (4)

Tauc plots were obtained by plotting (F(R.) hv)> versus
photon energy and the baseline approach was used for the
graphic extrapolation of the values.® In this approach, the
linear fit is applied to the fundamental peak, similar to the Tauc
method, and to the slope below the fundamental peak, which
can be identified as the “baseline”. The estimation of the band
gap energy is given by the intersection of the two fitting lines.
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The absorbance spectra were converted from the reflectance
measurement using the spectral analysis tool of the JASCO
software.

Electrode preparation

Aqueous solutions of MAX phases (5 mg mL~ ') were sonicated
for 30 minutes, and 5 pL of the obtained suspensions were drop-
casted on SPCE and dried using a heat lamp. The same proce-
dure was used to prepare the glassy carbon (GC) electrodes used
for the chronoamperometry measurements. The loading of
material on the electrodes was 0.35 mg cm ™~ ~. The distribution
of the particles on the SPCE was studied using the back-
scattered electron detector mounted on the SEM, while the
height of the deposition was analysed using CLSM. The ob-
tained data, reported in Fig. S1,f showed that the size of the
MAX particles varied in the range from 2 to 15 um with a typical
distribution of materials by the drop-casting technique.*®
Moreover, CLSM analysis showed that the thickness of the
deposited MAX varied by up to 36.9 um for Nb,AIC, 19.2 um for
Ta,AIC, and 38.6 um for TizAIC,.

Photoelectrochemical measurements

All the measurements were carried out in a three-electrode
configuration, using the prepared MAX on SPCE as the
working electrode, a graphite rod as the counter electrode, and
Ag/AgCl (1 M KCl) as the reference electrode. The electrodes
were immersed in a quartz cell containing 0.5 M H,SO, solu-
tion, and a potentiostat (PGSTAT204, Metrohm Autolab, The
Netherlands) operated by NOVA software (version 2.1) was used
to perform linear sweep voltammetry with a scan rate of 5 mv
s~'. The measured potentials were converted to the Reversible
Hydrogen Electrode (RHE). A customised LED setup (LZ4-
44UV00, LZ4-40B208, and LZ4-40R208, LedEngin Inc.) with
interchangeable wavelengths (365 nm, 460 nm, and 660 nm)
was used as the illumination source. The LSV of the bare SPCE
was measured in the dark as a reference, while MAX phases
were tested with and without illumination. For chro-
noamperometry measurements, GC electrodes were used as the
working electrode and a fixed potential of —0.56 V vs. RHE was
applied. The light source (660 nm) was switched on/off at
regular intervals.

Results & discussion

We first performed a theoretical investigation of the properties
of three MAX, specifically Nb,AIC, Ta,AlC, and TizAlC, (Scheme
2), using the first principle calculations based on DFT. The plots
of the total density of states (DOS) of Nb,AIC, Ta,AlC and
Ti3AlC, are presented in Fig. 1A-C. The DOS calculations show
the metallic nature of all investigated MAX with no band gap.
The continuous DOS across the Fermi level (E¢) indicates that
the material is electrically conductive. Subsequently, partial
DOS of Nb,AIC, Ta,AlIC and Ti;AlIC, was used to study the nature
of the chemical bonding. Fig. S21 shows the element and orbital
resolved DOS of the MAX. From this Figure, the Fermi level is
dominantly occupied by the transition metals of Nb, Ta and Ti,

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Schematic illustration of the structure of MAX phases. The dashed lines show the edges of the unit cell.

respectively, which is also visible in the total DOS (Fig. 1A-C)
that follows the pattern of the Nb (d), Ta (d) and Ti (d) orbitals.
There is hybridisation between the transition metals Nb (d), Ta
(d) and Ti (d) and C (p) at around —5 eV, —3 eV and —10 eV,
respectively. The transition metals also showed hybridisation
with the Al (p) at around —2 eV, —5 eV and —2.5 eV, respectively.

The ab initio electronic structure calculations of the investi-
gated MAX predicted the band structure with numerous bands
crossing the Fermi level, as shown in Fig. 1a—c. There is no gap
in the vicinity of the Fermi level, which additionally confirmed
the metallic nature of the MAX. The DOS and band structure
results agree with previous works on theoretical studies of
Nb,AIC,**® Ta,AlC* and Ti;AlC,.*>*

Having a basic understanding of the MAX, we proceeded
with extensive experimental material characterisations. SEM
was used to study the morphology of the three phases and the
obtained micrographs are shown in Fig. 2A-C. All the MAX
presented the tight layered structure typical of these non-
exfoliated materials and no additional structures were seen.

A detailed study of the surface elemental composition by
employing EDS confirmed the presence of the composing
elements of the MAX (transition metal, aluminium, and
carbon), but also detected a considerable amount of oxygen. In
particular, the elemental mapping reported in Fig. 3A-C shows
that oxygen is uniformly distributed on the MAX, indicating the
possible presence of metal oxides. Comparing the mapping of
oxygen with the other elements, we observed the correspon-
dence of the high-intensity spots between aluminium and

This journal is © The Royal Society of Chemistry 2023

oxygen, suggesting the presence of aluminium oxide. The
elemental quantification from the EDS spectra (Fig. S31) shows
that Ta,AIC is the MAX with the largest amount of oxygen (22.9
At%), followed by Nb,AIC (10.8 At%), and Ti;AlC, (4.8 At%). For
all of them, the sum of the elements deviated from the expected
stoichiometry, supporting the presence of other elements or
different metal oxides.

XPS was utilised to study in more detail the surface chemical
compositions of the three MAX (Fig. 4A-C). The survey spectra
of the phases confirmed the observation by EDS, showing the
presence of the corresponding transition metals, aluminium,
carbon, and oxygen. No additional elements were detected. Only
the main peaks for each element were labelled in the survey
spectra in Fig. 4. The high-resolution spectra of all the main
peaks were recorded to further analyse the oxidation state of the
transition metals and the chemical bonding with carbon and
oxygen. The deconvolution of the transition metal region
confirmed the presence of metal-carbide and metal-oxygen
bonds. In particular, the Nb 3d region revealed the doublet
peaks for the metallic state Nb® (202.9 eV, 205.6 €V),* the
doublet relative to the bond with carbon (203.7 eV, 206.4 eV),**
and the one for the oxidation state Nb>* (207.3 €V, 210.0 eV),*
denoting the presence of Nb,Os. The deconvolution of the Ta 4f
region showed the Ta-C doublets (22.4 eV, 24.2 eV),** and the
peaks related to the oxidation state Ta>" (26.1 eV, 28.0 eV),*
which can be attributed to Ta,Os. The high-resolution spectrum
of the Ti 2p region of Ti;AlC, revealed the Ti-C doublets
(455.0 eV, 461.2 eV),* the peaks related to the metallic state Ti°

J. Mater. Chem. A, 2023, 11, 3080-3090 | 3083
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Fig.1 Total density of states (DOS) and band structure of Nb,AIC (A, a), Ta,AlC (B, b) and TizAlC; (C, ). The Fermi level, E¢ is shown by the black
dashed line.

Fig. 2 SEM micrographs of MAX phases, Nb,AIC (A), Ta,AlC (B), and TizAlC, (C). The scale bars are 2 um.
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Fig. 3 EDS mapping of MAX phases, Nb,ALC (A), Ta,AlC (B), and TizAlC;, (C), showing the corresponding metal (Nb, Ta or Ti), Al, C, and O. The

scale bars are 10 pm.

(453.7 eV, 459.8 eV),°® and those of the oxidation state Ti**
(458.6 eV, 464.2 eV),*” which indicated the existence of TiO,. The
deconvolution of the Al 2p region of all the MAX validated what
was deducted from EDS mapping. The wide peak at 74.4 eV
indicated the presence of Al,O3, Al-O and AI-OH in the three
MAX.®® The detailed analysis of the C 1s region presented
similar characteristics for all MAX, with the peak correlated to
the adventitious carbon (285.0 eV), and the metal carbide peak
of the analysed material (Nb-C 282.8 eV,* Ta-C 282.5 eV,* and
Ti-C 281.3 eV*). The deconvolution of the O 1s region
confirmed the presence of the corresponding transition metal
oxides detected from the high-resolution spectrum of the
transition metals of the MAX, in particular the Nb,O5 peak at
530.3 eV,*” Ta,05 at 530.2 e€V,** and TiO, at 529.7 eV.*” Similarly,
the peak in the O 1s region related to Al,O; (531.3 V) was
detected in all the MAX.

Except for a few aluminium oxide particles detected from the
EDS mapping in Fig. 3, in general, no visibly different structures
were noticed from the SEM images in Fig. 2. It is apparent from
the EDX and XPS analyses that all MAX contain a certain
amount of their respective transition metal oxides and
aluminium oxides (and hydroxides) in the bulk and on the
surface. Moreover, the XRD patterns of MAX phases, reported in
Fig. S4,7 confirmed the presence of MAX phases’® "> and traces
of Al,03,” but without the corresponding metal oxides. On the
other hand, the metal oxides detected with the surface-sensitive
XPS analysis were not found with XRD measurements. The
observations suggest the low concentration of the metal (Nb, Ta,
Ti) oxides relative to the MAX and the poor crystallinity of these
compounds. In general, the presence of the additional metal
oxides that are not expected from the pure MAX would likely

This journal is © The Royal Society of Chemistry 2023

influence the properties and the electrochemical performances
of the MAX, since metal oxides such as Nb,Os, Ta,0s, TiO, and
Al,O; are either photoactive or catalytically active, or both.”~””

The estimation of the optical band gap of the MAX was ob-
tained based on diffuse reflectance measurements. The
Kubelka-Munk (K-M) model* was applied in the calculation of
the absorption coefficient of thick powder samples and subse-
quently led to the band gap extrapolation from the Tauc plot,
through graphical methods. Assuming direct transition for the
MAX, Fig. 5A-C show the Tauc plots transformed from the
reflectance measurement (eqn (3)). Details of the optical
bandgap estimation are given in the Experimental section. The
estimation of the band gap value is usually obtained using the
Tauc plot graphical method for semiconductor materials but, in
this work, materials characterisations showed the co-existence
of more than a single semiconductor compound in the MAX.
For this reason, the “baseline method” was adopted, also
applying a linear fit to the slope right below the fundamental
absorption (baseline, solid line) and the band gap was extrap-
olated from the intersection of the two fitted lines.> Nb,AIC and
Ta,AlC showed two different steep regions, indicating the
presence of two different photoactive semiconductors, thus, two
band gap values were obtained, 2.2 eV and 3.1 eV for Nb,AIC,
and 2.2 eV and 3.3 eV for Ta,AlIC. Ti;AlC, presented only one
fundamental absorption with a band gap of 2.4 eV. The esti-
mation of the band gap was also performed assuming indirect
transitions, as shown in Fig. S5.1 The calculated values agreed
with the ones previously discussed, differing by about 0.1 eV.
Considering what was observed from the materials character-
isation, the different band gaps can be related to the different
metal oxides detected with XPS analyses. It was reported that

J. Mater. Chem. A, 2023, 11, 3080-3090 | 3085
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Fig.4 XPS spectra of MAX phases, Nb,AIC (A), Ta,AlC (B), and TizAlC, (C) with high-resolution analysis of metal (Nb 3d, Ta 4f or Ti 2p), Al 2p, C 1s,
and O 1s. The main XPS peak for each element is labelled in the survey spectrum.

the band gap of Nb,O5 can vary between 3.1 eV and 5.3 eV,
while for Ta,Os it was reported that the experimental band gap
is between 3.6 eV and 4.0 eV.””®*" 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

3086 | J. Mater:
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underestimation of the band gap.*>** Moreover, the absorption
spectra of Nb,AIC, Ta,AIC, and Ti;AlC, (Fig. S61) confirmed that
all the MAX showed absorptions in the visible and UV region.
The material characterisations highlighted two features that
are common to all the MAX: the presence of Al,O; detected by
EDS and XPS, and the existence of a material that possesses

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Tauc plots of the Kubelka—Munk function calculated from the
reflectance spectra of Nb,ALC (A), TaAlC (B), and TizAlC, (C), assuming
direct transitions. The dashed and solid black lines show the fitted line
from the Tauc method and the baseline, respectively. The estimation
of the band gap value corresponds to the abscissa of the intersection
of the two lines, as shown by the dotted vertical line.

a band gap around 2.2-2.4 eV, extrapolated from the Tauc plots.
Al,O; is an insulator that is not supposed to absorb light, since
it possesses a wide band gap between 5.1 eV and 7.6 €V,
depending on the crystalline form and the synthesis method.**
However, it was reported that Al,O; can be applied in the pho-
todegradation of phenolic compounds under the influence of
UV light.””* In particular, it was reported how the band gap of

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

the Al,O; synthesised by the sol-gel method changed dramati-
cally based on the annealing temperature, ascribed to the
hydroxyl groups of the material. These functionalities are
responsible for the photoresponse since they allow the
absorption of molecules that can form reactive oxygen species,
involved in the degradation process.”® The presence of AlI-OH
groups was detected in all MAX used in this work, as shown in
Fig. 4. However, it is difficult to understand their role in the
photocatalytic process since they are impurities that formed
spontaneously due the exposure to air and they cannot easily be
isolated to investigate in detail their exact composition and
properties. In contrast to the theoretical calculation that all
three MAX have continuous DOS and band structures without
a gap, indicating a metallic behaviour, the experimental evalu-
ation shows that the MAX with mixed metal oxides, as a whole,
possess optical band gaps with semiconductor characteristics
and potentially demonstrate photoresponses.

To verify the hypothesis, linear sweep voltammetry was used
to test the photoelectrochemical activity of MAX for HER under
the influence of illumination at different wavelengths. The
wavelength of the light sources was chosen based on the esti-
mated band gaps mentioned above, covering the region of the
electromagnetic spectrum that goes from ultraviolet (UV, 365
nm), close to the start (blue, 460 nm) and the end (red, 660 nm)
of the visible region. Fig. 6A-C show that considering the
overpotential at —10 mA cm 2, all MAX presented a lower
overpotential compared to the bare screen-printed carbon
electrodes (SPCE, dashed line), measured for reference. Gener-
ally, exposure to the light led to better performances for all
MAX. Nb,AIC showed the lowest overpotential under the influ-
ence of UV light (758 mV), followed by the red (814 mV), and the
blue light sources (863 mV), as compared to non-illuminated
(904 mV). Ta,AlC also presented a decreased overpotential of
760 mV, 787 mV, and 811 mV when illuminated by 365 nm,
460 nm, and 660 nm light, respectively. The electrode measured
without illumination again presented the highest overpotential
(863 mV). As mentioned above, both MAX performed better
after exposure to UV light, thanks to the presence of the
respective transition metal oxides (Nb,Os and Ta,Os) that are
known to be active in the UV region. However, Ti;AlC, exhibited
an overpotential of 814 mV in the dark and showed the best
photoactivity when exposed to visible light, presenting an
overpotential of 680 mV with the blue source and 697 mV with
the red one, but was less active when illuminated by UV light,
with an overpotential of 736 mV. This trend agrees with the
fundamental absorption in the visible region and the deduced
band gap (2.4 eV) shown in Fig. 5C. The results agree with the
photoactivity of MAX in the literature.’***

Eventually, chronoamperometry measurements (Fig. S7+)
were performed in the same electrolyte switching on/off the
light source (660 nm) to confirm the photoelectrochemical
response reported in Fig. 6. The results showed that all MAX
exhibited a larger current increment during illumination as
compared to the bare GC. In particular, Nb,AIC showed the
most prominent increase in current, followed by TizAlC, and
Ta,AIC. The results obtained agree with the trend of the polar-
isation curves in Fig. 6.

J. Mater. Chem. A, 2023, 11, 3080-3090 | 3087



Published on 25 January 2023. Downloaded by Brno University of Technology on 3/28/2024 3:25:10 PM.

Journal of Materials Chemistry A

A Nb,AIC

dark

— 365nm
——460nm
—— 660nm

— — bare SPCE

Current density (mA/cm?)

-1 -0.8 -C;.6 -0'.4 -0'.2 0
Potential (V vs RHE)

B Ta,AlC

dark

— 365nm
——460nm
—— 660nm

—~ — bare SPCE

Current density (mA/cm?)

-1 -08 -06 -04 -02 0
Potential (V vs RHE)

C Ti,AIC,
—~ 04
o~
5
< -2 ,/
£ / dark
> 44 / ——365nm
‘@ / ——460nm
S / ——660nm
o 6q 7 — — bare SPCE
c
o
5
[8)

'10 T T T T
-1 -08 -06 -04 -02 0

Potential (V vs RHE)

-

Fig. 6 Linear sweep voltammograms of MAX phases, NbAIC (A),
Ta,AlC (B), and TizAlC, (C) supported by SPCE measured in 0.5 M
H,SO, electrolyte; scan rate 5mV s~1. The measurements were carried
out in the dark and then the sample was exposed to light sources of
different wavelengths.

The application of the Nb,AIC, Ta,AIC and Ti;AIC, as pho-
toelectrocatalysts for hydrogen production reinforced the
hypothesis that the detected metal oxide impurities contributed
significantly to the photoactivity of these materials, as sche-
matically shown in Scheme 3. Furthermore, surface engineering
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View Article Online

Paper
c8
EQ
VB
M,.,AX, + 'M-O + QAI-O
M =Nb, Ta, or Ti
A =Al
Electrode X =C
n=12

Scheme 3 Representation of the mechanism of the photo-
electrochemical HER, where the oxide impurities take part in the
photoelectrocatalytic process.

can be used to tune the properties of these materials and
optimise their performance in energy-related applications.

Conclusion

In summary, we studied the properties of three MAX phases,
Nb,AIC, Ta,AlC, and TizAlC,, using theoretical and experi-
mental approaches to investigate the origin of their photo-
activity. The theoretical calculations conclude 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 Al,O;. In contrast to the
theoretical calculation, it was experimentally estimated that for
Nb,AIC and Ta,AlC, 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 Ti;AlC, was 2.4 eV. As a confirmation of
the presence of photoactive material, all MAX showed enhanced
photocatalytic activity towards the HER when exposed to illu-
mination by different light sources. In particular, Nb,AIC and
Ta,AlC performed better (758 mV and 760 mV of overpotential,
respectively) when exposed to UV light, and Ti;AlC, 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 MAX phases has been
already reported, since contamination is unavoidable if the
material comes in contact with the air or with oxidising
solvents.®>® In this work, we showed how these impurities can
play a crucial role in photoelectrochemical hydrogen genera-
tion, leading to better performances thanks to their intrinsic
photoactivity. These findings can open the door for further
implementation of MAX phases as photoelectrocatalysts. In
addition to the three MAX investigated in this work, more than
150 other MAX phases®” synthesised to date might demonstrate
similar photoactive properties, which are yet to be tested and
possibly applied in this field.

This journal is © The Royal Society of Chemistry 2023
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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.; Muifioz, 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 1D 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 AA, 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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ABSTRACT

3D printing has become a powerful technique in electrochemistry for fabricating electrodes, thanks
to readily available conductive nanocomposite filaments, such as those based on carbon fillers (i.e.,
carbon nanotubes (CNTs) or carbon black (CB)) within an insulating polymeric matrix like polylactic
acid (PLA). Inspired by inorganic heterostructures that enhance the functional characteristics of
nanomaterials, we fabricated hetero-layered 3D printed devices based on carbon allotropes using
a layer-by-layer assembly approach. The heterolayers were customised through the alternate
integration of different carbon allotrope filaments via a multi-material 3D printing technique,
allowing for a time-effective method to enhance electrochemical performance. As a first
demonstration of applicability, CNT/PLA and CB/PLA filaments were utilised to construct ordered
hetero-layered carbon-based electrodes. This contrasts with conventional methods where various
carbon species are mixed in the same composite-based filament used for building
electrochemical devices. Multi-material 3D-printed carbon electrodes exhibit improved
electrochemical performance in energy conversion (e.g., hydrogen evolution reaction or HER) and
sensing applications (e.g., ascorbic acid detection) compared to single-material electrodes. This
work paves the way for manufacturing advanced 3D-printed heterolayered electrodes with
enhanced electrochemical activity through multi-material 3D printing technology.

KEYWORDS
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fused deposition modelling;
electrocatalysis;
electrochemistry; carbon
allotropes

1. Introduction (bio)sensing [5-14], (electro)catalysis [15-20], or micro-

robotics [21-24]. The high applicability of 3D printing

3D printing (also termed additive manufacturing) is
probably one of the most revolutionary technologies
developed during the twentieth century [1]. By following
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 deposition 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

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 deposition modelling
(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.

CONTACT Martin Pumera @ martin.pumera@gmail.com @ Future Energy and Innovation Laboratory, Central European Institute of Technology, Brno
University of Technology, Purkyrova 123, Brno 61200, Czech Republic; Faculty 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

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/17452759.2023.2276260.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.


https://doi.Org/1
mailto:martin.pumera@gmail.com
https://doi.org/10.1080/17452759.2023.2276260
http://creativecommons.Org/licenses/by/4.0/

2 (&) M.PALACIOS-CORELLA ET AL.

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® to sp' 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,/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 addition, 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, allowing 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 deposition 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 MM
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 MM 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 MM 3D-
PCEs show an improved performance of around 40%
compared to the closest pure material electrode. Simi-
larly, when the detection of ascorbic acid (AA) is the
object of study, the MM 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
MM 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



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 mM aqueous solution of ferrocene-
methanol (FcMeOH, 99%, ABCR GmbH, Germany) and
0.2 M in potassium nitrate (KNOs, analytical grade,
Merck KGaA, Germany). For studying their activity for
the HER, 0.5 M sulfuric acid (H,SO, 96%, analytical
grade, Penta, Czech Republic) was used. Deionised
water with a resistivity >18.2 MQ 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

Modelling 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
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Republic). The surface composition 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/AgCl (saturated KCI)
were used as counter and reference electrodes.

2.3. Electrode preparation

MM 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 15%, and the bed printing tempera-
ture was fixed to 60°C to ensure the best adhesion of

Figure 1. (A) Schematic representation of the multi-material 3D printer setup used to fabricate the heterolayered electrode by com-
bining CNT (blue) and CB (red) filaments. (B) Schematic structure of the printed multi-material electrode with a total of four layers.

Dimensions are not for scale.
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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 followed 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 mM
FcMeOH redox marker solution containing 0.5 M KNOs
as a supporting electrolyte. CVs were run three times
between -0.4 and 1 V at a scan rate of 50 mV s™'. For
investigating the electrodes’ activity towards the hydro-
gen evolution reaction (HER), linear sweep voltammo-
grams (LSVs) were recorded in a 1T M H,S0,4 aqueous
solution. A linearly decreasing potential ranging from
0.0 Vto —1.4V was applied to the 3D-printed electrodes,
with a scan rate of 5 mV s™'. 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 uM) were recorded by differential pulse vol-
tammetry (DPV) using a 0.1 M HNO3/KNOs electrolyte
solution (scan rate: 50 mV s ).

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 MM 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 MM 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, allowing their identification in the

Table 1. Principal electrochemical parameters calculated from CV data (average values from 3 electrodes).

3D-PCE Ipa/lpe i (UA) AEp (mV) K (cmes™") A (cm?) Rer (k)

MM 0.91 (+0.03) 23.5 (+0.5) 258 (+29) 3.95x 107 (+1.7x 1077 0.40 (+0.03) 1.10 (0.03)
CNT 0.94 (+0.02) 25.1 (+0.5) 320 (+35) 1.7x107* (0.9 x 107%) 0.43 (+0.04) 1.02 (£0.02)
CB 0.88 (+0.03) 19.5 (+0.9) 204 (£10) 7.77 x107* (0.9 x 1074 0.45 (+0.03) 1.32 (0.06)
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Figure 2. SEM images of DMF-activated CNT 3D-PCE (A), CB 3D-PCE (B), MM 3D-PCE bottom side (C), MM 3D-PCE top side (D). Scale

bars: 2 um.

sample. Thus, the C 1s core level signal detected for CNT
and CB 3D-PCEs was deconvoluted into different com-
ponents that have been assigned to C 1s (sp?), C 1s
(sp3), C 15 (C-0), 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® components
are usually associated with the PLA matrix, while the
sp> component corresponds to the C=C bonds
present in the graphitic carbon [41,56]. In addition, the
presence of C=0 and C-O 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-O

peak in the Cls 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 composition. When compared with the pure CB
3D-PCE, the top side of the MM 3D-PCE showed a
decreased contribution from C 1s (C-0) and C 1s (C=
0) with respect to the C 1s (sp?) and C 1s (sp®) 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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Figure 3. XPS analysis of CNT 3D-PCE. (A) CB 3D-PCE. (B) MM 3D-PCE
(E) and Raman spectroscopy of all the electrodes (F).

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

20 30 40

20(°)

50 60 70

bottom side. (C) MM 3D-PCE top side; PXRD of all the electrodes.

bottom side of MM 3D-PCEs. Contrarily, metal impurities
were not detected either on CB 3D-PCEs or the top side
of MM 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



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 cm™',
respectively. The spectra for both electrodes show
marked differences between them with calculated I/l
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 MM 3D-PCEs reveals, again, an important simi-
larity to that recorded for CNT 3D-PCEs, with a calculated
I/l band ratio of 0.73. As expected, the same spectrum
measured for the top side of MM 3D-PCEs gives rise to a
calculated I/l 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, allowing 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 26 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 26 values, two important diffraction peaks can
be found at 26 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 MM 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
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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. MM 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 MM 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 20% 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 addition, the proto-
typical Fe(CN)¢™/ Fe(CN)z™ redox marker was also tested
(Figure S4), delivering suboptimum results, as has been
observed in these 3D-printed carbon electrodes
previously [67,68]. Unless otherwise stated, the data pre-
sented for MM 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-C))
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
MM 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 (I,o/l,) remain
below 1 in all cases. In addition, 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 followed closely by MM 3D-PCEs and finally
by CB 3D-PCEs. In this line, the highest exchange
current intensity, ip, calculated by the Tafel extrapolation
of scans registered at 5 mV s~ (Figure S5), is also dis-
played by the CNT 3D-PCEs followed by MM and CB



8 M. PALACIOS-CORELLA ET AL.

150 -

——CNT 3D-PCEs A
100 ~

-50

-100 -

06 -04-02 00 02 04 06 08 1.0 12
Potential (V) vs Ag/AgCI

——MM 3D-PCEs

@]

-50 -

-100

0.6 04 02 00 02 0.4 06 08 1.0 1.2
Potential (V) vs Ag/AgCI

150 4
——CB 3D-PCEs B

-501

-100 ~

06 04 -02 0.0 02 04 0.6 08 1.0 12
Potential (V) vs Ag/AgCl

150
——CNT 3D-PCEs D
100{ ——CB 3D-PCEs
———MM 3D-PCEs
< 50-
2
c
o 0
5
O
-50
-100

06 -04 02 0.0 02 04 06 08 1.0 1.2
Potential (V) vs Ag/AgCI

Figure 4. (A-C) Cyclic voltammograms (CVs) of CNT 3D-PCEs (A), CB 3D-PCEs (B), and MM 3D-PCEs (C) and comparison of the CV of the
different 3D-PCEs (same colour scheme) (D). n= 3 electrodes of each kind were investigated. CVs were recorded in 1.5 mM FcMeOH
using a scan rate of 50 mV s™". The arrow represents the initial scan direction.

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 MM 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
Fel(CN)s]*"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 appli-
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
MM 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-
Sev¢ik equation (more information in the Sl): [72]

Ip = (2.69 x 10°)n®?(D-v)/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 cm? s™"). The cal-
culated electroactive areas from the Ip vs v'/? plot
(Figure S4) were in good agreement with the calculated
geometrical area for all the electrodes (0.57 cm?), pre-
senting negative deviations. Such deviations have
been observed before and can be related to the



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, followed by MM
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 (iy, R., 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 (AE, 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, MM 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-
ting. 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 MM 3D-
PCEs, with the latter affording lower intensity values.
This behaviour for the MM 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 MM 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 MM 3D-PCEs might allow
the partial diffusion of the electrolyte into the inner
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layers of the electrode (2nd layer being CB-based), there-
fore allowing the MM 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 MM 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
MM 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

—— CNT 3D-PCEs
——CB 3D-PCEs
—— MM 3D-PCEs

'1 .2 T T T T T
-1.2 -0.8 -0.4 0.0 04

Potential applied (V)

Figure 5. LSV measurements for the HER of MM (pink), CB
(purple), and CNT (grey) 3D-PCEs. Conditions: electrolyte,
H,S0,4 (1 M); scan rate, 5mV-s™'. n=3 electrodes of each kind
were investigated (the best result is plotted for each type of
electrode).
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Figure 6. DPV measurements performed for the determination
of AA on MM (pink), CB (purple), and CNT (grey) 3D-PCEs. Exper-
iments were carried out in a 0.1 M HNO3/KNO; electrolyte (scan
rate: 50 mV-s™). n = 3 electrodes of each kind were investigated.

-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 MM 3D-PCEs. Additionally, MM

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, MM 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™, MM 3D-PCEs display
the lowest overpotential of -1.05 V, followed by CB 3D
PCEs with -1.35 V and CNT 3D-PCEs, which do not
reach those low current density values. In the end, MM
3D-PCEs reach the lowest currents and the lowest over-
potential at -1 mA-cm~2 of all the 3D-printed materials,
followed by CB and CNT 3D-PCEs, which demonstrates
the superiority of MM 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 MM
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 MM 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
MM 3D-PCEs for the detection of ascorbic acid as an
analyte in water was also interrogated.

3.2. Ascorbic acid determination

The use of electrochemical techniques for the detection
of analytes in water is an appealing strategy since it



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-C)). In
terms of potential, CNT 3D-PCEs require the lowest
applied potential (0.55 V) for the oxidation of AA, fol-
lowed by MM 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 ‘Ip,” 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
'y’ and ‘x’ refer to the Ip-Ip, (in pA) and the final concen-
tration of AA in the solution (in uM), in respective order.
Allin 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 MM 3D-PCEs. In all cases, the R?
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 MM 3D PCEs with a slope of
0.080 (+0.002) uA uM", followed by CB and CNT 3D-
PCEs with slopes of 0.072 (+0.001) uA- uM™' and 0.064
(+0.001) uA uM™', respectively. Therefore, the current
registered for the MM 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-
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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 MM 3D-PCEs’ electrochemical
properties are between those of the pure material elec-
trodes, although statistical analysis reveals no significant
differences between electrodes. Contrarily, when appli-
cations such as hydrogen evolution reaction (HER) or
detection of ascorbic acid (AA) are the subject of
study, MM 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 MM 3D-PCEs compared to CB 3D-
PCEs; and to the higher active area of MM 3D-PCEs com-
pared to CNT 3D-PCEs. Thus, the multi-material printing
strategy followed 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, J. 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 ALD. However, challenges arise when employing ALD 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 ALD processes. In this study, we address these challenges by presenting a
novel method to tune carbon surfaces for ALD processes. We demonstrate the deposition of
TiO2, SiO2, and Al20s3 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 ALD 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 ALD 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 ALD coatings, namely TiO2, SiO2, and Al>2O3, 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, TiO2-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 ALD TiO>
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 ALD 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 ALD
of the functional oxides. I performed part of the electrochemical measurements and contributed
to the data analysis and plotting. I carried out the XRD measurements and contributed to the

final version of the manuscript.
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Three-dimensional (3D)-printing has evolved as a popular technique for producing customized parts and
devices. 3D conductive structures made of metals or carbon-based materials are highly preferable in the
field of electrochemistry. Compared to their metal counterparts, 3D carbon structures printed by the
filament extrusion technique are readily available to end users, with the advantages of reduced electrode
mass and broad compatibility with harsh environments that might be required for electrochemical
applications. To elevate the applicability of 3D carbon electrodes in sensing, catalysis, energy storage,
etc., surface or chemical modifications and coating of functional layers are essential. Atomic layer
deposition (ALD) is an ideal deposition tool for creating coatings on geometrically complicated
structures, yet the surface chemistry of the inert 3D carbon electrodes critically affects the initial growth.
We performed a straightforward surface treatment, also known as ‘activation’, to improve the surface
wettability and promote the ALD of TiO,, SiO,, and ALOs at low deposition temperatures. We applied
the ALD coated electrodes for light-enhanced water splitting hydrogen and oxygen evolution reactions
(HER, OER). In addition, we showed that 3D electrodes can be prepared in different geometrical shapes
and sizes, as their metal counterparts. This work presents the versatility of ALD coatings on 3D carbon

rsc.li/materials-a

Introduction

The rise of additive manufacturing utilizing three-dimensional
(3D)-printing technologies is closely associated with the rapid
production of functional 3D objects based on individualized
designs with minimal waste of materials. In alignment with the
direction of Industry 4.0, 3D-printing directly increases the
productivity in manufacturing processes, thereby offering an
intelligent manufacturing solution across the vast spectrum of
materials science and engineering.* In parallel, it is highly flexible
to upscale the printing to the size of buildings>* or miniaturize it
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platforms, tunable for many other applications.

to wearable electronic devices.* Altogether, 3D-printing offers
absolute freedom from design to manufacturing for functional
applications.

Transitioning from the traditional machining process to create
3D objects, initially powder bed fusion methods, for instance,
electron beam melting (EBM) and selective laser melting (SLM) that
fuse fine metal powders with a high-powered electron beam or
laser, were employed to develop 3D-printed metal electrodes for
electrochemical purposes.>® The metal electrodes serve as
a conductive platform for directly synthesizing or depositing active
materials for electrochemical conversion and storage
applications.>* Several studies have utilized the core advantage of
3D-printing to manufacture tens to hundreds of hollow and solid
cones on a flat surface™ and centimeter-scaled tubular metal
electrodes.” In recent years, the fused deposition modeling (FDM)
technique has emerged as a captivating alternative to produce
carbon-composite electrodes.”* FDM simplifies the printing
process with a benchtop printer or hand-held printing pen that is
accessible in every research laboratory. Furthermore, the advan-
tages of the FDM-printed carbon electrodes over SLM- or EBM-
printed metal electrodes include using an abundant material,
reduction in printing cost, decrease in electrode mass, and
compatibility with a wide range of chemical or harsh environments.

To expand the functionalities of the as-printed 3D carbon-
based electrode, post-treatments*®**” and post-modifications

This journal is © The Royal Society of Chemistry 2024
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are carried out to cater to electrochemical applications such as
sensing, energy storage and conversion.'®?® Atomic layer
deposition (ALD) that features conformal coating is presently
the most feasible deposition technique to modify objects with
geometrically complicated structures such as high porosity
foams,***” arrays of spheres,**** tubes and channels.**** Several
studies have employed ALD to deposit an active material on 3D-
printed metal*®** and carbon electrodes.>*** However, for 3D
carbon electrodes, the restriction on reaction temperatures and
chemically inert carbon surface critically influence the nucle-
ation and initial growth of ALD processes,>** posing limitations
to depositing functional materials on carbon electrodes. To
address these challenges, surface treatment or functionaliza-
tion to introduce surface species or to increase defect,
anchoring, and nucleation sites on the carbon surfaces are
viewed as positive solutions.*

In this work, we provide a direct solution to tune the carbon
surface for ALD processes. We demonstrate three universally used
materials, TiO,, SiO,, and Al,0;,*** coated on 3D-printed carbon
electrodes for light-enhanced hydrogen and oxygen evolution
reactions (HER, OER). We extend the optimized ALD TiO, coating
on electrodes with different geometrical shapes and sizes up to a 2
inch-diameter disk (analogous to a small silicon wafer), as illus-
trated in Scheme 1, in contrast to many flat or simple 3D struc-
tures in the past. We show that the 3D-printed carbon electrodes
can be potentially upscaled for industrial purposes similar to their
metal counterparts. The present work demonstrates the versatility
of ALD coatings on 3D carbon host structures in design, up-, and
down-scaling to cater to the vast applications.

Experimental
3D-printed carbon electrodes

3D carbon electrodes were designed and printed following the
settings in our previous work.?® In brief, the graphene/polylactic

Scheme 1 Schematic representation of the workflow. (Top) Design
and 3D-printing of electrodes with various sizes and shapes. (Bottom)
ALD of Al,Os, SiOy, or TiO; on the 3D electrodes. The electrodes are
ready to be transferred to the ALD reactor, and the reflective pieces are
silicon wafers for reference purposes.

This journal is © The Royal Society of Chemistry 2024
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acid (PLA) composite conductive filament (BlackMagic, Gra-
phene Supermarket) was supplied to a Prusa i3 MK3 printer
(Prusa Research) to print the 3D electrodes depicted in Scheme
1. The as-printed 3D electrodes underwent the activation steps
following the literature with slight modifications as described
below.

(i) Electrochemical oxidation + immersion in a reducing
agent'® — 2.5 Vyg/aec1 for 1000 s in phosphate-buffered saline
(PBS, pH 7.2), followed by immersion in 1 M sodium borohy-
dride (NaBH,) for 24 h; denoted as NaBH,.

(if) Immersion in polar aprotic solvent + electrochemical
oxidation' - immersion in N,N-dimethylformamide (DMF) for
3 h, followed by 2.5 Vg/aeci for 300 s; denoted as DMF.

(iii) Saponification* - immersion in 4 M sodium hydroxide
(NaOH) for 4 h, where 4 h was the optimized condition and used
for further studies; denoted as NaOH.

All electrodes were rinsed thoroughly with water and dried in
air.

Atomic layer deposition of TiO,, Al,O;, and SiO,

After the activation and surface treatment of 3D-printed carbon
electrodes, an atomic layer deposition (ALD, Ultratech/Cam-
bridgeNanoTech Fiji 200) system was used for material depo-
sition. Tetrakis(dimethylamino)titanium(v) (TDMATi, Strem
Chemicals), trimethylaluminum (TMA, Sigma-Aldrich), and
tetrakis(dimethylamido)silane (TDMASi, Sigma-Aldrich) were
used as Ti, Al, and Si precursors, respectively. TDMATi was
heated to 75 °C to increase the vapor pressure, whereas TMA
and TDMASi were not heated. For TiO, and Al,O;, deionized
water (=18 MQ) was used as an O, precursor, and argon (Air
Products, purity 99.999%) served as the carrier gas. The plasma
for ALD SiO, was obtained by ionizing O, gas (Air Products,
purity 99.999%). For all substrates temperature was 150 °C. The
ALD growth cycle follows the sequence stated below.

(i) TiO, - 0.06 s H,O pulse (Ar 60 sccm), 30 s Ar purge; 0.1 s
TDMATi pulse (Ar 200 sccm), 30 s Ar purge.

(ii) Al,O3 - 0.06 s H,O pulse (Ar 30 sccm), 30 s Ar purge; 0.06 s
TMA pulse (Ar 100 sccm), 30 s Ar purge.

(iii) SiO, - 25 s O, purge (50 sccm), 20 s plasma (300 W), 5 s
O, purge; 0.4 s TDMASI pulse (Ar 100 sccm), 5 s Ar purge.

Materials characterizations

Surface wettability of the activated 3D electrodes was observed
using a surface energy evaluation system (See System, Advex
Instruments) with proprietary analysis software v7.0. Compo-
sitional analyses were carried out by X-ray photoelectron spec-
troscopy (XPS, Kratos AXIS Supra). The X-ray excitation source
was a monochromatic Al Ko, (1486.7 eV) with 225 W power. The
measured data were analyzed using CasaXPS software. The
surface of the electrodes was assessed using a scanning electron
microscope (SEM, FEI Verios 460L).

Photo- and electrochemical measurements

All electrochemical experiments were performed using a poten-
tiostat (PGSTAT 204, Metrohm Autolab) operated by NOVA
software v2.1 in a three-electrode configuration. The blank or
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ALD TiO,, Al,O3, or SiO, coated 3D-printed carbon, Ag/AgCl
(1 M KCl), and graphite rod, were used as the working, refer-
ence, and counter electrodes, respectively. For both the HER
and OER, linear sweep voltammetry (LSV) was carried out with
a scan rate of 2 mV s * in 0.5 M H,SO, and 1 M NaOH elec-
trolyte, respectively, with and without irradiation. Chro-
noamperometry photoresponse was measured in the same
electrolytes by alternating light on and off with applied poten-
tial = —0.4 Vyyg for the HER and = 1.8 Viyg for the OER. The
potential vs. Ag/AgCI (Vag/ae) Was converted to the potential vs.
the reversible hydrogen electrode (Vrug) according to the liter-
ature.* The blue light irradiation was provided by a customized
light-emitting diode setup (4 = 460 nm, LZ4-40B208, LedEngin
Inc.).

Results and discussion

We printed the 3D carbon electrodes with nanocarbon/PLA
filament, one of the most used commercial-based conductive
filaments. The as-printed 3D electrodes comprised carbon and
PLA in a ratio of =1:9."”® We adopted three different activation
procedures with minor modifications from the literature to
partially remove the insulating PLA, which simultaneously

This journal is © The Royal Society of Chemistry 2024
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served as the treatment for the inert carbon surface for ALD
purposes. The procedures are (i) electrochemical oxidation,
followed by immersion in a reducing solution of NaBH,
(denoted as NaBH,)," (ii) a widely reported physical swelling by
DMF, followed by electrochemical oxidation (denoted as
DMF),*® and (iii) the less explored saponification by NaOH (as
compared to DMF activation, denoted as NaOH)."*

Fig. 1 presents the surface of the as-activated electrodes
observed by SEM. The electrode activated in NaBH, is less
fibrous than the other electrodes, as the fibers are covered by
the PLA. For reference, an image of the as-printed, non-
activated electrode is given in Fig. S1 in the ESI,{ where only
several fibers are visible on the surface. Both electrodes acti-
vated in DMF and NaOH are similar from the microscopic
point, where a substantial amount of PLA was removed,
consistent with previous works.*** However, the surface
wettability of these electrodes is completely different, evidenced
by the contact angle of a water droplet with the electrode surface
in the insets in Fig. 1. Specifically, the contact angle with
NaBH,, DMF, and NaOH electrodes is 82.5°, 124.5° and 17.1°,
respectively, showing that the NaOH electrode possesses the
highest hydrophilicity among the three electrodes. The NaOH
treats the electrodes in two ways. For PLA, the hydroxides
contribute to the saponification of the PLA as an aliphatic
polyester, eventually breaking down the polymer chain into

View Article Online
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lactate monomers with oxygen-rich functionalities." For
carbon, the hydroxides form oxygen-rich functionalities on the
carbon surface, altering the wettability of the surface. Trans-
forming the hydrophobic surface to hydrophilic directly
improves the accessibility of the electrolyte to the electrode,
hence improving the charge transfer,*** and lowering the
adhesion forces of the produced bubbles on the electrode
surfaces. These characteristics strongly influence the OER, HER
and other electrochemical reactions.*”*

We carried out thermal ALD of TiO, for 500 cycles at 150 °C
on the 3D-printed carbon electrodes activated by different
solvents. We evaluated the TiO, coated electrodes for their HER
performance in 0.5 M H,SO, electrolyte. Comparing the LSV
curves in Fig. 1, the TiO, coated electrodes possess a lower
overpotential than the blank counterparts, with further reduced
overpotentials by the irradiation of a blue light source. The
potential required to drive the HER in descending sequence
follows: TiO, coated NaBH,, DMF, and NaOH electrodes. The
nanometer-scale ALD TiO, coatings are not distinguishable
from the fibers of a hundred nanometer diameter by SEM
imaging (not shown). The XPS analysis confirms that the
surface of the electrodes is composed of C, O, and Ti. The survey
spectra of all three TiO, coated electrodes and atomic concen-
tration of the three elements are given in Fig. S2 in the ESL.{ In
the high-resolution Ti 2p spectra, the spin-orbit split doublets
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measured in 0.5 M H,SO4 and OER measured in 1 M NaOH, with and without irradiation by blue light source (1 =460 nm), (B and E) overpotential
of the HER (at —10 mA cm™2) and OER (at 10 mA cm™2). Chronoamperometry of the photoresponses of 1500 ALD cycle TiO, coated electrodes
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at =458-459 eV and =464-465 €V are assigned to Ti 2p;,, and
Ti 2p4,», respectively,™* verifying the formation of Ti**-O for
the ALD TiO, coatings. Furthermore, the analysis of the survey
spectra shows that the atomic concentrations of Ti in TiO,
coated NaBH,, DMF, and NaOH electrodes are = 0.75, 0.50, and
1.85%, respectively, implying more deposition occurred on the
surface of the NaOH electrode under the same ALD conditions.
Based on the evaluation from different aspects, we conclude
that the surface of NaOH electrodes favors the deposition of
ALD coatings. In addition, between the DMF and NaOH elec-
trodes, the latter has a higher mechanical stability, which is
preferable for device applications.

With the NaOH electrodes, we moved forward with depos-
iting 1500 cycles of TiO, and 50 cycles of Al,O; by thermal ALD
and 50 cycles of SiO, by plasma ALD. The XRD patterns in
Fig. S3 in the ESI} present only the diffraction peaks of carbon
and PLA,**** with no sign of the peaks associated with the
respective coatings. All ALD coatings were amorphous because
of the 150 °C substrate temperature, consistent with the liter-
ature and our previous work.?>?3344547 Tn addition, the thick-
nesses of coatings in nanometers are rather thin to confirm the
crystallinity.** We performed XPS analysis to verify the deposi-
tion on the 3D-printed carbon electrodes. The survey spectra in
Fig. 2 confirm the presence of the expected elements, Al, Si, and
Ti in their respective electrodes, along with C from the electrode
and O from both the coating and electrode. In addition, Fig. 2
presents the high-resolution Al 2p, Si 2p, and Ti 2p spectra for
the electrodes with ALD coatings. The Al 2p spectrum presents
a dominant peak at 75.0 eV and a shoulder peak at 72.3 eV,
associated with AI-O and Al metal,***® respectively. In addition,
the small amount of Al metal indicates the incomplete forma-
tion of the Al,0;.** The symmetric peak of Si 2p centered at
103.1 eV confirms the deposition of SiO,,** whereas the spin-
orbit split doublet of Ti 2p at 464.2 eV (Ti 2p,,,) and 458.5 eV (Ti
2ps,,) verifies the formation of TiO,.*"*

We examined the functionalities of these ALD coated 3D-
printed carbon electrodes for the HER. Fig. 3A presents the
LSV curves of all Al,O3, SiO, and TiO, coated 3D-printed carbon
electrodes for the HER with and without irradiation. For refer-
ence, the LSV curves comparing the blank and ALD coated
electrodes are included in Fig. S4 in the ESI.f The HER was
catalyzed by the ALD coatings and further enhanced by the
irradiation, as reflected by the lower potential required to drive
the reaction. This is particularly obvious for TiO,, which has
been widely used as a photocatalytic material. For a better
overview of the electrodes’ performance, we compiled the
overpotential at —10 mA c¢m 2, as a common comparison
current density for electrocatalytic reactions in Fig. 3B. For the
HER without irradiation, the overpotential for all three coatings
is rather similar, between 0.60 and 0.66 V. With irradiation, the
SiO, coated electrode shows a minor improvement to 0.62 V,
followed by Al,O; coating at 0.47 V, and the most significant
improvement by TiO, coating at 0.31 V. In continuation, we
tested the ALD Al,O3, SiO, and TiO, coated 3D-printed carbon
electrodes for the OER with and without irradiation. Fig. 3D
displays the corresponding LSV curves. Similar to the HER, the
OER was catalyzed by the added coatings and improved by
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irradiation. Fig. 3E summarizes OER overpotentials at 10 mA
cm 2 for all ALD coated electrodes. Without irradiation, the
overpotentials were between 1.83 and 1.98 eV. With irradiation,
the overpotentials of Al,O3, SiO,, and TiO, were reduced to 1.72,
1.71, and 1.47 V, respectively.

Apparently, TiO, coatings as a photoactive material have
demonstrated the most substantial light enhancement effect in
both the HER and OER. While Al,O; and SiO, are classified as
insulators based on their electronic band structures, both have
shown considerable enhancement. In fact, both insulating
materials have served as the primary or co-catalytic material in
many photo- and electrocatalytic reactions.>*>* Although their
contribution and exact role remain disputable, the plausible
explanations include the photoactivity of defective Al,O; pha-
ses,’ the effective separation of the electron-hole pairs by the
(hydroxylated-) Al,O; or SiO,,**~** and the fact that surface states
of the insulators (Al,O3 and SiO,) located between the conduc-
tion and valence bands act as electron acceptors.> Moreover,
insulator photocatalysts have become increasingly popular in
recent years.>®

In ALD processes, the growth per cycle (GPC) varies for each
material. It is largely influenced by various deposition condi-
tions, including substrate temperature, the precursor (as well as
co-reactant) dosing and purging time, or briefly, the interaction
between the precursor and the substrate. Therefore, the number
of cycles applied for different materials does not correspond to
the same thickness. TiO, is an example material with much
lower GPC as compared to Al,03.°*° For example, Tupala et al.
demonstrated that coating thickness of = 5 nm for Al,03, Ta,0s5
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Table 1 Comparison of the HER and OER performance of this work with the literature. Selection criteria: either the catalyst material or 3D
electrode is similar to the present work, and the best value(s) from each work is(are) reported®

Hydrogen evolution

Catalyst material 3D electrode Electrolyte Performance (overpotential vs. RHE) Ref.
Anodized TiO, Ti electrode by EBM 0.5 M H,S0, 0.092 V at —10 mA cm™? 73
Electrodeposition of Ni Carbon electrode by FDM 1.0 M NaOH 0.60 V at —50 mA cm > 24
Electrodeposition of NiPt Carbon electrode by FDM 1.0 M KOH 0.27 V at —10 mA cm > 25
ALD MoS, Carbon electrode by FDM 0.5 M H,S0, 0.49 V at —10 mA cm ™2 20
0.44 V at —10 mA cm ™ (irradiation)
ALD TiO, Carbon electrode by FDM 0.5 M H,SO, 0.60 V at —10 mA cm ™2 This work
0.31V at —10 mA cm™ > (irradiation)
Oxygen evolution
Performance (overpotential vs. RHE or
Catalyst material 3D electrode Electrolyte  current density) Ref.
Anodized and hydrogenated TiO, Ti electrode by SLM 1.0 M NaOH =~0.3 mA cm™” at 1.2 V (irradiation) 7
ALD TiO, Stainless steel electrode by SLM 1.0 M NaOH =~0.9 mA cm ™2 at 1.23 V (irradiation) 10
ALD Ir coating within anodized TiO, TicAl4V electrode by selective EBM 1.0 M H,SO, 0.29 V at 10 mA cm ™2 or 12
at 60 °C 65.2 mA cm™ at 0.5 V
Electrodeposition of NiFe-layered double Graphene electrode by DIW 1.0 M KOH 1.50 V at 10 mA cm > 74
hydroxide
Electrodeposition of Ni-Fe (oxy)hydroxide Graphene electrode by FDM 0.1 M KOH 0.52 Vat 10 mA cm > 75
Electrodeposition of Ni Carbon electrode by FDM 1.0 M NaOH 1.80 V at 50 mA cm > 24
Electrodeposition ReS, Carbon electrode by FDM 1.0 M NaOH =~7 pA cm™~ at 1.23 V (irradiation) 18
ALD TiO, Carbon electrode by FDM 1.0 M NaOH 1.86 V at 10 mA cm 2 This work

1.47 V at 10 mA em~ (irradiation)

¢ Abbreviations: EBM = electron-beam melting, SLM = selective laser melting, DIW = direct-ink-writing, FDM = fused deposition modelling.

and TiO, required 50, 140, and 376 cycles, respectively.*® In this
work, the three ALD coatings served as the catalytic material.
For Al,O; and SiO, with an insulating nature, overly thick
coatings will hinder the charge transfer to the carbon fibers.*
On the other hand, TiO, is well known as a photoactive mate-
rial, the thicker coatings hence provide higher photocatalytic
and photoelectrochemical activities,'* as long as the 1D
carbon fibers are not completely clogged, as supported by the
comparison in Fig. S5 in the ESL.{

The photoresponse of the ALD TiO, coated 3D-printed carbon
electrodes irradiated by a blue light was exemplified by the chro-
noamperometry measurement in Fig. 3C and F. The measurement
followed the electrolyte used in Fig. 3A and D. The applied
potentials of =—0.4 Vgyg and =1.8 Vgyg were selected for
cathodic and anodic region reactions, respectively, according to
the LSV measurements, where the HER and OER were already
initiated at these potentials. In both regions, the TiO, coated 3D
electrode showed an immediate response toward irradiation,
confirming a photoresponse similar to other TiO, photo-
electrodes, favorable for solar energy harvesting.”*¢¢

Based on the positive results attained by the ‘regular’ 3D-
printed electrodes, we applied the ALD TiO, coatings to 3D
electrodes of different dimensions and shapes, as shown in
Fig. 4A. We tested these TiO, coated electrodes for the HER,
where the LSV curves are given in Fig. 4B. Taking into consid-
eration the different geometrical surface areas of the prepared
3D electrodes, at —10 mA cm >, the overpotential varies in

This journal is © The Royal Society of Chemistry 2024

between 0.70 and 0.75 V, with the ‘regular’ 3D electrode
showing the lowest overpotential of 0.60 V. The results show
that the electrode performance, in other words, its efficiency,
does not increase linearly by scaling up the surface area of an
electrode. In most cases, electrodes with surface area = 1 cm?
or smaller remain the most optimized photo- and electro-
catalytic water splitting electrodes.®**

For large scale electrodes, factors such as electrode homo-
geneity, distribution of current density, ohmic losses, electro-
Iyte conductivity, and pH gradient might be more pronounced
and thus influence the electrode performance, of which some of
these factors are also supported by modelling and
simulation.®**” These findings suggest that potential mitigation
can be achieved by combining multiple smaller units to mini-
mize the losses described above to achieve a large area device.®®
In other words, the scalability is achieved with the continuous
repetition of a base unit to form arrays as a large unit. This
approach has been demonstrated by many applications,* for
example, photovoltaic cells, solar steam generation for CO,
reduction,” fluidic batteries,” and aluminum-air micro-
batteries.” These works show that combining small base units
to form a large unit retains the advantages such as a large
surface-to-volume ratio, enhanced heat and mass transfer, and
precise fluid control, all of which are fundamental aspects for
solar and electrochemical applications. Overall, the design and
geometry of the electrodes are a major challenge in scaling up
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photo- and electrocatalytic devices to move from laboratory to
industrial scale systems.

To evaluate the performance of the 3D-printed electrodes, we
compile Table 1 for the HER and OER performance of other
works from the literature. We selected TiO, as a catalytic
material on 3D electrodes printed by other techniques (elec-
trodes were made from other materials, typically metals) and
similar carbon-based electrodes printed by the FDM technique
with other catalytic materials. Evidently, our 3D electrodes
documented comparable HER and OER overpotentials, showing
that the carbon-based electrode is a feasible alternative as a 3D
conductive platform.

Conclusions

We demonstrated a simple treatment step in aqueous NaOH to
prepare the surface of 3D-printed carbon electrodes for subse-
quent low-temperature ALD processes. The surface wettability
of the carbon electrodes is entirely different after treatment in
different solvents. We showed three commonly used ALD
coatings, TiO,, SiO,, and Al,O; on 3D-printed carbon electrodes
for light-enhanced HER and OER. All ALD coated electrodes
presented improved performance with blue light irradiation.
TiO, coated electrodes recorded the lowest HER overpotentials
at —10 mA cm > at 0.60 V (dark) and 0.31 V (irradiation), and
OER overpotentials at 10 mA cm ™2 at 1.86 V (dark) and 1.47 V
(irradiation). We applied the ALD TiO, coating on 3D electrodes
with different shapes and sizes, such as multiple rod structures
and 2 inch-diameter disks, to show the freedom of 3D design
and scalability by FDM-based printing. Similar to other
upscaled electrodes, the HER performance of the larger 3D
electrodes suffered a slight degradation. Thus, engineering and
designing efficient electrodes will be essential for large scale
electrochemical energy conversion in the near future. The
present work reports an improved carbon surface ready for
diverse ALD coatings to increase the functionalities of 3D elec-
trodes with absolute freedom in design and scaling for catalytic
applications and beyond.
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10. Conclusions

In summary, different compounds were investigated as photoelectrocatalysts for HER.
Transition-metal selenophosphites crystals, MnPSes, FePSes and ZnPSes, showed excellent
photoelectrocatalytic response during illumination with visible light (660 nm). ZnPSes 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 MAX, TaxAlC, CrAlC, 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-Cr2AlC showed a considerable amount of fluorine on the
surface without significant change in its morphology. This difference can be related to the fact
that Cr2AIC is reported to be more resistant to oxidation and exfoliation than the other MAX
phases in this work. All MAX and F-MAX, 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-Ti3AlC,, 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-Cr2AlIC
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 MAX 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 MAX, Nb2AIC, Ta>AIC, and TizAIC,, 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 Al>2Os. In contrast to the theoretical
calculation, it was experimentally estimated that for Nb,AIC and TaAlC, 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 Ti3AlC; was 2.4 eV. As a confirmation of the presence of photoactive
material, all MAX showed an enhanced photocatalytic activity towards HER when exposed to
illumination by different light sources. In particular, Nb2AIC and Ta;AlC performed better (758
mV and 760 mV of overpotential, respectively) when exposed to UV light, and Ti3AlC, 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 MAX phases has been
already reported, since contamination is unavoidable if the material comes in contact with the

air or with oxidizing solvents’>"!

. 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 MAX phases as photoelectrocatalysts. In addition to the three MAX

investigated in this work, more than 150 other MAX phases®? 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 MoS: 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 CB/PLA
conductive nanocomposite filaments. After chemical activation, morphological analysis
revealed an asymmetric surface exposing both 1D 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 AA, 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 ALD 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 ALD
coatings, such as TiO2, SiO2, and Al,03, 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, TiOz-coated electrodes demonstrate the
lowest overpotentials for HER and OER under both dark and irradiation conditions.
Additionally, ALD TiO; 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 ALD 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 MPChs and their potential application as photoelectrocatalysts capable of absorbing visible
light to promote hydrogen production from water-based electrolytes. Moreover, the
fundamental study of MAX 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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