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Abstract

The present dissertation thesis deals with the investigation of various 2D

materials for energy storage and photocatalysis. These include materials based

on graphene derivatives and MXenes as well as the so-called hematene, a mem-

ber of a new class of 2D non-van der Waals materials. In the theoretical part,

the reader is offered an introduction to the studied materials, as well as the

basic principles of the experimental techniques employed in the thesis: ther-

mogravimetric analysis (TGA), powder X-ray diffraction (XRD) and scan-

ning transmission electron microscopy (STEM). The experimental part is then

divided into two parts. Specifically, (i) XRD and TGA characterizations of

graphene- or MXene-based materials for energy storage; (ii) synthesis opti-

mization of hematene, study of its structural changes and variation of proper-

ties induced by dimensionality restriction and its application for photocatalytic

ammonia decomposition.
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Introduction

The material science community faces a major challenge considering grow-

ing society demand for sustainable energy sources and next generation energy

storage devices. As a result, novel advanced materials are developed, explored

and tested in the fields of energy storage and photocatalysis. The class of

two-dimensional (2D) materials has gained significant attention in the past

decade thanks to their attractive properties that are distinct compared to

their bulk/three-dimensional (3D) material counterparts.

It is crucial to understand the structure and physico-chemical properties

of the materials in order to tailor them to suitable application, as each usage

requires different performance characteristics. In this sense, material research

relies on the employment of a variety of techniques, combining the gained

insight and putting them together as pieces of a puzzle to obtain the whole

picture of the material characteristic and functionalization mechanisms.

The present thesis deals with the investigation of advanced 2D materials,

in particular for energy storage and photocatalysis, using thermogravimetric

analysis (TGA), powder X-ray diffraction (XRD) and scanning transmission

electron microscopy (STEM) as key techniques, which provide detailed insight

into the quantitative composition, structure and microstructure of nanomate-

rials, and, in the case of STEM, even into the structure at the atomic level.
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There are three main aims in the present thesis:

• Investigation of different graphene derivatives and MXene heterostruc-

ture for energy storage by means of TGA and powder XRD to provide

better understanding of the functionalization, structural properties and

their effect on the material applicability.

• Preparation of novel 2D α-Fe2O3 material (hematene) with a focus on

synthesis optimization in terms of sustainability.

• Subsequent detailed characterization of the prepared hematene with a

focus on the structure, change of properties with reduced dimensionality

and exploration of possible application.
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1 Theoretical part

1.1 Two-dimensional van der Waals and non-

van der Waals systems

2D materials have attracted the attention of scientists for decades because

they have unique physicochemical properties compared to their bulk counter-

parts due to quantum confinement and enhanced surface states. The history of

theoretical studies, predictions and experimental attempts on preparing ide-

ally atomically thin graphite films, now known as graphene, goes back more

than 70 years [1, 2]. Only the rediscovery of graphene by Geim and Novoselov

in 2004, and in particular their work on describing the properties of graphene,

marked a breakthrough was made and the so-called "gold rush" for 2D ma-

terials began [3]. Since then, a variety of 2D materials have been synthesized

and studied, such as hexagonal boron nitride (h-BN), silicon carbide (SiC),

transitional metal dichalcogenides (TMDs, e.g. MoS2, WS2, MoTe2 ...), black

phosphorus (or phosphorene), MXenes, as well as various graphene derivatives

[4].

The family of 2D materials can be sorted into two groups based on the type

of the parent material. The first group is called "van der Waals" (vdW) materi-

als, because the bulk parents have strong chemical bonds oriented only in-plane

and weak van der Waals bonding oriented out-of-plane, and includes well-

known materials like graphene, black phosphorus, transitional metal dichalco-
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genides (TMDs), metal-organic frameworks (MOFs), etc. The other group,

so-called "non-van der Waals" (n-vdW) materials, have strong chemical bonds

in all three directions, which makes them more challenging to cleave into indi-

vidual sheets. The successfully prepared 2D n-vdW materials include MXenes,

metals, metal nitrides, phosphides and of course oxides, such as hematene (from

hematite, i.e. α-Fe2O3), magnetene (from magnetite, i.e. Fe3O4), chromiteen

(from chromite, i.e. FeCr2O4), ilmenene (from ilmenite FeTiO3), etc. [5, 6, 7, 8].

These n-vdW 2D nanostructures – few discovered and many others pre-

dicted [9, 10] – provide a playground for exploring the behaviour of physical

phenomena in new constraints, and furthermore enable their application in a

wide range of areas such as catalysis, energy production and storage, sensors,

detectors and optoelectronic devices [11, 12, 13, 14, 15].

The stability of free-standing 2D materials had been a query of its own.

It is known that a long-range ordering of 2D crystal lattice is not permitted

and is destroyed by thermal fluctuations [16]. The existence of large sheets

of monolayer graphene is accompanied by the formation of ripples, defects

or wrinkles, that was proven by theory and experiment [17]. The 2D n-vdW

materials rarely exist in monolayers and are often found to be at least several

atomic layers thick. Therefore, they are sometimes referred to as quasi 2D

materials [18, 19].

The following chapters are devoted to a brief description of graphene and

its derivatives, MXenes and 2D iron oxides as examples of conventional and

n-vdW 2D materials.

1.1.1 Graphene and its derivatives

Graphene is a typical representative of 2D vdW materials. It has many

superlative features, such as superior mechanical strength, giant charge car-
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rier intrinsic mobility and record thermal conductivity, as was proven in 2004

[3]. These qualities make graphene interesting from the point of view of both

fundamental research on quantum phenomena and practical applications. How-

ever, there are some drawbacks limiting the applicability of pristine graphene,

mainly relatively low reactivity, zero bandgap and hydrophobicity [20, 21].

Graphene consists of a single, freestanding layer of carbon atoms with sp2

hybridization in honeycomb-like hexagonal structure, as depicted in Figure

1.1a. Adjacent carbon atoms are bonded both by an in-plane σ-bonding and

by π-bonding of delocalized electrons in the plane perpendicular to graphene,

see Figure 1.1b. The strong σ-bonds are the source of extraordinary mechan-

ical strength – Young’s modulus reaching up to 1 TPa (converted from 2D

Young’s modulus to conventional), while the exceptional electrical properties of

graphene are controlled by an electron cloud of delocalized π-electrons [16, 22].

a
2pz

π bond

σ bond

b

Figure 1.1: Scheme of the graphene structure, a: graphene structure from top-

view; b: graphene pz orbitals with σ and π bonds.

Graphene is known to be a zero bandgap semiconductor. Its electronic

structure consists of two asymmetric sublattices of the conduction and valence

5



bands that touch at the so-called Dirac points. The electron waves lose their

effective mass completely when propagating through the hexagonal lattice, and

are therefore described as quasiparticles by the Dirac-like equation rather than

by the Schrödinger equation, which is sufficient for electrons of other mate-

rials [20, 23]. Furthermore, the electrons in the atomically thin graphene are

very little scattered during propagation, they are available to various scanning

probes and sensitive to proximity of other materials with different electromag-

netic properties. The above listed quantum effects can survive even at room

temperature, which makes graphene a unique material compared to other con-

densed matter known to date and essentially a scientific playground for the

investigation of the quantum phenomena [20].

However, there are characteristics that limit applications and full exploita-

tion of graphene’s exceptional properties. The zero bandgap prevents its use in

semiconductor passive components in electronics, while its hydrophobic and in-

ert nature restricts its use in bio-applications, catalysis, sensors and especially

hinders large-scale industrial production [21].

Surface modification and tailored functionalization of graphene help to

overcome these limitations.

Graphene derivatives

Graphene-like materials form a growing family of both morphological vari-

ants (nanotubes, bilayers, multilayers, nanosheets, nanoflakes) [24] and chem-

ical relatives [25, 26]. These chemical derivatives with well defined structure

and stoichiometry include graphane (hydrogenated graphene), fluorographene,

graphene oxide, graphene acid, cyanographene, etc. All of these materials have

been carefully developed and tuned to tackle some of graphene’s limitations

and to better suit the targeted application. These derivatives are thus used
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in a broad range of fields, such as electronics, energy storage, optical appli-

cations, membranes, separation, biosensors and other biomedical applications

[27, 28, 29, 30].

Among other graphene derivatives, fluorographene has a prominent place,

as its extensive chemistry allows for new synthetic routes to various function-

alities of excellent quality in terms of their yield and uniform distribution.

The synthetic approaches utilize controlled partial/complete defluorination

and/or substitution, enabling functionalization that cannot be achieved via

plain graphene. [31]

Fluorographene is a monolayer of graphite fluoride, that can be prepared

both by fluorination of graphene [32] or exfoliation of graphite fluoride [33].

Even a small amount of introduced fluorine atoms changes the structure and

therefore the properties of graphene. It expands its band gap and changes

the hybridization of the carbon atoms from sp2 to sp3, thus improving the

applicability in electronics, significantly increasing reactivity and paving the

way for the adoption of additional functionalities. [34].

Since even a small amount of dopant has a great influence on the prop-

erties of graphene derivatives, it is of course necessary not only to know how

to prepare these derivatives, but also to characterize them correctly and to

know the actual amount of the functional groups. Among other experimental

methods, TGA has proved to be particularly useful for this purpose, as it can

provide information not only on the thermal stability but also on the amount

of functional groups or dopants. In terms of the atomic structure, powder XRD

is one the key techniques.
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1.1.2 MXenes

MXenes, first described in 2011, are a relatively new group of 2D materials

based on cleaving the MAX phase – a ternary carbide or nitride with the

general formula Mn+1AXn, where M stands for an early transition metal (e.g.

Ti, Nb, V, Cr, Mo, Ta), A is (mostly) 13 and 14 group element and X denotes

carbon and/or nitrogen. MXenes are usually classified as n-vdW 2D materials,

since the out-of plane bonding between the layers is stronger than vdW [14, 35].

However, they can be considered to be a link between vdW and n-vdW 2D

materials, due to their layered structure.

Their classification in literature is not clear, MXenes are sometimes clas-

sified as vdW 2D materials (due to their layered structure) [?], on the other

hand, they are sometimes classified as n-vdW 2D materials, since the bond

between the layers is stronger than vdW [14, 35].

The so-called MAX phase forms a hexagonal laminated structure (with a

space group of P63/mmc) with two formula units per unit cell. The M and X

elements form planes of near close-packed M6X octahedras, while interleaved

by weaker (longer) bonds with pure A-group element layers, as can be seen in

Figure 1.2 [36].

The relatively weak connection via A layers is used for selective etching

that leads to multilayered MXene (without the A-group element), that is

later delaminated into single flakes. Produced MXenes have a general formula

Mn+1XnTx, where Tx represents the surface termination groups (e.g. OH,

O, F) [36, 37]. As their formula suggests, MXenes are among the most

versatile 2D materials, of which more than 30 stoichiometric structures are

known today [38]. The composition fundamentally influences the properties of

these materials and thus their applicability. MXenes exhibit a rather unique

combination of properties – they are highly conductive, possess the mechani-
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A

X

M

Figure 1.2: Schematic structure of a typical MAX phase, where M (metal)

atoms are in grey, A (13 and 14 group element) atoms are in cyan and X

atoms (C or N) are in red-brown.

cal properties of transition metal carbides/nitrides and their surface functional

groups in turn provide hydrophilicity and binding capacity. As a result, they

have application potential in many industries, ranging from energy storage,

electronics, optics, bioapplications, catalysis, environmental applications, sen-

sors, etc. [38, 39, 40].

The versatility of MXenes comes along with the need to properly character-

ize them in terms of composition, structure and properties. This is important

in terms of possible applications and, moreover, in terms of replicability in ma-

terials science [41]. Approaches to the investigation of MXenes, in particular

using powder XRD, will be discussed later in this thesis.
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1.1.3 Iron oxides

Iron oxides display a complex variety of crystal structures with strong chem-

ical bonding in all three directions and, therefore, can be referred to as non-van

der Waals materials. They are Earth-abundant in both bulk and nanometric

form and moreover, they can be easily prepared in the laboratory. Their ac-

cessibility, combined with their attractive properties, makes them an object of

interest for a wide range of fields of mankind [42].

Crystal structure

There are three different non-hydrated iron oxide – FeO, Fe3O4 and Fe2O3,

that consist of Fe2+ and/or Fe3+ cations and O2− anions with radii of approxi-

mately 0.82 Å (Fe2+), 0.65 Å (Fe3+), and 1.4 Å (O2−) As evident, the O2− ions

are larger and therefore their arrangement determines the crystal structure of

the whole compound. As a result, there are also two basic ways of defining the

crystal structure of iron oxides. One can describe either the arrangement of

the anions (packing) or the link between the octa/tetrahedra formed by the

cation centre and the nearest anions [43].

With respect to the anion arrangement, all of the iron oxides consist of

stacked O2− planes with interlayers of iron cations in different polyhedral co-

ordination. In iron oxides containing trivalent iron cations, a need for charge

compensation arises that leads to cation vacancies in the crystal structure of

Fe2O3 or Fe3O4. This extra space, especially in Fe2O3, enables various arrange-

ments of the vacancies and FeIII cations and therefore allows stability of differ-

ent crystal structures within the same chemical formula, known as polymorphs

[43]. Four1 different crystalline phases of Fe2O3 (α-Fe2O3, β-Fe2O3,γ-Fe2O3 and

1Tuek et al. [44] reported in 2015 a new fifth polymorph called ζ-Fe2O3 that is stable

under ambient conditions (room temperature, atmospheric pressure). ζ-Fe2O3 was created
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ε-Fe2O3) and one amorphous phase are well known [43]. The crystal structures

of FeO, Fe3O4 and polymorphs of ferric oxide are shown in Figure 1.3.

The most thermodynamically stable ferric oxide polymorph is α-Fe2O3,

commonly known as hematite (based on its blood red colour). The structure of

hematite can be described in terms of a rhombohedral lattice with a = 5.427Å

and α = 55.3°, see Figure 1.3a.

On the other hand, a better idea on the ion arrangement can be obtained

from the oxygen anion point of view where hematite consists of O2− arrays

with hexagonal close-packed structure stacked along the [001] direction and

the iron cations coordinated into face-sharing octahedra, where two cation

positions are followed by a vacancy. The distance between O ions in face-

sharing octahedra is smaller than between edge-sharing ones, which leads to

a repulsion in the direction normal to the [001] distorting the cations towards

edge-sharing positions [43]. The hexagonal unit cell has parameters of a =

5.034Å, c = 13.75Å and six formula units per unit cell.

Since crystal structure governs the material magnetic, electric, optical and

chemical properties, each iron oxide with different lattice arrangement has dis-

tinct features. Various iron oxides are utilized in medicine, (photo)catalysis,

biosensors, energy storage, optoelectronics, environmental technologies and

magnetic data storage [45, 46, 47, 48, 49, 50, 51].

via high pressure treatment of β-Fe2O3 and is the first ferric oxide with a monoclinic structure

at room temperature.
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Figure 1.3: Schematic crystal structures of all iron oxide phases; a: α-Fe2O3; b:

β-Fe2O3; c: γ-Fe2O3, d: ε-Fe2O3, e: Fe3O4 and f: FeO.
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Properties of bulk and nanometric α-Fe2O3

Hematite2 is a versatile ferric oxide polymorph since it can exist both in

bulk and nanometric form in various sizes and morphologies, occurs naturally

and can be synthesized as well in laboratory. α-Fe2O3 is the most thermody-

namically stable phase that is formed when other polymorphs are heated in the

presence of air or other oxidative atmosphere. Such a process is called thermal

polymorphic transformation [52].

The magnetic behaviour of α-Fe2O3 is temperature dependent. At room

temperature, hematite is known to be a weak ferromagnet. However, when

cooled down, a magnetic transition connected to spin reorientation occurs.

At the so-called Morin temperature TM ≈ 260K, we can observe the Morin

transition to an antiferromagnetic state. This phenomenon is caused by the

arrangement of spins in hematite. Above TM, hematite has 2 alternating, par-

tially intersecting antiferromagnetic sublattices. However, their spins are not

exactly antiparallel (with a distortion of about 0.1°), causing a spin canting

effect and weak ferromagnetism. At TM, the spins rearrange to an angle of

≈ 7° to the c-axis and become perfectly antiparallel, making hematite anti-

ferromagnetic below the Morin temperature [53]. Furthermore, the value of

Morin transition is well known to depend on the nanoparticle size, vacancies,

cation substitutions and crystal lattice defects. [54, 55, 56, 57].

In terms of electrical properties, α-Fe2O3 is known as an n type semiconduc-

tor with a band gap of ≈ 2.2 eV in visible-light region making it a good candi-

date for photochemistry and photocatalysis. However, hematite suffers from a

low hole mobility at room temperature (≈ 10−2 cm2V−1s−1) and fast electron-

2The mineralogical name is preferred only for the natural occurrence of iron oxide phases.

If they are synthesized artificially, it is more appropriate to use the chemical formula, in this

case α-Fe2O3.
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hole recombination [53, 58], which is usually tackled by introducing various

dopants [59, 60, 61], creating heterostructures or composites [62, 63, 64]. Fur-

thermore, the electrical and optical properties also depend to some extent on

morphology and particle size, which also applies to colour [53, 65].

2D iron oxides

Early indications of 2D iron oxides were based on thin films or layers grown

by different vapor deposition methods (CVD, MBE, etc.) on various substrates

and have been studied since the 1990s [66, 67, 68, 69]. However, the first

freestanding 2D iron oxide – α-Fe2O3, so-called hematene – was introduced in

2018 by Puthirath et al. [5]. Soon after this pioneering work, Puthirath et al.

[8] followed with report on ilmenene (2D FeTiO3) in 2018 and Serles et al. [6]

introducing magnetene (2D Fe3O4) in 2021.

The studies published so far suggest that 2D iron oxides open up a new

class of interesting materials and the possibility of studying physical phenom-

ena (especially magnetism) in 2D nanostructures. With respect to hematene,

interesting features have been predicted [70, 71, 72, 73, 74, 75] and some so

far observed - for example, a decrease in the Morin temperature (TM) of the

transition from the antiferromagnetic to the weakly ferromagnetic state [5, 76]

and interesting optical properties - nonlinear optical behaviour suitable for

protective devices [77, 78]. From a chemical point of view, the large surface

to volume ratio combined with potential defect structure appears to have the

prospect for various chemical reactions [79, 80].

Properties and characteristics of hematene

It has been shown by Puthirath et al. [5], that hematene forms sheets ori-

ented along the [001] and [010] directions, where the (001) plane with hexag-
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onal symmetry is presumed to be more stable. The predicted thickness of

these monolayer sheets was estimated to 3.98 Å (in [001] direction) and 3.2 Å

(in [010] direction) by molecular dynamic simulations. Bandyopadhyay et al.

[72] explain the stability of [001] oriented hematene sheets by an absence of

unpassivated Fe atoms on the surface. The lattice of monolayer hematene is

theoretically predicted to consist of a hexagonal sublattice of octahedrally co-

ordinated Fein ions directly stacked by two sublattices of trigonally coordinated

Feout ions. Such monolayer hematene is presumed to have slightly higher lattice

parameter a = 5.16 Å, compared to bulk hematite. However 2-layer (a = 5.14

Å), 3-layer (a = 5.12 Å), 4-layer (a = 5.10 Å) and thicker systems are pre-

dicted to possess similar structural configuration to bulk hematite, as revealed

by computational work published by Bacaksiz et al. [73].

The magnetic behavior of bulk hematite is governed by the Fe–O–Fe su-

perechxange, that is either antiferromagnetic (in the face-sharing octahedra)

or ferromagnetic (in the edge-sharing octahedra) [53]. However, alongside with

the dimensionality restriction and consequent high specific surface area, the

spin-canting effects (causing weak ferromagnetic behaviour in bulk hematite

above TM) become dominant in the 2D state of hematene.

Thin hematene sheets display enhanced ferromagnetism and suppressed

TM, while in some cases of few-layered or monolayer hematene (theoretically

predicted) the Morin transition completely disappears and hematene behaves

as a weak ferromagnet in the entire temperature range, as evidenced by several

publications [5, 72, 73, 81]. Furthermore, Mohapatra et al. [81] reported on an

increased saturation magnetization (MS) and increased coercivity (HC) values

upon cooling and a spin-glass-like transition at Tf ≈ 48K followed by a drop of

HC values below Tf . They ascribed the spin-glass-like transition in hematene

to short range correlation of surface spin coupling with ligands.
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The electronic properties were so far investigated through experimental

measurements and theoretical calculations. The thin hematene sheets were

mostly found to display narrower band gap compared to bulk hematite. How-

ever, the band gap values vary both in theory and experiment, depending on

starting material, exfoliation conditions, sample thickness and introduced per-

turbations (0.8 – 1.5 eV by Padilha et al. [82]) [73, 83, 84]. The band gap

narrowing can be explained by the distinct coordination and local symmetry

of the Fe atoms on the surface [82]. Wei et al. [83] showed that the electronic

and magnetic properties could also be modulated by a surface passivation with

H/OH group. The fully hydrogenated hematene sheets were predicted to be

half-metallic with a ferromagnetic groud state, whereas the sheets fully covered

with OH groups were estimated as antiferromagnetic semiconductors.

These features enable hematene usage in several catalytic fields, sensors etc.

Zhang et al. [85] combined hematene with Au nanoclusters for efficient glucose

sensing, late Zhan et al. [86] decorated hematene with Pt to create a novel plat-

form for methanol electrooxidation that surpasses conventional Pt/C catalysts

in CO tolerance. Recently, Motlagh et al. [87] employ hematene electron and

hole generation for photocatalytic decomposition of a wide spread antibiotic

tetracycline to CO2 and H2O. In terms of optical properties, Stavrou et al. [88]

described the non-linear optical behaviour of hematene and predicted its usage

in photonics and optoelectronics. Recently, Monk [89] explored the hematene

biocompatibility as bone tissue scaffold dopant to facilitate osteogenesis in her

Master thesis, where the 2D α-Fe2O3 proved to be promising from the first in

vitro experiments.
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1.1.4 Preparation methods of 2D nanomaterials

The preparation of all nanomaterials regardless their dimensionality can

be in general divided into two approaches: top-down and bottom-up. Top-

down approach is based on reducing size or dimensionality of some parent

bulk material and usually is considered as a more physical. Bottom-up means

various methods of assembling individual atoms into grains and their (more)

controlled growth and usually is considered as a more chemical approach [90].

A schematic depiction of the classification of preparation methods is shown in

Figure 1.4.

The preparation method combined with the crystal structure, morphology,

possible doping and/or defects affect the properties of the sample. Therefore,

it is crucial to take into account the nature of the parent material, the require-

ments on the final sample and the facilities at the site to be able to find the

optimal preparation conditions in a given case.

Top-down methods

If we consider the top-down approach for the preparation of 2D materials,

it is the decomposition of some suitable bulk material by various methods that

include:

Exfoliation This group of techniques is based on the mechanical disruption

of bonds within the material in a certain direction, resulting in the for-

mation of 2D sheets. For example, mechanical exfoliation using adhesive

tape, as in the case of Novoselov and Geim’s work on graphene in 2004 [3].

It can also be performed in the liquid phase using different dispersants

and different energy sources (ultrasound, microwaves) to break bonding

interactions as well as utilizing intercalation and expansion of molecules

or ions between layers [91].
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Figure 1.4: A scheme of the classification of 2D material preparation methods.

Chemical etching More advanced method utilizing a chemical reaction to

selectively cleave bonds in the parent bulk material is called (chemical)

etching. It is often used as the first step in the preparation of MXenes,

where the MAX phase is selectively etched using a strong acid (e.g.

HF) and obtained multilayers are then further delaminated by other

exfoliation methods [91, 92, 93].

Litography This class of methods is based on transferring a designed pat-

tern onto a bulk material using, for instance, photolithography or elec-

tron beam lithography, whilst the unpatterned region is then selectively

etched to produce a 2D nanomaterial or a heterostructure. It is widely

used in the fabrication of microchips and advanced semiconductor de-

vices [94, 95, 96].
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Ball-milling This process has been utilised as a method to prepare the bulk

material prior to further exfoliation. This involves a process whereby a

tangential mechanical force is applied to large crystals to disrupt their

structure. In addition, the balls impact the material, leading to a reduc-

tion in the lateral dimension of the resulting sheets. This method alone

is not sufficient to prepare very thin sheets and is therefore often fol-

lowed by further exfoliation, e.g. chemical etching, ultrasound-assisted,

etc. [36, 97].

Overall, top-down approaches to prepare 2D nanomaterials are in general

inexpensive and relatively simple. However, they also have several drawbacks,

such as large size distribution, possible presence of impurities and introduced

defects, limited scalability, and limited yields (only a portion of the input

material is fully converted into a 2D sample).

Bottom-up methods

Bottom-up preparation of 2D nanostructures is based on self-assembly of

individual atoms or molecules and their controlled growth, using several pos-

sible methods:

Vapour deposition Vapour deposition is a group of techniques that rely

on the transport of vapour onto a suitable substrate under controlled

conditions, where the evaporated material condenses to form a solid

sample ranging from 2D single crystals to continuous layers and even

heterostructures. Three main vaporization techniques are recognized de-

pending on the material to be evaporated, the vaporization method and

the transfer: chemical vapour deposition, i.e. CVD (gaseous molecules

are introduced into the reaction chamber), physical vapour deposition,
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i.e. PVD (target material is vaporized by e.g. heating or ion sputtering)

and vapour phase transport, i.e. VPT (utilizing a vapour phase transport

agent) [98].

Precipitation Precipitation is a method based on crystallization from solu-

tion and subsequent grain growth that involves dynamic processes of

dissolution and recrystallization.

During precipitation, so-called Ostwald ripening occurs, where large grains

are favoured over small nanoparticles. In addition, spontaneous phase

transformations occur during dissolution and recrystallization, with ki-

netics favouring the growth of thermodynamically less stable phases first,

followed by recrystallization into more stable phases (a process known

as Ostwald’s rule of stages) [99].

Hydrothermal synthesis This method utilizes precipitation from an aque-

ous solution in a closed vessel known as an autoclave at elevated temper-

ature above the boiling point of water. The properties of the resulting

samples can be controlled by changes in the reaction conditions (pH,

temperature, pressure, etc.). [99].

Solvothermal Solvothermal methods are similar to hydrothermal, only an

organic solvent is used instead of water solution and they usually take

place under elevated pressure as well as temperature [99].

Sol-gel The name of this method suggests that it will involve sol (colloidal so-

lution) and gel (macromolecule dissolved in liquid) phases. The prepara-

tion process consists of several steps: first the solution is prepared, which

is followed by gelation, or ageing, then drying and calcination. Sol-gel is

not a very common way of preparing 2D materials and is scarce in the

published literature [90, 100].
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1.2 Introduction to the experimental techniques

utilised in the thesis

The following sections provide an introduction to the experimental tech-

niques used in the present thesis to investigate 2D nanostructures.

1.2.1 Scanning transmission electron microscopy

The usage of electron beam in microscopy is motivated by the need to image

smaller objects, such as nanomaterials and nanostructures. The resolution of

any microscope is given by the well known Abbe diffraction limit:

d ≥ λ

n sin(α)
, (1.1)

where d is the spatial resolution, λ is the wavelength of the radiation/particles

used, n is the refractive index of the lens and α is the angle of view. Small

enough wavelengths allowing atomic resolution can be achieved via multiple

different particles (e.g. X-Ray photons, neutrons, electrons, ions), yet electrons

prove to be advantageous. They are readily produced, their energy and there-

fore wavelength can be varied by applying a potential and the path can be

altered by an electromagnetic field [101].

When an electron reaches a sufficiently thin material, several phenomena

can happen. It can be simply transmitted, or it can interact with the matter

– be scattered. Figure 1.5 portraits possible electron and sample interactions:

Inelastic scattering Significant part of the interacting electron energy is lost

through momentum transfer. The Figure 1.5 shows a collision with an

inner electron of the impacted atom, which can result in the inner elec-

tron being knocked out and thus the formation of a secondary electron
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(SE). The empty energy level is then filled by an electron from a higher

level, releasing the characteristic X-ray emission.

Elastic scattering The incident electron interacts electrostatically either with

the atomic nucleus solely (large scattering angles and backscattered elec-

trons) or with both the nucleus and the electron shell (small scattering

angles). Elastic scattering is not associated with a detectable energy

change of the incident electron.

Beam electrons

SE

Inelastic

BSE

Elastic

Transmitted

Figure 1.5: Illustration of possible interactions of a primary electron with an

atom. The scheme includes back scattered electron (BSE), elastically scattered

electron, secondary electron (SE) as a possible result of inelastic scattering and

transmitted electron.

In scanning transmission electron microscopy (STEM), the electron beam is

focused with objective lens to form a cone shaped Å -sized probe that is moved

precisely by scan coils and scans the sample point by point. After elastic or
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inelastic interaction with the specimen, the beam is spread with projector lens

and can be detected by various detectors [101].

Two types of electrical lenses are used for modification of electron beam.

Electrostatic lenses are used for extracting the electrons from electron gun and

for their subsequent acceleration. Electromagnetic lenses are used for shaping

the beam, however, they introduce aberrations (e.g. spherical, astigmatism,

coma or chromatic aberration). As Eq. (1.1) limits optical microscopes (elec-

tron microscopy can use electron beams with different energies and therefore

wavelengths), aberrations are the limiting factor in electron microscopy, and

their correction is a complex process, that involves iterative measurement and

subsequent correction by adjusting the electromagnetic field in the corrector

[101].

Several types of detectors can be applied in STEM. A CCD (charge-coupled

device) camera can be used to collect ronchigrams3, that are convenient to

navigate around the sample and especially to tune the beam (correct the

aberrations and find the focal plane). Annular dark field (ADF) detectors are

ring-shaped detectors used to collect elastically scattered electrons. With high

enough collection angle (above 40 mrad [102]), one can exclude coherently scat-

tered electrons and the obtained image can be dominated by the Rutherford

scattering with a dependence on the atomic number. In ADF mode the heavier

atoms appear brighter and vice versa providing high contrast between atoms

with high and low atomic number Z, hence the term Z -contrast [101, 103].

3Ronchigram is a coherent convergent electron beam diffraction pattern collected with a

very large objective aperture or with the aperture removed completely [101].
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1.2.2 Thermal analysis

Thermal analysis is a family of destructive techniques of analytical chem-

istry for studying the composition of (nano)materials both quantitatively and

qualitatively, their thermal stability and thermally induced behaviour by plot-

ting measured property as a function of temperature. The most commonly used

forms include thermogravimetry analysis (TGA, or just TG), differential scan-

ning calorimetry (DSC) and secondary techniques such as evolved gas analysis

(EGA). To maximize the information gained from a thermal destruction of a

material, a combination of thermal analysis methods is often used at the same

time. Such a set-up is called simultaneous thermal analysis (STA) [104, 105].

The principle of TG is the use of a thermo-microbalance that is able to

detect sample mass change as a function of temperature. Briefly, the sample

is placed in a suitable crucible in a furnace, then the temperature is increased

under controlled gas flow and heating rate. The choice of atmosphere (type

of gas flowing through sample chamber) for the experiment and temperature

program depend on the required information about the sample. Atmosphere

can be of reactive, oxidising or inert nature, which will affect the behaviour

of the sample upon heating. There are three types of temperature programs:

dynamic, isothermal and their non-linear combination [104].

The mass changes of the sample, i.e. mass loss or gain, may indicate several

processes, including [105]:

• Evaporation of volatile constituents (drying, desorption and adsorption

of gases, loss of water of crystallization).

• Oxidation of metals in air or oxygen atmosphere.

• Oxidative decomposition of organic compounds in air or oxygen atmo-

sphere.
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• Thermal decomposition in an inert atmosphere (known as pyrolysis or

carbonisation for organic substances).

• Heterogeneous chemical reactions, where the starting material is taken

up from experimental atmosphere (e.g. reduction under hydrogen con-

taining gas flow).

To identify more precisely the starting and ending temperature of observed

processes, a first derivative of the TGA curve, called DTG, is often performed.

When the sample is heated under a constant pressure (isobaric process), a

buoyancy correction is needed due to a decrease in the gas density. For instance,

dry air density changes from 1.184mg ·mL−1 at 25 °C to 0.457mg ·mL−1 at

500 ° C and even to 0.269mg ·mL−1 at 1000 ° C. As a result, the sample would

virtually appear heavier at increased temperature. To avoid this effect, a cor-

rection measurement (also known as a baseline or blank experiment) under the

same conditions (atmosphere, temperature steps, heating rate, gas flow) with

an empty crucible is necessary. The correction measurement is then subtracted

from the sample measurement curve [105].

Although it is possible to gain valuable information from TG, the obtained

data are indirect. Therefore, one needs to have some input information about

the sample composition or utilize other techniques simultaneously. TG in-

strument is commonly combined with DSC that measures the heat flow from

(exothermic process) or into (endothermic process) the sample as a function

of temperature. When there is combined information about mass change and

heat flow, one can recognize and distinguish between several phenomena, such

as melting, crystallization, crystal structure rearrangement and glass transition

[105].

In the material research, TGA can be used to straightforward determi-

nation of the mass percentage of functional groups, dopants and organic or
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inorganic compound content. Furthermore, one can even estimate the degree

of functionalization (DoF) using the following equation:

DoF =
∆m(F) ·M(S)

m(S) ·M(F)
, (1.2)

where ∆m(F) denotes the mass loss corresponding to the functionality, M(S)

is molar mass of the functionalized support material, m(S) denotes support

material residual mass, and M(F) is molar mass of the functionality [106, 107].

To provide more information about thermal decomposition products, sec-

ondary techniques can be coupled with TG/DSC for an EGA. Usually, one of

the following techniques can be used to analyse parts of the outlet gas from

furnace with the sample: infrared (IR) spectroscopy, gas chromatography (GC)

or mass spectrometry (MS).

1.2.3 X-ray powder diffraction

When a crystalline material is illuminated by coherent X-rays at a suitable

angle, the X-rays reflected from different layers interfere according to Bragg’s

law:

nλ = 2 d sin θ, (1.3)

where n denotes the order of diffraction, λ is the X-ray wavelength, d is the

interplanar distance and θ is the incident angle [108]. Based on the examined

material, there are two main groups of X-ray crystallography methods. One is

suitable for single crystals, where the obtained pattern are diffraction spots,

while the other is powder X-Ray diffraction (XRD), where the diffracted beams

from multiple crystallites form a cone and detected pattern is a continuous

cross section of said cone.

To obtain the information about the whole crystal structure in powder

XRD, one should scan the sample at different incident angles θ. When the
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Bragg’s law condition is fulfilled for a given angle, the beams diffracted from

a certain set of planes interfere and a diffraction peak can be observed in the

diffractogram. Then the relation for a certain (hkl) interplanar distance can

be derived from Eq. (1.3):

dhkl =
nλ

2 sin θ
. (1.4)

Based on the positions, intensities and profiles of the peaks, several qualita-

tive and quantitative features of the sample can be determined with numerical

fitting:

• Crystal structure – from the peak positions and relative intensities.

• Lattice parameters – from peak positions.

• Quantitative phase analysis – from peak intensities.

• Crystallite sizes4 – from peak profile.

• Micro-strain – from peak profile.

• Residual stress – from peak positions.

In order to achieve optimal measurement conditions, both beam and sample

should have near-ideal properties. The beam should be coherent, collinear and

perfectly focused in plane with the sample surface, which can be achieved

by several optical elements such as a set of soller slits, a monochromator, a

beta filter, divergent slits, anti-scatter slits, etc. The powder sample should

be prepared in a way to eliminate preferential orientation (unwanted texture

that accentuates some diffraction peaks over others) with a sufficiently thick

layer that has a flat surface. To improve measured statistics, the sample stage

is often rotated during XRD measurement.
4Crystallite size is usually understood as the size of coherent diffraction domains, which

may be less than or equal to grain size, which may be less than or equal to particle size
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Lattice strain analysis

The XRD peak profile can provide a basis for microstructural analysis of

materials. The broadening of the peaks is caused mainly by a decrease in the

crystallite size and by strain in the lattice [109, 110, 111]. Crystallite size can

be estimated using the Scherrer equation:

D =
K · λ

β · cos θ
, (1.5)

where D denotes crystallite size, K is the so-called shape (or Scherrer) fac-

tor, λ is the wavelength of the X-ray source, β denotes the peak broadening

and θ corresponds to the peak position. The shape factor is a dimensionless

number on the order of unity and consists of at least three contributions: (i)

the definition of "breadth", which can be estimated as full width at half max-

imum (FWHM); (ii) the shape of crystallites and (iii) the size distribution of

crystallites [112].

The advantage of Scherrer equation (i.e., (1.5)) is that the obtained data are

correlated to individual peaks, so that the effects can be correlated to various

crystallographic directions. However, the Scherrer equation only considers the

size of the crystallites as the origin of the peak broadening. To gain some

insight into the intrinsic strain, several methods have been developed, such

as Williamson-Hall (W-H) method, Warren-Averbach analysis, size strain plot

and their variations [110, 113]. W-H plot is simplified and straightforward,

yet relatively accurate method based on following assumptions: the total peak

broadening (βhkl) consists of the sum of the broadening due to crystallite size

(βD) and the broadening due to strain (βϵ), which can be written as following

equation:

βhkl = βD + βϵ. (1.6)
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The size related broadening can be assigned with the Scherrer equation

(1.5), and rewritten as:

βD =
K · λ

D · cos θ
. (1.7)

Then, the strain related broadening can be expressed by the following equa-

tion:

βϵ = 4 · ϵ · tan θ, (1.8)

where ϵ denotes the intrinsic strain. After putting Eq. (1.7) and Eq. (1.8) into

Eq. (1.5) and rearranging, we get:

βhkl · cos θ = ϵ · 4 · sin θ + K · λ
D

. (1.9)

The final form of Eq. (1.9) is an equation of a straight line. Therefore, after

plotting βhkl as a function of θ and linear fitting, we obtain the intrinsic strain

directly as slope of the straight line and the crystallite size can be calculated

from the intercept [110].
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2 Experimental details

2.1 Syntheses of materials studied in the pre-

sented thesis

2.1.1 Graphene-polysulfide derivative and control sam-

ples

Graphene-polysulfide denoted as GPS

Graphene-polysulfide derivative (GPS) and control samples were synthe-

sized by I. Tantis [114], based on flouorographene (FG) chemistry:

• 250 mg of FG was stirred in 15 mL of NMP (N -Methyl-2-pyrrolidone)

for 48 h at RT, followed by exfoliation via sonication for 4 h.

• 2 g of NaPS (sodium polysulfide, see [114] for details) was added to the

solution and reacted at 80 °C for 48 h under N2 atmosphere.

• The final product was centrifuged and washed successively in NMP, dis-

tilled water, ethanol and acetone.

• The washed solution was freeze dried to obtain fine powder.

Control samples denoted as GS and EEGS

Two control samples were prepared in the scope of the study:
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• GS – in the synthesis, elemental sulfur (S) was used instead of NaPS.

• EEGS – electrochemically exfoliated graphene was used instead of FG

in the synthesis.

2.1.2 MXene/graphene derivative heterostructures

All the analysed samples in the span of the MXene/graphene derivative

study were synthesized by V. edajová.

Graphene derivatives

N-doped graphene, denoted as GN3 was prepared following the synthesis

protocol from edajová et al. [115] and charged GN3Q material was prepared

with the following synthesis protocol: The measured amount of material was

washed 3 times with water of pH 8, then the appropriate amount of glycidyl-

trimethylammonium chloride was added and allowed to react for 5 h at 40°C.

The resulting product was washed thoroughly with distilled water.

Another utilized graphene derivative was graphene acid, denoted as GA,

that was prepared via the synthesis reported by Bakandritsos et. al [27].

MXene samples

MAX phases and MXene samples, in particular Ti3C2Tx were synthesized

following protocol reported by Mathis et al. [116].

Ti3C2Tx/GN3 and Ti3C2Tx/GA heterostructures

To fabricate the heterostructures, the following process was performed and

adjusted for different mass loadings: Ti3C2Tx and graphene derivative were

combined in a determined ratio of 99:1, respectively. The total quantity was
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then adjusted to suit the specifications of the vacuum filtration setup, ensuring

the desired mass loading for the resulting self-standing film.

As an example, a film with 1mg/cm2 mass loading, was prepared by the

following protocol:

• 41.58 mg of Ti3C2Tx in its original DI water dispersion was thoroughly

mixed with 0.42 mg of GN3 in its original dispersion.

• The mixture was then diluted to 5 mL of DI water and subjected to

vacuum filtration utilizing a setup with an effective filtration area of

42 cm2. Prior to the filtration process, Celgard 3501, employed as the

supporting membrane, was thoroughly washed with acetone, ethanol and

DI water.

• The resulting self-standing film was carefully removed from the Celgard

membrane and subsequently stored in a desiccator to ensure optimal

preservation conditions.

2.1.3 Hematene-based samples

Hematene was prepared via sonochemical exfoliation of hematite ore called

specularite. Two specularite species were used in the span of the work on the

presented thesis:

• obtained from Moravian Museum in Brno, Czechia,

• collected at Elba, Italy.

The specularite exfoliation in DMF (samples denoted as hematene-DMF)

was adapted from Purithan Balan et al. [5] and slightly modified, while exfoli-

ation in DI water (samples denoted as hematene) was optimized by the author

of the thesis. Hematene was utilized as a platform for photocatalytic ammonia
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decomposition and for this purpose, a composite with RuO2 was prepared,

denoted as Ru-hematene.

Since the preparation of 2D n-vdW material – hematene – was partially

developed in the span of the thesis, only the optimized protocol is described

in the following paragraphs and applies to all the samples with correspond-

ing code-name, unless stated otherwise. The optimization and comparison of

different synthesis conditions (dispersant, masses and volumes, rotation and

sonication times) is discussed in the section 3.2.1.

Hematene preparation in DMF

Optimized preparation of hematene in DMF dispersion consisted of the

following steps:

• Specularite was ground into fine powder with a planetary ball mill (Retsch

PM 100). The bulk sample was ball-milled twice for 5 minutes at 450

rpm and in between allowed to cool down to avoid undesirable sintering

due to excessive heat.

• 2 g of the hematite fine powder were dispersed in 180 mL of DMF. The

dispersion was then stirred in a vertical rotator (Heidolph) at 45 rpm

for 96 h to achieve optimum powder wetting and subsequently the best

possible transmission of ultrasonic energy to disrupt the bonds necessary

for exfoliation.

• The dispersion was sonicated in a bath sonicator (Branson, power output:

130 W, frequency: 40 kHz) for 48 h.

• A successful exfoliation was indicated by the change of color from dark

grey (specularite) to dark red (hematene).
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• The unexfoliated hematite powder (dark grey) was collected and used

again for preparation of hematene sheets.

• The exfoliated hematene was washed subsequently three times in ace-

tone, ethanol and DI water. Exfoliated hematene sheets were separated

from the supernatant by centrifugation (Sigma 4-16 K, Sigma Laborzen-

trifugen GmbH) at 21 000 rcf for 20 minutes after each washing step and

to reach desired concentration.

• The washed hematene sheets in DI water were finally dialyzed for 3 weeks

to avoid the presence of residual organic solvent.

• The aqueous hematene dispersion was then used in liquid form of known

concentration or freeze dried to obtain a fine powder.

Hematene preparation in DI water

Optimized preparation of DI water derived hematene differed only in the

use of DI water as a dispersant instead of toxic DMF and, as a consequence,

the need for final washing and dialysis was eliminated.

Ru-hematene

Ruthenium loading was performed on hematene samples via the impregna-

tion method, optimized by colleague S.M. Hossein Hejazi:

• A 10 mM stock solution of RuCl3 in DI water was prepared.

• 10 mg of hematene was dispersed in 10 mL of DI water, defined volume

of RuCl3 stock solution (see Table 2.1) was added and then stirred with

Teflon coated magnetic stirred for 3 h.
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• The dispersion was centrifuged to separate the solid precipitates from the

supernatant and washed three times with DI water to remove excessive

RuCL3.

• The powders were dried at 80°C for 1 h and calcined at 300 °C for 3 h

in air atmosphere.

Hematene weight (mg) Wt.% of Ru 10 mM RuCl3 solution volume (μL)

10 0.1 9.9

10 0.5 49.5

10 1 98.9

10 2 197.9

10 3 296.8

Table 2.1: Volumes of RuCl3 stock solution for desired wt.% of Ru loading onto

hematene.

2.2 Characterization methods

2.2.1 Microscopic techniques

Microscopic techniques are divided into two sections. The first includes fa-

cilities at CATRIN – RCPTM (Palacký University), where the corresponding

micrographs were acquired by instrument operators of the RCPTM microscopy

research group. Second section lists STEM experimental setup at PNM group

of University of Vienna, where the author of presented thesis spent her in-

ternship and obtained the data that are discussed in section 3.2.3, under the

supervision of prof. Jani Kotakoski.

36



Transmission electron microscopy

Transmission electron microscopy images made during optimization of he-

matene preparation were acquired on a JEOL JEM-2100 Microscope equipped

with LaB6 type emission gun operating at 160 kV. High resolution TEM im-

ages in the presented thesis in both TEM and STEM HAADF (high angle

annular dark field) mode with elemental mapping were collected with an FEI

TITAN HRTEM microscope operating at 80 kV.

For these analyses, a droplet of dispersion of the material in DI water at a

concentration of ≈ 0.1mg ·mL−1 was deposited onto a carbon-coated copper

grid and dried at RT.

Scanning electron microscopy

The aqueous dispersion samples were sonicated for 2 minutes and then

drop-casted on formvar-carbon supported copper grids. Powder samples were

first dispersed in ethanol. The drop-casted grids were left to dry in room tem-

perature before observation under SEM microscope JEOL 7900F operated at

3 kV.

Correlative Probe and Electron Microscopy

Scanning electron microscopy (SEM) and atomic force microscopy (AFM)

analyses were performed with a FIB-SEM instrument SCIOS 2 (Thermo Fisher)

equipped with an integrated AFM Litescope (NenoVision). The sample was

placed on a Si wafer for analyses. The correlative probe and electron microscopy

(CPEM) was used for the surface analysis, allowing simultaneous SEM and

AFM data acquisition at the same place in the same coordinate system. For

SEM imaging, an accelerating voltage of 2 kV, a beam current of 25 pA, and

an ETD detector was deployed. The self-sensing Akiyama probe in the tapping
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mode was used for the AFM measurement.

Scanning Transmission Electron Microscopy

A devoted scanning transmission electron microscope was used for atomic

resolution images of hematene. The instrument utilized is a NION UltraSTEM

100 with a customized objective and sample stage, that is connected to CAN-

VAS – an ultra-high vacuum (UHV) system built around the microscope [117].

The microscope was equipped with a 100 kV high-brightness cold field emission

electron gun, a 3 rd generation C3/C5 aberration corrector with a minimum

probe size of 1 – 1.3 Å at 60 – 100 kV and MAADF (medium angle annular

dark field) detector in angular range of 60 – 200 mrad. A bright field CMOS

camera was used as ronchigram camera for tuning and fine adjustment of the

electron beam.

Sample preparation for STEM

To meet the criteria for sufficient quality imaging with NION ultraSTEM

100, an advanced sample setup had to be utilized. A sample that is placed on

TEM grid to be studied with focused electron probe has to be thin enough to

allow unperturbed passage of electrons and freestanding, i.e. cover the holes in

the grid. However, hematene sheets that fulfil the thickness requirements, do

not possess the lateral size that would allow them to cover the holes. Therefore,

graphene-covered quantifoil gold grids (Graphenea) were applied for hematene

samples, as depicted in Figure 2.1.

STEM data treatment

The software ImageJ was used for evaluation of STEM images. The STEM

images often need to be corrected for scaling, as the field of view (FOV) set
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Figure 2.1: a: Schematic depiction of a TEM grid from top-view; b: schematic

depiction of hematene drop-casted on graphene-covered guantifoil grid, cross

sectional view.

for imaging may be several percent different.

To correct the scaling and evaluate the sample tilt, a graphene nearby

studied hematene sheet was imaged, see Figure 2.2a, and used for the scaling

and tilt calculations. A fast Fourier transformation (FFT) was performed from

the highlighted area and the brightness and contrast were adjusted to facilitate

the analysis, Figure 2.2b. Then, an ellipse was fitted into the second ring of FFT

spots that corresponds to a half of the graphene (hexagonal) lattice parameter

a value, see Figure 2.2c.

After at least five iterations of elliptical fitting, the major and minor axes

values were averaged and used as an absolute value of frequency vector g⃗ to

calculate the scaling, as it corresponds to the interplanar distance d in real

space. One can calculate d using the following equation:

d =
L

|g⃗|
, (2.1)

where L denotes the width of the original image in pixels. Furthermore, the

distance d between armchair planes is equal to a half of graphene lattice pa-

rameter a, as evident from Figure 2.3. Therefore, the value of d obtained from

Eq. (2.1) can be set to 1.23 Å for the actual FOV estimation. The ratio between
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a b c

Figure 2.2: Graphene STEM image treatment to correct the scaling and eval-

uate the sample tilt, a: graphene STEM-MAADF image; b: FFT of the high-

lighted area in a; c: fitted ellipse to the second diffraction spots ring; the FFT

images have inverted colours, so that the highest intensity corresponds to black

colour.

actual FOV and nominal FOV (area set for imaging) of graphene image can

be used for scaling of hematene images nearby, where the lattice parameter is

unknown.

To evaluate the tilt of the sample, the rotation values of the fitted ellipses

in FFT of graphene and hematene images were compared. If the angles had

a similar value, the sample was considered to be tilted and the normalized

lengths of the axes from graphene image were used to correct the tilt.

Figure 2.3: Visualisation of relation between graphene lattice vector a⃗ and the

spacing d between armchair planes.
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2.2.2 Thermal analysis

A Netzsch Jupyter 449C thermo-micro balance instrument was used for

TGA with simultaneous evolved gas analysis (EGA). The measurements were

performed with a constant heating rate of 10 °C ·min−1, unless stated other-

wise. During experiments, a constant flow of N2 or synthetic air at 80mL ·min−1

was maintained in the furnace. The masses of released gases, if EGA was per-

formed, were determined with a Netzsch QMS 403 Aëolos instrument under

synthetic air flow.

2.2.3 Powder X-Ray Diffraction

Three different diffractometers were used in the span of the presented thesis

for collecting powder X-Ray Diffraction (XRD) patterns.

The diffraction patterns of graphene-polysulfide derivatives were obtained

with a Malvern Panalytical X’Pert Pro, utilizing Fe-filtered CoKα radiation –

λ(Co)––1.78901 Å in the Bragg-Brentano geometry, with an acceleration volt-

age of 40 kV and a current of 30 mA. The instrument was equipped with

an X’Celerator detector, programmable divergence slits and diffraction beam

anti-scattering slits. The scanning step size was 0.0334°.

The diffractograms of MXene/N-doped graphene samples were collected

with a Malvern Panalytical diffractometer Empyrean in the Bragg-Brentano

geometry with Ni-filtered CuKα radiation – λ(Cu)––1.5406 Å operated at an

acceleration voltage of 45 kV and a current of 40 mA. The 2 θ range of the

measurements was 5° – 105°, with a step size of 0.0263°. The freestanding

films were gently pressed with a glass plate into a zero background Si sample

holder with a 0.2 mm deep circular area with radius of 0.75 cm. The obtained

diffraction patterns were then processed using HighScore+ software and the

d-spacing values were calculated using the Bragg’s equation (1.3).
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Hematene and its bulk parent specularite samples were analysed with ei-

ther Malvern Panalytical X’Pert Pro, or bench-top Aeris diffractometers. The

X’Pert Pro diffractometer was in the same setup as in the study of graphene-

polysulfide derivatives. The Aeris bench-top diffraction system was used in the

Bragg-Brentano geometry with Fe-filtered CoKα radiation – λ(Co)––1.78901 Å,

operated at an acceleration voltage of 40 kV and a current of 15 mA. The

scanning step size was 0.0217°. All the samples were gently pressed on a zero

background Si slide and scanned in 2 θ range from 5° to 105°.

2.2.4 Other characterization methods

All of the following characterization methods were performed by the col-

leagues from CATRIN-RCPTM.

Spectroscopic measurements

The ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the bare

hematene and hematene loaded with ruthenium oxide were obtained by a

SPECORD 250 plus (Analytikjena) spectrophotometer. An integrating sphere

was used to collect the spectrum. The magnesium oxide powder served as a

background reference sample.

The X-Ray photoelectron spectroscopy (XPS) measurements were per-

formed using a PHI VersaProbe II (Physical electronics) with an Al Kα source

(15 kV, 50 W). The obtained spectra were deconvoluted using MultiPak soft-

ware (Ulvac-PHI, Inc.)

The electron paramagnetic resonance (EPR) spectra were acquired on

JEOL JES-X-320 spectrometer at X-band (≈ 9.14− 9.17 GHz) at 80 K and a

microwave power of 0.1 mW. A modulation width of 1 mT and a modulation

frequency of 100 kHz were used. High purity quartz tubes (Suprasil, Wilmad,
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≤ 0.5 OD) were used as a sample holder. The accuracy of the g-values was de-

termined by comparison with the Mn2+/MgO standard (JEOL standard). All

the EPR spectra were acquired with a time constant of 30 ms and a projection

time of 4 min.

Magnetization measurements

Magnetization data were recorded and analysed using a Quantum Design

physical properties measurement system (PPMS Dynacool system) with a vi-

brating magnetometer (VSM) option. Experimental data were corrected for

diamagnetism and sample holder signal. The temperature dependence of mag-

netization was recorded in a sweep mode at 1 K/min in the zero field cooled

(ZFC) and field cooled (FC) measurement modes.

Photocatalytic experiments

The photodecomposition of NH3 was conducted in a 17.5 mL quartz re-

actor. After sono-dispersion of the photocatalyst in 10 mL of ammonium hy-

droxide, the reactor was tightly sealed with a rubber septum. Since dissolved

oxygen in the solution could act as an electron scavenger, it was bubbled with

argon for 15 minutes to remove the oxygen. Subsequently, the sample was il-

luminated under LED (Solis® High-Power LED from Thorlabs) with a power

of 3W ·m−2 and wavelength of 400 – 700 nm.

To avoid the thermal decomposition of ammonia, the reactor was immersed

in water bath to keep the solution temperature at 24 °C during the reaction.

The photocatalytically evolved hydrogen was detected with a gas chromato-

graph GCMS-QP2010 SE (Shimadzu) and a Thermal conductivity detector

(TCD) using Ar as carrier gas.
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3 Experimental study of 2D materials

This chapter is divided into two parts. First one centres around the out-

comes and findings derived from the material characterization research during

the work on a co-authored publication and an ongoing project that has not

been published yet. The author of the presented thesis participated in prepa-

ration of the samples to be suitable for experimental investigation with either

TGA and/or XRD methods, performed the measurements and optimized the

experimental conditions. After collecting the relevant data, the author evalu-

ated them and contributed to writing the relevant part of the publication and

produced the presented figures.

Second part of the chapter is focused on an extensive study of a new 2D

non-van der Waals material called hematene (2D form of α-Fe2O3), which re-

sulted in a shared first-authored publication. The author of the presented thesis

developed a new, non-toxic synthetic approach, participated in the materials

characterization, performed the XRD and STEM characterizations and subse-

quent analyses.

When published results are presented, they are consistently mentioned at

the beginning of each subchapter and they are included in the full version in

the Appendices as well.
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3.1 Modern 2D materials for energy storage

In recent years, the demand for electricity has increased significantly as a

result of society’s growing needs. This increase can be associated with factors

such as population growth, urbanization, industrialization, increasing use of

electronic devices and last but not least the electrification of transport and

growing popularity of electric vehicles. One of the main challenges posed by

this growing demand is the need to find more efficient, safe, eco-friendly, and

low-cost energy storage solutions.

Three different classes of (portable) electrical energy storage devices are

recognized: batteries, capacitors and supercapacitors, that differ in working

principle and consequently in their characteristics. Batteries store energy in

the form of reversible chemical reactions that involve movement of Li+ ions be-

tween two electrodes separated with electrolyte, allowing charge and discharge

cycles. Therefore, they have relatively high energy density (amount of stored

energy per unit volume/mass), but their power density (rate of delivering the

energy) is limited by the actual movement of ions through the electrolyte and

their cycle life is finite as they degrade over time and usage.

Capacitors, on the other hand, utilize physical phenomena and rely on

electrostatic capacitance of two conductive plates separated by an insulator

(dielectric). They have rather low energy density, but higher power density

(they can store lower amount of energy, but provide it at higher rates) and

almost infinite cycle life. Supercapacitors belong to the class of electrochem-

ical capacitors. They exploit the generation of potential difference through

ion-selective adsorption processes at the electrode and solid/liquid electrolyte

interface. During charging, ions are adsorbed onto the electrode and form a

double layer which causes an accumulation of electrical charge on the elec-

trode. This mechanism does not involve a slow redox reaction, which is why
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supercapacitors have a higher energy density compared to batteries. In recent

years, novel materials have been developed that are capable of storing energy

not only in the electrical double layer, as discussed above, but also in the form

of redox (Faradaic) processes. These so-called pseudocapacitors fill the gap

between classical double layer capacitors and batteries [118, 119, 120].

Therefore, the main challenges in energy storage depend on the type of

the device: in battery development in general, it is the cost, eco-friendliness

and cycle life; considering supercapacitors, it is mostly the limitation in ca-

pacity. The current boundaries are pushed with new materials developed and

improved, different electrolytes, etc. [119, 121]

The sub-chapter 3.1.1 deals with TGA and XRD characterization of new

cathode material for Li-sulphur batteries based on graphene-polysulfide deriva-

tive. Second sub-chapter 3.1.2 is focused on supercapacitors, namely XRD char-

acterization of several variations of MXene/graphene derivative heterostruc-

tures.

3.1.1 Covalently interlinked graphene sheets with sul-

phur chains as lithium-sulphur battery cathode

Parts of the text in the following chapter are adapted from Tantis et al.

[114].

Lithium-ion batteries (LIBs) currently dominate the market for energy stor-

age systems of portable electronics. However, in their current design, they

cannot keep up with the increasing demand for higher performance and lower

cost [121, 122, 123]. In this respect, lithium-sulphur batteries (LSBs) could

offer a promising alternative to LIBs, as they have a high theoretical capacity

(1672mA · h · g−1), high specific energy (2600W · h · kg−1) and, in addition,

sulphur is environmentally friendly and readily available [124, 125].
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However, LSBs still suffer from some shortcomings, in particular the "shuttle-

effect" of the formed lithium polysulfides, low sulphur conductivity and large

volume changes. One way to address these problems is to develop functional

separators and design composite cathodes featuring a sulphur-anchoring plat-

form. However, the composites developed so far suffer from either low conduc-

tivity of the anchoring platform, low cycle life, or small amounts of anchored

sulphur [125, 126].

To tackle the LSBs bottlenecks, we exploited the rich flourographene chem-

istry that allowed defluorination and substitution through nucleophilic at-

tack of PS ions on the electrophilic radical FG defect centres, based on pre-

vious reports of PS attack ability on electrophilic carbons of alkylhalides

[127, 128, 129]. Two conditions were crucial for successful elimination of the

LSBs bottlenecks:

i) high sulphur loading to increase the full-cell specific capacity,

ii) sulphur anchoring to FG via covalent bonding.

Both criteria were confirmed with the help of TGA and STA/MS experi-

ments performed under different atmospheres. To prove that combination of

FG chemistry with PS nucleophilic attack is a unique pathway to achieve both

criteria, three different samples were prepared and analysed:

• Graphene-polysulfide derivative, denoted as GPS, was the developed ma-

terial via FG and PS.

• Graphene-sulfide derivative, denoted as GS, was prepared as a control

using the same protocol as GPS, except elemental sulphur was utilized

instead of PS.
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• Electrochemically exfoliated graphene, denoted as EEGS, was used as a

control to prove the role of FG (electrochemically exfoliated graphene

was used instead of FG in the synthesis).

The sulphur content for each sample was determined using TGA. Since

the material amount, we are interested in, is organic, we employed nitrogen

atmosphere and the resulting TGA curves are plotted in Figure 3.1a. The

temperature range of mass loss calculation was determined according to the

DTG for each sample and verified by comparison with elemental sulphur curve.

Based on the curves, 80, 85, and 5 mass% of sulphur were identified in GPS,

GS, and EEGS samples, respectively. To prove that the mass losses are truly

corresponding to sulphur, STA with the evolved gas analysis (EGA) by mass

spectroscopy (STA/MS) experiments were performed under synthetic air, see

Figure 3.1b and c. Both clearly show that the mass losses between 150 – 350

°C correspond solely to sulphur loss. Furthermore, fluorographene has been

proved to be thermally stable until ≈ 400− 450 °C [130, 131].

Based on nitrogen TG curves, we estimated the DoF of S8 in each sample

and listed them in Table 3.1, together with the mass losses and graphene

residual masses.

Sample ∆m(S8) m(C) (wt.%) DoF (%)

GPS 80.00 14.96 25.14

GS 85.71 8.05 49.13

EEGS 5.00 86.84 0.27

Table 3.1: Calculated DoF of S8 species in different graphene-(poly)sulfide

derivatives.
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The criteria i), i.e. high sulphur loading, is therefore met in samples GPS

and GS, proving the important role of FG, since the EEG was able to load

only 5 mass% of PS, corresponding to DoF 0.27%.

When we examine the TG curve of the GPS and GS samples after com-

bustion in synthetic air atmospheres, Figure 3.1b,c, there are clearly visible

two mass loss steps. First is between 150− 350 °C and corresponds to combus-

tion of polysulfides, that is proved with the evolution of SO and SO2 gasses

evidenced by STA/MS. Second step between 400−700 °C corresponds to com-

bustion of graphene with the evolution of CO2 species. The CO molecules are

not detected, because the fragments mass-to-charge ratio would be 28 m/z,

which is the same as for N2 and therefore undetectable in the constant flow of

synthetic air. The last fragment detected during the experiments was 18 m/z

to monitor eventual moisture release from the samples. The small signal peak

of 18 m/z fragment occurring at the second mass loss step is rather difficult to

interpret, since any moisture present in the sample would be released between

100 − 120 °C. It could be related to defluorination of residual fluorine in flu-

orographene that occurs at said mass loss step. Released fluorine often forms

HF, that is highly corrosive. The formed HF could then react with the quartz

glass capillary inlet to the MS, via the glass-etching reaction at the elevated

temperature (MS inlet is heated to 300 °C) [132]:

SiO2 + 4HF → SiF4 + 2H2O, (3.1)

further corroborating lower defluorination in the GS sample related to the

absence of PS nucleophilic attack on the FG defect centres.

In our experience, HF does indeed form, as extensive fluorographene exper-

iments leading to the publications of Chronopoulos et al. [31] and Bakandritsos

et al. [27] resulted in corrosive damage to the TGA furnace due to HF, which
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then had to be replaced. To prevent such damage, we are limiting the initial

mass of high-fluorine samples to a maximum of 3 mg.

b

c d

a

Figure 3.1: a: TGA curves in nitrogen atmosphere of GPS (red line), GS (light-

blue line), EEGS (green line) and elemental sulphur (dark-yellow line) together

with the corresponding DTG curves (dashed lines) and detail of TGA curves in

a temperature range of 230 – 350 °C, shown in the inset; b: STA/MS results of

GPS sample in synthetic air atmosphere; c: STA/MS results of the GS sample

in synthetic air atmosphere; d: comparison of ion currents corresponding to

SO and SO2 fractions produced by GPS (solid lines) and GS (dashed lines)

samples.

Although the sulphur loading is higher in GS than in GPS sample, the

former does not fulfil the criteria ii) and there is no covalent bonding. The PS
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ions in the latter are, in contrast, covalently anchored on the FG substrate. To

prove this, findings of several complementary techniques were put together as

a part of a puzzle. Apart from TGA, FTIR and Raman spectroscopy provided

indications of bond nature in both GPS and GS samples [114].

From the TGA experiments, there are two indications of sulphur covalent

anchoring. First originates from the detailed TG curves in nitrogen, where the

GPS sample showed a smooth transition point to the mass-stable region after

a complete loss of sulphur. In contrast, the detail of the TG curves of the GS

and elemental sulphur samples showed a sharp transition point. The second

indication is visible in Figure 3.1d, i.e., the release of SO and SO2 species in

STA/MS experiments in synthetic air. GPS shows broader evolution profiles

of the gases than GS, indicating a stronger interaction with graphene due to

covalent bonding of PS to graphene skeleton.

To shed more light on the charge/discharge processes, we performed XRD

analyses of the GPS cathode material before and after electrochemical testing.

First, we measured complete cathode material that consists of GPS material

deposited on a carbon coated aluminium foil, which served both as a substrate

and current collector, before and after cycling as well as bare substrate foil,

see Figure 3.2a,b,c respectively. However, the patterns were dominated by the

strong diffraction peaks of substrate foil – interestingly, the carbon coating

was perturbed by the electrochemical testing accenting aluminium diffraction

peaks. To obtain better information on the structures we were interested in,

we performed the measurements of the pristine GPS powder before testing,

Figure 3.2b, and the powder scraped off the electrode after testing, Figure

3.2c.

Solely sulphur peaks are present in the diffractogram of the GPS pow-

der, while the diffractogram of the lithiated cathode is dominated by oxidized
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Li2S2O7,
Li2SO4

S8

C

S8 Li
C

Figure 3.2: Diffractograms of: a: GPS complete cathode before testing (red

line), cycled GPS cathode (purple line) and carbon coated aluminium foil,

which was used as a substrate and current collector (dark grey line); b: GPS

powder before testing and c: cycled GPS powder (scratched from the substrate

foil).

lithium polysulfides (Li2S2O7 and Li2SO4). Thus, the lithiated cathode consists

of Li2S2/Li2S, which are indeed expected in the lithiated state [133], but were

oxidized after exposure to air; therefore, it was difficult to extract any further

significant information from these experiments. To avoid cathode oxidation

and to monitor underlying crystal structure changes during battery cycling,

the use of in operando XRD would be preferable. However, such experiments

require special equipment which is not available at our facility.

Nonetheless, the obtained XRD results are in agreement with the electro-

chemical testing of GPS [114]. There are two possible discharge pathways of
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the GPS cathode, depending on the sulphur chains length, and they are both

combined in the tested GPS discharge curve. Long chains pathway consists

of two steps (discharge plateaus), where the first corresponds to solid (S8) →

liquid (Li2Sn) transition and the second one corresponds to further reduction

of Li2Sn to Li2S2/Li2S. On the other hand, short-chain sulphur cycling is via

solid-solid transition from S to Li2S associated with only one discharge plateau.

As mentioned earlier, both lithiated polysulfide species in their oxidized state

were identified in the cycled cathode material by XRD. Futhermore, as was

shown by theoretical calculations in the published study by Tantis et al. [114],

both long and short polysulfide chains can react covalently on the graphene

backbone.

3.1.2 MXene/Graphene derivative heterostructure com-

posites for supercapacitors

The following sub-chapter is based on the results obtained whilst working

on a project that has not been published yet.

As the energy storage research pushes forward, supercapacitors emerge as a

promising rival to LIBs, since they offer high power density (charge/discharge

rate), long cycle life and independence from scarce elements. However, their

applicability in industry is still limited due to their capacity, which falls signif-

icantly short compared to energy density of state of art batteries. For example,

commercial supercapacitors reach a specific energy (per cell) of 10W · h · kg−1

[134, 135], while lead-acid batteries provide 20 – 35W · h · kg−1 [136] and ad-

vanced LIBs offer up to 150W · h · kg−1 [137]. Compared to LIBs, superca-

pacitors are superior in power density and cycle-life. To utilize the benefits of

supercapacitors and facilitate their higher applicability, it is crucial to develop

electrode and/or dielectric materials that surpass the current limits in energy
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density and sustain the high power density as well as long service life [138].

Regarding supercapacitors electrode research, several materials have been

in the spotlight during the past decades, including carbon materials with a

high specific surface area, conducting polymers and transition metal oxides.

Recently, the attention has been given to emerging materials such as MXenes,

MOFs, metal nitride/phosphide and TMDs [138, 139]. There are plenty of

aspects that play a role in the overall performance of the supercapacitors –

apart from conductivity and specific energy, it is important to maximize the

electrode/electrolyte interface leading to emphasis on materials with a high

specific surface area (nitrogen-doped mesoporous carbon, carbon nanosheets,

activated graphene, CNTs, ... ) that tend to have a low mass density and

eventually low energy density, which is a key performance parameter [140,

141, 142, 143].

Several strategies can be used to improve the energy density while pre-

serving other parameters like electrode/electrolyte interaction and cycle-life,

but they can in general be divided into two approaches: material improvement

(compressing, element doping ect.) and composite engineering, which can allow

a unique combination of different material properties to create a synergistic

effect and boost the overall performance. MXenes prove to be ideal candidate

for such structures, since they already possess many features favouring energy

storage applications – conductivity, hydrophilic surface, ability to host various

cations in the interlayer, etc., as well as some drawbacks, mainly re-stacking

of the sheets, that can be minimized using an ideal counterpart [35, 144].

Here, we explore combining Ti3C2Tx MXene with two kinds of graphene

derivatives in a determined ratio of 99:1. First is nitrogen superdoped graphene

that was recently reported by Sedajova et al. [115] as a supercapacitor material

with unprecedented energy density, denoted here as GN3. The GN3 material
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was also prepared in charged variation, denoted as GN3Q, to enhance self-

assebly in the heterostructures. Second is graphene acid, that has been proven

suitable for energy storage, with carboxyl boosting storage capacity, by Seda-

jova et al. [145], denoted here as GA. All the samples were prepared in the form

of self-standing films with different mass-loading of 1, 4 and 10 mg · cm−2.

XRD is an important tool during the preparation and characterization of

MXene materials as it is one of the first and easiest methods to confirm the

successful etching of MAX phase and subsequent delamination of multilayer

MXene. Original MAX phase Ti3AlC2 (for Ti3C2Tx) crystallizes in the hexag-

onal p63/mmc space group; the typical diffraction pattern is shown in Figure

3.3. After successful etching and delamination, the diffractogram changes dra-

matically – only peaks corresponding to (00l) planes with decreasing intensity

will be present. The indices (00l) are within the MXene community listed as

(002), (004), (006) etc., because the MAX phases have two layers (M3X2) per

unit cell5, which is preserved in multilayer MXenes [147]. Although the stack-

ing orientation becomes random for delaminated MXene films, we keep the

indexing (002), (004), (006), etc. for the sake of easier comparison.

The diffraction pattern of delaminated MXene film should consist solely

of six (00l) peaks, ideally with decreasing intensity. If there are more peaks

present, it is a sign of multilayer MXene or even a MAX phase (or some con-

tamination). The first diffraction peak indexed as (002) is usually oriented

between 2θ ≈ 7 − 10° (when using Cu-anode lamp as an X-Ray source) and

can be used to estimate the d-spacing, c-lattice parameter and, with further

experiments, also interlayer spacing, that is affected by eventually present in-

tercalants (inorganic cations, organic molecules, water, etc.). In the case of
5In general, the (00l) spacing indices would be typically reported as (001), (002), (003)

etc. for 2D material films, since they are composed of randomly assembled flakes with iden-

tical layers and one sheet per unit cell [146].
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Al
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Figure 3.3: a: Diffraction pattern of Ti3AlC2 MAX phase; b: schematic struc-

tures of MAX phase.

MXenes, the c-lattice parameter is twice the d-spacing, that corresponds to

the thickness of one MXene layer with surface termination Tx and intercalants

on both sides.

To identify the interlayer spacing, a two step experiment should be per-

formed. The first step consists of collecting the XRD pattern in the active

state (based on particular application or experiment, e.g. self-standing film or

wet multilayer powder) and the second step involves measuring the bone-dry

sample with all the intercalants removed. Then, the interlayer spacing equals

simply the difference between the d-spacing. However, removing all the inter-

alants is a challenging task that may require vacuum annealing at elevated

temperature, since the intercalants are strongly bound to the MXene surface.

[147]

In this study, four different samples in the form of self-standing film were

prepared. Bare Ti3C2Tx and three heterostructures with graphene derivatives:

Ti3C2Tx/GN3, self-assembled Ti3C2Tx/GN3Q, and Ti3C2Tx/GA. The films

were prepared with three different mass-loadings in order to test the depen-

dence of the supercapacitor performance on the electrode thickness. The XRD
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analysis was performed to confirm MXene delamination and gain more over-

all insight into the internal arrangement of the heterostructures. However,

it was not possible to determine the interlayer spacing as the procedure re-

quires to completely remove the intercalants and water (vacuum annealing

at high temperature) would likely damage either the MXene material or the

graphene derivatives causing a change in the composite properties. For in-

stance, graphene acid starts to lose mass already above 200 °C under nitrogen

flow at ambient pressure [27].

The diffraction patterns of all self-standing films, i.e. bare Ti3C2Tx and

the heterostructures, are shown in Figure 3.4. In all the diffractograms, the

typical MXene orientation along the c-axis and hence the presence of (00l)

peaks is evident, confirming a successful etching of the MAX phase. Residual

MAX phase would be represented in the patterns by its most intense diffraction

located at 2θ ≈ 39°, corresponding to the (104) plane [147, 148]. A negligible

amount of residual MAX phase is apparently present only in the Ti3C2Tx/GA

sample with a mass loading of 10mg · cm−2, where the (104) peak of very low

intensity can be observed. Furthermore, in the Ti3C2Tx/GN3 sample with a

mass loading of 10mg · cm−2 a low intensity (110) peak at 2θ ≈ 61° could

be explained by a low amount of multilayer MXene, as has been previously

reported in the literature [147].

Comparing the diffraction records of the individual materials with each

other, we find that for all mass loadings of the bare Ti3C2Tx , Ti3C2Tx/GA

and Ti3C2Tx/GN3, the (004) peak is distorted, very broad and of low inten-

sity, while the (008) peak is more intense than it would be for a typical delam-

inated MXene, where the (00l) peak intensity is gradually decreasing. These

phenomena can be explained by the lower degree of stacking order along the

c-axis caused by intercalated H2O molecules [148]. On the other hand, the
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Figure 3.4: Diffraction patterns of a: bare Ti3C2Tx ; b: Ti3C2Tx/GA het-

erostructures; c: Ti3C2Tx/GN3 heterostructures and d: Ti3C2Tx/GN3Q het-

erostructures.

Ti3C2Tx/GN3Q heterostructure shows all diffraction peaks of similar shape,

indicating its higher uniformity. The GN3Q material is charged, leading to self-

assembly of the heterostructures during synthesis and presumably enhanced

ordering along the c-axis.

To evaluate the effect of mass loading on the self-standing film structures,

we examined the d-spacing of each film from the (002) peak positions accord-

ing to Bragg’s law (i.e.,Eq. (1.3)) and the corresponding values are plotted

in Figure 3.5. The Ti3C2Tx/GA sample with a mass loading of 4mg · cm−2,

Ti3C2Tx/GN3 sample with a mass loading of 10mg · cm−2 and Ti3C2Tx/GN3Q
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sample with a mass loading of 4 and 10mg · cm−2 have a complex (002) peak

shape with a shoulder at lower 2θ angles. To obtain a sufficiently good pro-

file fit, we assumed that it consists of contributions from multiple diffraction

peaks, which could be explained by the corrugated structure of the films, as

confirmed by the electron microscopy images, leading to the presence of mul-

tiple d-spacing values.

a b

c d

Figure 3.5: Calculated d-spacing values for different mass-loadings of a: bare

Ti3C2Tx ; b: Ti3C2Tx/GA heterostructures; c: Ti3C2Tx/GN3 heterostructures

and d: Ti3C2Tx/GN3Q heterostructures.

The d-spacing values of bare MXene material have a nearly linear increase

with increasing film thickness, which may be related to the binding of more

intercalants during vacuum filtration. The MXene/GA heterostructure, on the
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other hand, shows quite the opposite trend, with the more intensive peak shift-

ing toward higher 2θ angles and d-spacing values decreasing with increasing

mass loading.

The MXene/GN3 film d-spacing values do not follow any trend, there seem

to be two similar stable values of d-spacing for different mass loadings, while

at 10mg · cm−2 both of them are present in the sample. The most interesting

behaviour in the terms of d-spacing can be observed in the MXene/GN3Q self-

standing films. The corrugated structure seems to be regular enough to produce

three d-spacing values at higher mass loadings. The dominantly contributing

peak position is shifting towards higher 2θ angles with growing mass loading,

that leads to decreasing prevalent d-spacing.

Overall, the insight into the structure of the self-standing films provided

by XRD confirms:

• Successful etching of the MAX phase in all the samples, except the het-

erostructure material Ti3C2Tx/GA with a mass loading of 10mg · cm−2,

where a very low intensity (104) peak at 2θ ≈ 39° suggests negligible

amount of MAX phase Ti3AlC2.

• Successful delamination of the MXenes, except the Ti3C2Tx/GN3 sample

with a mass loading of 10mg · cm−2, where a low intensity (104) peak at

2θ ≈ 61° indicates presence of multilayer Ti3C2Tx .

• Corrugated structure of all the materials, with disordered stacking in the

Ti3C2Tx , Ti3C2Tx/GA and Ti3C2Tx/GN3 materials.

• Regularly corrugated structure of the Ti3C2Tx/GN3Q sample, that orig-

inates probably from self-assembly of the charged graphene derivative

with MXene, enabling a better adhesion between the layers.
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Findings derived from XRD analyses are in agreement with electrochemical

testing results, where the self-assembly in Ti3C2Tx/GN3Q heterostructures

proves to be beneficial for the supercapacitors performance.
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3.2 Hematene: a novel 2D non-van der Waals

material

Inspired by Puthirath et al. [5], who, in 2018, reported on hematene, the

first member of a new family of 2D n-vdW materials, we focused our efforts to

repeat and optimize hematene preparation to be able to explore this material.

First task to tackle was the optimization and scale-up of the synthesis which is

described in the sub-chapter 3.2.1. Then, we could characterize the prepared

material and investigate how the dimension restriction affects hematene prop-

erties, that we discuss in sub-chapter 3.2.2. Apart from material properties, we

also tried to look into how the material itself changes, whether there are any

modifications and lattice strain in the structure. For that, we investigated the

samples with STEM and XRD while the findings are presented sub-chapter

3.2.3.

Based on properties of bulk hematite and considering the characteriza-

tion of hematene, we also explored its utilization in photocatalysis. Hematene

proved to be useful as a 2D platform for photocatalytic ammonia decomposi-

tion, the findings are discussed in sub-chapter 3.2.4.

Parts of text in sub-chapters 3.2.1, 3.2.2 and 3.2.4 are adapted from Dzí-

belová et al. [15].

3.2.1 Synthesis optimization

The structure of n-vdW materials is complex, with strong bonds in all

three directions, as explained in theoretical sub-chapter 1.1.3. Therefore, it is

crucial to choose a suitable bulk parent material. When regular hematite mi-

cro/nanoparticles would be exfoliated, statistically all the morphologies should

be produced and 2D flakes would not be prevalent. However, a naturally occur-
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ring species of hematite exists, called specularite, that is grown with a preferred

orientation and forms platelets. This mineralogical variety has a characteristic

silvery black colour and (quazi)layered structure as can be seen in Figure 3.6.

a b c

Figure 3.6: Parent material: a: photograph of iron ore specularite that was

collected in Elba, Italy; b,c: SEM images of specularite.

The usage of specularite as bulk parent material facilitates exfoliation into

platelets and even 2D flakes and, furthermore, it is an earth abundant, en-

vironmentally friendly material. Nevertheless, it comes with some potential

drawbacks as well, mainly it often contains some other undesirable elements,

such as carbon, silicon or aluminium, and it is usually not homogeneous which

affects the replicability of the experiments.

Exfoliation in DMF

The exfoliation strategy reported by Puthirath et al. [5] was based on sono-

chemical exfoliation of specularite dispersion in an organic solvent, particularly

DMF (N,N-dimethylformamide). DMF is commonly used in the preparation

of graphene and its derivatives as it can penetrate the hydrophobic graphite

and ensure ultrasound energy transfer. However, it is proven to be toxic to an-

imals and humans – both acute and chronic exposure by inhalation are found

to damage liver, occupational exposure can cause digestive disturbances and

even potential connection between DMF and embryotoxicity and teratogenic-
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ity has been suggested [149, 150]. For these reasons, the European Union is

adopting regulations restricting DMF use from December 2023 onwards [151].

Therefore, it would be beneficial to develop a new synthetic approach without

DMF.

At the beginning, we adopted the synthesis protocol by Puthirath et al.

[5] as it was. However, due to very low starting amount of specularite (50

mg per 200 mL of DMF), the hematene yields were extremely low for any

characterization apart from electron microscopy. Therefore, as an attempt to

upscale the synthesis, we increased the starting specularite amount to 1 g

per 60 mL of DMF, that was optimal for GF exfoliation. Prior to dispersing in

DMF, specularite had to be pulverized, which was done simply with mortar and

pestle and the silvery black colour changed to reddish-black when sufficiently

ground.

The obtained fine powder was then dispersed in a determined amount of

DMF (typically 3 g of specularite in 180 mL of DMF) and stirred for 4 days.

Already after grinding and stirring in DMF, some parts of specularite begin

to exfoliate, as visible in Figure 3.7a, with a relatively thin sheet of α-Fe2O3.

After thorough mixing, the reddish-black dispersion was transferred into an ul-

trasound bath and sonicated for 50 h during which the colour of the dispersion

changed to bright red, see Figure 3.8. Exfoliated sheets (representative TEM

image in Figure 3.7b) were separated from unexfoliated black powder and then

washed three times in DI water, Figure 3.7c. Subsequently, the material was

dialysed for three weeks to completely remove the remaining organic impu-

rities. The unexfoliated black specularite powder can be collected and used

again for hematene preparation.

Essentially, there are three fast indications that suggest a successful exfo-

liation in routine experiments:
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• Visible color change of the dispersion from black to red.

• EM imaging – preferably TEM, where the 2D nature is evaluated by

even electron transparency throughout the sample cross-section.

• Colloidal stability – thin hematene flakes shown colloidal stability in

both DMF or DI water for many hours (8− 24 h)6.

a cb

Figure 3.7: TEM images of: a: ground specularite after 4 days of stirring in

DMF; b: exfoliated hematene from DMF dispersion; c: exfoliated hematene

after completed washing in DI water.

Two steps of the synthesis were later adjusted: when using a magnetic

stirrer for 4 days with a higher amount of specularite (5 g in 300 mL of DMF),

the teflon coating of the stirred was abraded, contaminating the whole batch

with teflon. Therefore, instead of stirring, vertical rotator was utilized. To

minimise human influence during preparation, the grinding with mortar and

pestle by hand was replaced by the use of a planetary ball mill (see sub-chapter

3.2.1 for milling details).

6Very small flakes with the lateral dimension of units or tens of nm are stable in dispersion

for days, but they tend to have orange colour rather than red.
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Bath
sonication for

50 h

Ground specularite dispersion Exfoliated hematene dispersion

Figure 3.8: Scheme of exfoliation with photos of flasks with dispersions to

illustrate the colour-change after sonochemical exfoliation.

Exfoliation in DI water

During characterization experiments, it was revealed that after 30 minutes

of sonication of the bulk specularite in DI water, a partial color change to red

occurred, indicating possible exfoliation. To test this possibility, we performed

an identical synthesis using DI water instead of DMF. Even very thin hematene

sheets vere possible to find with a TEM analysis after exfoliation in DI water,

even though often covered with thicker platelets, see Figure 3.9a. Overall,

judging by the EM contrast, it appears that very thin sheets are less common

with the use of DI water and the majority of the sample is thicker, the typical

appearance is shown in Figure 3.9b. The energy dispersive spectroscopy of the

prevalent sheets shows that the prevalent elements in the sample are iron and

oxygen, as expected for iron oxides. The Cu signal can be explained by the use

of copper TEM grids, while carbon and silicon are impurities due to natural

origin of specularite and their presence is confirmed also by XPS analysis,

which is discussed in more detail in sub-chapter 3.2.2.

After confirming successful exfoliation of specularite in DI water, we tried

to optimize the procedure for DI water. For that, we varied the dispersion
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Figure 3.9: TEM images of exfoliated hematene in DI water: a: thin sheets; b:

typical morphology of the sample with energy dispersive spectroscopy of the

area, c.

concentration and combination of wetting in vertical rotator with sonication.

Three synthetic routes were tested simultaneously:

1. Same procedure as for DMF – 1 g of specularite per 60 mL of DI water,

rotated for 4 days, sonicated for 50 h.

2. Lower concentration – 1 g of specularite per 90 mL of DI water, same

procedure.

3. Original concentration – 1 g of specularite per 60 mL of DI water, but

after 3 days of wetting in vertical rotator, the dispersion was sonicated

over night (12 h), rotated for 12 h the following day and then sonicated

for remaining 38 h.

The resulting dispersions of all the samples were transferred into 50 mL

vials and let to sediment over night to check the colloidal stability. According to
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this, the procedure number 2 was best of the tested variations, as it was showing

colloidal stability after 16 h, see Figure 3.10. Prior to sedimentation, a small

amount from each batch was taken to determine the concentration precisely

using TGA7 and estimate the yield. Table 3.2 summarizes the amounts of

starting material specularite, amount of obtained exfoliated hematene and the

calculated yield in wt.% for each of the three synthetic routes. According to

the yield as well as colloidal stability, the second synthetic procedure proves

to be best out of the tested routes.

Figure 3.10: Photograph of tested synthetic variations after 16 hours of sedi-

mentation; vials are labelled according to the synthetic procedure.

It is possible that with further optimizing and testing more conditions, a

more efficient synthetic route could be found. However, with the presented

preparation method, the author of the thesis was able to obtain a reasonable

amount of hematene for further analyses and testing. Therefore, the second

synthetic approach was adopted for hematene samples (both DMF and DI
7TGA utilization for concentration assessment is used in our research group for low-

amount samples as follows: a known amount of the water dispersion is loaded into the

crucible, heated to 120°C, let to evaporate all H2O content and then cooled back to RT.

Mass difference between the crucible with dried sample and empty crucible is used for

calculation of concentration. This way, the buoyancy error of TGA is eliminated.
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Synt. route Specularite (mg) Hematene (mg) Yield (wt. %)

1 3000 39.9 1.3

2 2000 37.4 1.87

3 3000 19.5 0.65

Table 3.2: Comparison of different synthetic procedure yields calculated from

concentrations.

water derived) in the span of the presented thesis. To illustrate the thickness of

the typical sheet with a lateral dimension in a micrometer range, a correlative

probe and electron microscopy (CPEM), combining SEM and atomic force

microscopy (AFM) images of two different sheets derived from DI water are

shown in Figure 3.11. The measured height (thickness) of hematene sheets of

3 nm corresponds to ≈ 7− 9 layers of hematene, as the thickness of molecular

dynamic simulated hematene (001) and (010) planes was estimated as 3.98 Å

and 3.2 Å, respectively [5].

Figure 3.11: CPEM images of different hematene sheets and related height

profiles; adapted from ref. [15].
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Other possible variables

Apart from the effect of the dispersant, two different ultrasonication meth-

ods were tested – probe sonication and bath sonication. Probe sonication did

not improve the quality of produced sheets or the exfoliation time. Further-

more, it is expected, that ultrasound power during bath sonication will affect

the resulting material thickness and diameter. Unfortunately, a bath sonica-

tor with adjustable ultrasound power was not available, so this hypothesis

remained unverified.

3.2.2 Material characterization

Considering the classical (vdW) 2D materials, it is known that the dimen-

sional restriction coming from 3D to 2D bares substantial changes in properties

and behaviour of the materials, as discussed in the theoretical sub-chapter 1.1.

Therefore, after successful preparation of novel 2D n-vdW material, hematene,

we aimed to characterize it to study any properties differences compared to

parent bulk specularite and to identify potential application directions. We

focused our efforts on DI water derived hematene.

There are two main questions to be answered about hematene. The first

query that comes to mind concerns the exfoliation of the specularite itself, in

particular the direction of cleavage of the 3D structure. According to litera-

ture, there are two main directions [001] and [010] with the highest broken

bond density in hematite, along which the crystallites should be exfoliated

preferentially [5, 152]. Second question concerns the changes of properties of

the material. The following sub-chapter and the sub-chapter 3.2.3 attempts to

deal with both of these questions to some extent. For the sake of clarity, the

following chapter is divided into several subchapters according to the studied

aspects.
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Structural characterization

To verify the phase composition of both bulk specularite and produced

hematene, we performed XRD analysis. From XRD patterns shown in Figure

3.12, it is evident that both parent material and exfoliated hematene contain

only α-Fe2O3 crystalline phase.

a b

Figure 3.12: XRD patterns of: a: specularite crystals (lower cyan line) compared

to ground powder (upper grey line); b: ground specularite (lower grey line)

compared to exfoliated hematene (upper dark-red line).

To shed more light on the structure of specularite enabling the exfoliation,

we analysed the starting material before and after grinding with mortar and

pestle. It is clearly visible from Figure 3.12a, there is a preferred orientation

of the specularite layer stacking leading to enhanced reflections on preferential

orientation planes – (006) and (0012) – and complete suppression of other

crystallographic planes. This effect is reduced after grinding the crystals into

fine powder. Furthermore, after exfoliation, the reflection from (006) plane

completely disappears, as evident from the highlighted area in Figure 3.12b.

The described phenomenon can be explained by the growth of the crystal

in the direction perpendicular to (006) plane, that facilitates the cleavage along
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[001] direction. In the exfoliated hematene, the (006) reflection would then be

absent due to very low sheet thickness. These findings are further corroborating

the theoretically predicted highest broken bond density in the [001] direction

and exfoliation into (001) oriented sheets.

To evaluate the presence of other non-crystalline species present in the nat-

ural parent material, we performed XPS analysis of both parent and exfoliated

samples, see Figure 3.13. The atomic compositions of both samples are shown

in the insets of the XPS graphs and listed in Table 3.3. It is evident that the

DI water and ultrasound during exfoliation partially cleanse the sample of im-

purities, reducing the carbon content from 30.3 at.% to 11.9 at.% and silicon

from 5.7 at.% to undetectable amount.

Sample Fe (at. %) O (at. %) C (at. %) Si (at. %)

Specularite 14.4 49.6 30.3 5.7

Hematene 29.7 58.4 11.9 0.0

Table 3.3: Atomic composition of specularite and hematene according to XPS

analysis.

The HR-XPS spectrum of the hematene Fe 2p region revealed two peaks at

≈ 712 eV and ≈ 725 eV, corresponding to Fe 2p2/3 and Fe 2p1/2, respectively

[5, 15, 153], while the satellite peak located at ≈ 719 eV is indicative of the

Fe3+ oxidation state. The HR-XPS spectrum of hematene O 1s region was

fitted with three components corresponding to the lattice-incorporated oxygen

at higher binding energies (≈ 729.5 eV), and, at lower binding energies, to

two surface present oxygen types: in a defected state and as surface oxidation

[5, 15, 154, 155].

73



a b

c d

Hematene Hematene

Figure 3.13: a: XPS spectrum of specularite with estimated atomic composition

(inset); b: XPS spectrum of hematene with estimated atomic composition (in-

set); c: HR-XPS spectrum of the hematene Fe 2p and d: O 1s regions; adapted

from ref. [15].

Magnetic properties

To examine the changes in magnetic behaviour in hematene after exfo-

liation, we measured field cooled/zero field cooled (FC/ZFC) magnetization

curves of both bulk specularite and hematene, see Figure 3.14a. Furthermore,

we recorded the hysteresis loops of hematene sample at 5 K and 300 K, shown

in Figure 3.14b. The Morin transition temperature TM of hematene is estimated
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from FC/ZFC curves as ≈ 250 K and shifted towards lower temperature com-

pared to parent specularite (TM ≈ 265 K). The shift can be explained by two

phenomena accompanying the 2D transition: enhanced spin canting and in-

creased lattice strain associated with the change in the exchange interactions

[15]. The higher values of coercivity, magnetic remanence and saturation mag-

netization for 300 K hysteresis loop compared to 5 K hysteresis loop can be

explained by presence of uncompensated surface spins of the 2D sheets [15].

Figure 3.14: a: FC/ZFC magnetization curves of hematene sample measured in

the presence of an external magnetic field of 1000 Oe and FC/ZFC magnetic

curves of specularite (inset); b: magnetization hysteresis loops of hematene

sample measured at 5 K (orange line) and 300 K (green line); adapted from

ref. [15].

3.2.3 Intrinsic strain in hematene

Precise material characterization is crucial for understanding the proper-

ties of a nanomaterial to be able to tailor them towards specific applications.

It is known that crystal structure together with its distortions, such as defects,

vacancies and resulting lattice strain, affect the properties of nanomaterials.
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Lattice strain as a distortion of atomic positions can influence the electronic

configuration and hence the optical, electronic, electrochemical, catalytic prop-

erties etc. [156, 157, 158, 109, 159]. Methods for lattice strain evaluation pro-

vide information leading to lattice parameters of the strained sample. Among

the methods using X-rays, the following are often used: extended X-ray absorp-

tion fine structure (EXAFS), synchrotron radiation XRD, HR-XRD, or there

are various methods of processing powder XRD data (Williamson-Hall plot or

other size-strain plot methods) [109, 160, 161, 162, 110, 163]. More local infor-

mation on crystal lattice distortions can be obtained from TEM using different

data acquisition and processing methods [164, 165, 166, 167, 168, 169].

Here, taking into account the available instrumental methods, we use pow-

der XRD to get an overall idea of the lattice strain and then STEM at the

atomic level of very thin sheets.

Powder XRD strain analysis

We used three different samples to evaluate the strain development with

respect to exfoliation: specularite, as prepared hematene sheets and a size

fraction of hematene with orange colour containing smaller flakes with a mean

diameter of 120 nm (estimated by DLS), called hematene 120. The fraction was

separated from heavier sheets by 48 hour sedimentation of a regular hematene

batch. The XRD patterns with their corresponding W-H plots are included in

Figure 3.15, while the strain values and crystallite size are listed in Table 3.4.
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c d

Figure 3.15: a: XRD patterns of three different samples: specularite (top grey

line), as prepared hematene (middle red line) and hematene 120 (bottom or-

ange line); corresponding W-H plots of: b: specularite; c: hematene and d:

hematene 120.

Sample Intrinsic strain (10−3) Crystallite size (nm) R2

Specularite 0.19 108.1 0.335

Hematene 0.95 67.9 0.878

Hematene 120 3.8 37.8 0.251

Table 3.4: Values of intrinsic strain and crystallite size of specularite and he-

matene samples derived from the W-H plot.

It is evident from the data that the intrinsic strain values increase as ex-

foliation proceeds, while the crystallite size decreases, as expected. Moreover,
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the positive slope indicates lattice expansion [110]. The R2 values suggest that

the conventional W-H plot is relatively suitable only in the case of as prepared

hematene sheets with R2 of 0.878, but not adequate for specularite and he-

matene 120, where the R2 values were even below 0.35 and the linear fit of the

data points might be questionable.

The W-H plot is nevertheless a useful tool that can reveal lattice strain in a

particular crystallographic direction by patterns in outlying points. However,

there are almost no trends in the data of the studied samples. If we compare

the data points in all three samples, we can see that (012) diffraction peak is

above the fitted line, while (104) diffraction peak lies below. The fit badness

can be related to either wide crystallite size distribution or non-uniform strain

in the samples.

STEM strain analysis

The STEM experiments in the following sub-chapter were carried out at

University of Vienna, Austria, under the supervision of prof. Jani Kotakoski.

The preparation of hematene samples for STEM imaging is described in detail

in the sub-chapter 2.2.1.

The thin hematene sheets show hexagonal crystal structure, as apparent

from STEM-MAADF images and the corresponding FFT8, see Figure 3.16

and insets, further corroborating exfoliation along the [001] crystallographic

direction [5]. This observation is in a good agreement with the (006) reflection

disappearing from XRD pattern after exfoliation, as discussed in sub-chapter

3.2.2.

To derive the hematene lattice parameter a values within several areas

8The hexagonal structure is manifested by 6 FFT spots in the first and second ring of

FFT spots.
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Figure 3.16: STEM-MAADF images of a: the whole hematene sheet after scan-

ning detailed areas b – i; insets include FFT of the corresponding STEM image.

of the sheet, we used the FFT of STEM images. The second ring of FFT

spots corresponds to a half of the lattice parameter value in the hexagonal

structures [170]. We fitted the second ring of spots with an ellipse and used

the obtained major and minor axes values and the rotation angle for the tilt

correction. Then, with the lattice parameter estimated for both major and

minor direction, we were able to calculate the lattice strain ϵ according to the

following equation:
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ϵ =
a− a0
a0

, (3.2)

where a0 denotes the typical hematite lattice parameter a0 = 5.034 Å. The

results are listed in Table 3.5 while different areas are labelled according to

letter notation in Figure 3.16.

Area a major (Å) a minor (Å) ϵ major ϵ minor

b 5.111 5.098 0.015 0.013

c 5.192 5.387 0.031 0.070

d 5.088 5.301 0.011 0.053

e 5.061 5.275 0.005 0.048

f 4.996 5.237 -0.007 0.040

g 5.205 5.398 0.034 0.072

h 5.224 5.257 0.038 0.044

i 4.995 5.014 -0.008 -0.004

Table 3.5: STEM derived values of hematene lattice parameter a in mutually

perpendicular directions and corresponding lattice strain ϵ values.

The lattice parameter a values derived from multiple different areas of

hematene sheet are higher compared to typical bulk hematite lattice suggesting

a stretching of the hexagonal lattice in lateral dimensions. However, in areas

f and i, the value of a in the major axis (in reciprocal space) is smaller, the

latter area shows smaller a in both directions. Throughout the whole sheet,

perturbations in the structure can be observed, probably contributing to the

variations of the unit cell behaviour.
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The consequent lattice strain values derived by STEM in areas with higher

lattice parameter are 1 – 2 orders of magnitude higher compared to XRD

W-H plot values. Unexpectedly, the lattice stretch is not the only observed

phenomena, as in some areas, the lattice is shrunk in one or both directions.

Therefore, it appears that hematene in-plane lattice strain is non-uniform in

very thin sheets. The difference between STEM and XRD results can be ex-

plained by the fact that XRD samples contained a broad sheet diameter and

thickness distribution, while STEM studied the surface of a single extremely

thin flake. However, the STEM analysis would need to be performed on a larger

quantity of the samples in order to draw further concrete conclusions.

Additionally, the hematene sheets were easily damaged by the electron

beam, as visible from multiple areas in Figure 3.16. We hypothesize that the

reason was surface contamination caused by exposure to air during the time

delay between sample preparation and transferring the grids to CANVAS.

Indeed, the stability was significantly improved by the immediate transfer.

3.2.4 Hematene as a platform for visible-light induced

ammonia photocatalytic decomposition

The exploitation of renewable and sustainable energy sources represents

one of the most important tasks for humanity, since the amount of fossil fuels

is limited and the global energy consumption is predicted to at least double

by the midcentury compared to the present time [171]. The newly discovered

2D n-vdW materials including hematene, magnetene (2D Fe3O4), ilmenene (2D

FeTiO3) and chromiteen (2D FeCr2O4) have proven their potential in the fields

of photoelectrochemistry and electrocatalysis according to the published liter-

ature where they show excellent results in the combination with Ti nanotubes

[5, 8, 172].
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So far, the best results in the electrocatalysis have been achieved with noble

metals, which represents a significant drawback for the scalable commercial-

ization of these electrocatalysts, mainly due to their cost and accessibility.

The development of novel materials with an enhanced electrocatalytic and/or

photocatalytic activity for sustainable energy conversion is therefore highly

desirable.

Hydrogen is a promising alternative to fossil fuels as it has high gravimetric

energy content (120 MJ/kg) and carbon dioxide free emissions profile. However,

an effective storage of hydrogen remains a challenge and a considerable research

effort has focused on chemical hydrogen storage materials [173]. One of the

hydrogen production approaches is ammonia decomposition leading to a release

of hydrogen (fuel) and nitrogen (harmless gas). Ammonia is an ideal hydrogen

carrier as it has a high gravimetric (17.8 wt.%) and volumetric (121 kg H2 m–3

in liquid form) H2 density.

The aqueous ammonia decomposition is an uphill reaction, so that an ex-

ternal source of the reaction energy is necessary [174]. The reaction can be

induced by sunlight photons using photocatalysts. So far, only a few photoac-

tative materials have proven to decompose the aqueous ammonia solution such

as TiO2, ZnO, ZnS, C3N4, graphene and other carbon based materials. How-

ever, they still suffer from several drawbacks including fast recombination of

the photoinduced charge transfer, photoactivity under UV light illumination

or multi-step synthesis with the help of various toxic solvents [175, 176].

Here, we explore the combination of conductive 2D hematene substrate

with the catalytic surface of RuO2 nanoparticles to obtain a sustainable plat-

form for photocatalytic ammonia decomposition under the visible light irradi-

ation.
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Hematene composite characterization

The photocatalyst material was hematene decorated with ruthenium, here-

after denoted as Ru-hematene. We employed several experimental techniques

to confirm successful loading of ruthenium species onto hematene sheets and

to estimate the oxidation state of ruthenium.

The STEM-HAADF images together with elemental mapping are shown in

Figure 3.17 and confirm successful loading and even spreading of ruthenium

on hematene while keeping the 2D morphology of the sheets (otherwise STEM

would not be possible).

b

a

Figure 3.17: STEM-HAADF images and elemental EDS mapping of a: bare

hematene; b: Ru-hematene; adapted from ref. [15].

To determine the oxidation state of ruthenium and shed more light on the

electro-optical properties, a HR-XPS of the ruthenium 3d region and valence

band XPS (VB-XPS) of both materials were performed as well as an electron

paramagnetic resonance (EPR) study. The deconvoluted spectrum is shown

in Figure 3.18a and reveals ruthenium in two different oxidation states, Ru4+

peak at around 280.5 eV further proves the presence of RuO2. However, the
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Ru3+ band below 282 eV suggests the co-presence of residual RuCl3 on the

sample (1.2 at.%) coming from the ruthenium loading source.

According to VB-XPS, shown in Figure 3.18b, the valence band edge re-

mains at +1.1 eV after loading, while the density of states (DOS) showed

an increasing tail at around +0.5 eV below the Fermi level. This change is re-

lated to higher photoactivity of the composite compared to the bare hematene,

as these energy state levels provide orbital overlaps that facilitate the trans-

portation of photogenerated hole to RuO2 and oxidized ammonia to N2. The

photogenerated electrons, on the other hand, went through the hematene and

reduced ammonia to H2. Moreover, the spatial separation of charge in the place

of RuO2 and the hematene heterojunction further improved the photoactivity

of the composite compared to the bare hematene. The scheme of the proposed

mechanism is depicted in Figure 3.18c.

To exclude any changes in the crystal structure of hematene, that could

occur during ruthenium loading and subsequent calcination on hematene at

300°C, we collected the XRD patterns of both materials, as shown in Fig-

ure 3.19a. The ruthenium in a form of crystalline RuO2 was confirmed by a

negligible diffraction peak around 32.5° 2θ and no other phase changes were

observed.

The EPR spectra reveal a major change in hematene behaviour after ruthe-

nium loading as visible from Figure 3.19b. The EPR silence of bare hematene

is in agreement with the antiferromagnetic ordering at the experimental tem-

perature (below TM). Furthermore, the absence of any EPR signal can be con-

nected to the fast spin-lattice relaxation of the Fe3+ centres under an exchange

coupled regime that became perturbed after Ru loading resulting in a broad,

asymmetric resonant line in the Ru-hematene sample EPR spectrum with an

average g-value of about ≈ 2, 7. We assume that the Ru ions partially altered
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Figure 3.18: a: HR-XPS of Ru 3d region; b: VB-XPS of the bare hematene

(dark green dots) and Ru-hematene (dark red dots); c: schematic depiction

of DOS and band edge positions of the Ru-hematene main electronic levels

relative to the energy levels of the redox couples of aqueous ammonia and the

proposed mechanism of ammonia photodecomposition by the Ru-hematene

photocatalyst; adapted from ref. [15].

the fraction of the Fe-O-Fe superexchange path by reacting with oxygen on top

of hematene surface to form small RuO2 nanoparticles. Furthermore, a weak

modulation of the Fe3+ envelope was observed at g ≈ 2.09 corresponding to the
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signal of Ru3+ in the resonant line of RuCl3. Since the Ru loading was very low

(0.5 wt.%), we could only detect the Ru3+ species via EPR and part of these

fragments may also indicate a residual RuCl3 in the composite as observed by

XPS.

a b

Figure 3.19: a: XRD patterns of bare hematene (dark green line) and Ru-

hematene (dark red line); b: X-band CW EPR spectra of bare hematene (lower

dark green line), RuCl3 (middle blue line) and Ru-hematene (upper dark red

line) recorded in frozen DI water dispersion (T = 80K); adapted from ref. [15].

Photocatalytic activity

Both hematene and Ru-hematene suitability for ammonia photodecompo-

sition was tested by means of UV-Vis diffuse reflectance spectroscopy (UV-Vis

DRS), see Figure 3.20a, b. The band edge absorption for both samples was

around 729 nm proving that these materials can absorb UV and visible part

of the light spectrum. The amount of light absorbed, especially in the visible

region was highly increased in the Ru-hematene sample – one of the main con-

ditions for an ideal photocatalyst. The optical band gap energy of hematene

and Ru-hematene calculated by the Tauc plot [177] based on the Kubelka-
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Munk [178] theory was 1.70 eV and 1.71 eV respectively – almost the same in

spite of the huge difference in the absorbed light.

The control experiments under dark conditions showed almost zero cat-

alytic activity of both materials for ammonia decomposition. Furthermore,

the photodecomposition of ammonia without the presence of photocatalyst at

24°C was zero.

After confirming ruthenium as an ideal co-catalyst for hematene to decom-

pose ammonia, several optimization were performed. The testing of different

Ru loading amount is shown in Figure 3.20c, where the optimum amount of

Ru proves to be 0.5 wt.% and leads to continuously increasing amount of H2

within 24 h. In lower amounts of Ru, the charge separation was not effective

enough to produce H2. Higher amounts of Ru provided recombination centres

at the hematene surface. Another optimization concerned the mass of photo-

catalyst against the photoactivity, as it is not necessarily proportional due to

limitation of light absorption and diffusion conditions [179, 180]. The loading

of 2 mg of the photocatalyst was optimal for both materials, as visible from

Figure 3.20d.

Finally, the reusability of optimal photocatalyst amount was tested, see

Figure 3.20e. The Ru-hematene decreased in the activity by 11% after five

photocatalytic runs (24 h per run) for the total of 120 h. The decrease can

be associated with the loss of photocatalyst caused by an attachment to the

reactor or magnetic stirrer or by passivation with reactants, products or in-

termediate species, as the catalyst was not washed after each photoreaction

run.
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Figure 3.20: a: UV-Vis DRS of hematene and Ru-hematene and b: corre-

sponding Tauc plot based on Kubelka-Munk model; c: optimization of Ru

co-catalyst loading amount (reactors were loaded with 8 mg of photocatalyst);

d: the amount of evolved H2 from photodecomposition of ammonia with differ-

ent loading amount of the pristine hematene and Ru-hematene (reactors were

under illumination for 24 hours); e: reusability of 2 mg of hematene and Ru-

hematene for H2 evolution from ammonia photo decomposition demonstrated

by consecutive cycles (c1–c5). After each cycle, the solution was sonicated and

bubbled with Ar for 15 min. In all the cases, the reactor was under visible LED

illumination (wavelength 400 – 700 nm, power 3 W · m–2); adapted from ref.

[15]. 88



4 Conclusion

The presented dissertation thesis focused on the investigation of three dif-

ferent 2D materials whose unique properties allowed them to be applied in the

fields of energy storage and photocatalysis. We demonstrated the key role of

TGA and XRD in the description of advanced 2D systems based on graphene

derivatives and MXenes. The techniques contributed to the understanding of

the internal structure, quantity and bonding interactions of the functionalities,

which was essential to properly explain the performance of the materials in

energy storage. The graphene polysulfide derivative based on fluorographene

chemistry showed outstanding results as LSB cathode with capacity of 800

mAh g–1 (3 times higher than conventionally sulphurized graphene). The MX-

ene/graphene derivative heterostructures proved to have variable adhesion be-

tween the layers that enabled better supercapacitor efficiency.

In the field of (quasi) 2D non-van der Waals (n-vdW) materials, we showed

that their preparation does not rely on the use of toxic solvent such as DMF

and that, when compromising with the reachable thickness (down to 3–5 lay-

ers), hematene can be prepared via exfoliation in DI water dispersion. Then,

we investigated lattice strain in hematene via XRD and STEM and revealed

that the stress in the hematene lattice generally increases with decreasing

layer thickness at long-range level. However, in very thin sheets the strain is

non-uniform. An understanding of the intrinsic strain is crucial for tailoring

hematene properties for the desired application.

89



Hematene possesses distinct properties compared to its bulk counterpart,

for example a narrower band gap, which leads to easier formation of electrons

and holes. By decorating the hematene sheets with RuO2 nanoparticles, we

created a synergistic system able to decompose ammonia via photocatalysis

induced by visible light, that could lead to future production of hydrogen as

a fuel. This way, we presented hematene as a low cost, eco friendly (quasi)

2D material, that can be applied in numerous fields on its own or serve as a

platform for single atom engineering.

Furthermore, we started to explore the iron oxide transitions for converting

hematene to other iron oxides while keeping the 2D morphology. By doing so,

we can open the door towards other 2D iron oxide based materials that might

be more difficult to prepare by exfoliation. To illustrate this, we show prelimi-

nary results of electrochemical reduction of hematene via lithium intercalation

in Figure 4.1.

ba

Figure 4.1: Preliminary results of electrochemical reduction of hematene: a:

XRD patterns of hematene and sample after electrochemical treatment; b:

TEM image of electrochemically treated sample.
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Τable S1. Literature comparison of the capacity of the GPS cathode with state-of-the-art 

reported materials based on LSBs. All values are also calculated using the mass of the full 

cathode material.  
Material Sulfur 

content 

[wt.%] 

Cond. 

additive [%] 

Max. 

cycles 

Rate 

[C] 

CSmass at last 

cycle 

[mAh g
−1

] 

Cfull at last 

cycle 

[mAh g
−1

] 

Ref. 

S@C 65 10 150 ~0.06 775 403 [1] 

MgO decorated carbon flakes 66 20 300 0.1 ~900 416 [2] 

MXene/CNT composite 80 10 250 0.2 ~750 480 [3] 

Holey-CNT/S/ZrO 46 10 200 0.5 ~600 221 [4] 

Core-shell carbon spheres 70 15 200 0.5 920 483 [5] 

Freestanding and sandwich-

structured electrode 
55 10 500 0.5 550 242 [6] 

MCNC/G-S 60 20 100 0.5 525 220 [7] 

S@Ni3(HITP)2 65.5 20 100 0.2 878 399 [8] 

C/S + BaTiO3 60 20 100 0.2 835 351 [9] 

SWCNs@MOFs 40 0 500 0.2 650 260 [10] 

Layered graphene/porous carbon 68 0 100 0.5 597 365 [11] 

Graphene foam 83 0 350 0.2 645 535 [12] 

CNT@large-ZIF8 64 0 500 1.0 750 480 [13] 

Graphene/CNT@porous carbon 50 0 150 1.0 877 395 [14] 

GPS (covalently sulfurized 

graphene) 

80 5 100 0.1 704 507 
This 

work 
80 5 250 0.2 644 464 

80 5 500 1.0 470 339 

 

 

Table S2. Elemental composition (at. %) from XPS analysis for the EEGS (electrochemically 

exfoliated graphene reacted with NaPS), GPS (fluorographene reacted with NaPS) and GS 

(fluorographene reacted with sulfur) products. 

 C O F S N Na 

GF 43.6 0.1 55.8 - 0.5 - 

EEGS 88.0 8.2 - 1.6 1.9 0.3 

GPS 55.8 9.3 7.4 18.5 1.0 8.0 

GS 55.4 2.8 37 3.6
a)

 1.2 - 

a)
The atomic ratio of sulfur in GS was lower than the expected from TGA because this 

material, having no strong interaction between the sulfur and the FG, suffered from phase 

separation. Thus, we observed that FG enriched the surface of the dried material, leading to 

the underestimation of sulfur with this technique (Table S2). 
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Table S3. Adiabatic ionization energies of PS (IE) and electron affinity (EA) of FG radical 

center in NMP (kcal·mol
−1

, ωB97X-D/6-31++G(d,p)/SMD level of theory).  
 IE 

S2
2− 66.6 

S4
2− 86.4 

S6
2− 82.1 

 EA 

FG radical center (model molecule) 119.5 

 

 

Figure S1. (a) Photos of the CS2 extracted sulfur from GS and GPS. (b) TGA profile, (c) 

Raman spectrum and, (d) XPS survey spectrum of EEGS (the respective data of the other 

samples are also displayed for direct comparison).  
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Figure S2. Nucleophilic attack of SX
2− (x = 2, 4, 6) on the C=C bond in partially defluorinated 

FG. Fluorine atoms detached in the next reaction step are marked by orange circles. Reaction 

energies are in kcal·mol
−1

. Carbon atoms are grey, fluorine blue and sulfur yellow. Hydrogen 

atoms on edges of model molecules are hidden for clarity.  

 

 
Figure S3. Nucleophilic attack of SX

2− (x = 2, 4, 6) on a π-conjugated chain of C=C bonds 

(zigzag motif) in partially defluorinated FG. Fluorine atoms detached in the next reaction step 

are marked by orange circles. Reaction energies are in kcal·mol
−1

. Carbon atoms are grey, 

fluorine blue and sulfur yellow. Hydrogen atoms on edges of model molecules are hidden for 

clarity.  
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Figure S4. Nucleophilic attack of SX

2−  (x = 2, 4, 6) on an edge of fluorinated and 

defluorinated areas of partially defluorinated FG. Fluorine atoms detached in the next reaction 

step are marked by orange circles. Reaction energies are in kcal·mol
−1

. Carbon atoms are grey, 

fluorine blue and sulfur yellow. Hydrogen atoms on edges of model molecules are hidden for 

clarity.  

 

 

Figure S5. (a) FTIR spectra for elemental pristine FG and FG after 24h treatment with NMP 

at 80 °C and (b) Raman spectra of the same samples.  
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Figure S6. CV curve of GPS as a LSB cathode at 0.5 mV g
−1 

using 1 м LiTFSI in 1:1 

DOL:DME +1 wt. % LiNO3 as an electrolyte. 

 

 

Figure S7. Cycling performance of GPS as a LSB cathode in in 1 м LiTFSI in 1:1 DOL:TTE 

electrolyte at 0.2 C (1 C=1672 mAh g
−1

) 
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Fugure S8. Cycling performance of GS as a LSB cathode in 1 м LiTFSI in 1:1 DOL:TTE 

electrolyte at 1 C.  

 

 

Figure S9. Photos of the NaPS preparation in different reaction progress time. 
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A B S T R A C T   

The emerging class of 2D non-van der Waals (n-vdW) materials, including 2D iron oxides, possesses unique 
properties and high applicability, making them attractive for various technological applications. However, the 
synthesis of these materials through a scalable and eco-friendly method remains a challenge, as most known 
chemical exfoliation processes require toxic organic solvents. In this study, we report a green synthesis of 2D 
hematene (α-Fe2O3) using an ultrasound-supported exfoliation method of earth-abundant iron oxide ore in a pure 
aqueous solution. The resulting hematene sheets, only a few nanometers thick, exhibit superior electrochemical 
performance in terms of charge transfer processes, making them ideal for photocatalytic applications. By doping 
a conductive hematene substrate with ruthenium, we demonstrate a synergistic effect for generating electrons 
and holes under visible light irradiation. Using this approach, we successfully decomposed ammonia into 
hydrogen and nitrogen, highlighting the potential of this novel class of environmentally-friendly photocatalysts 
for clean energy production. Overall, our water-assisted scalable synthesis of hematene offers a promising 
strategy for producing efficient and sustainable photocatalysts.   

1. Introduction 

The discovery of two-dimensional (2D) materials has kindled 
immense interest among scientists as they exhibit unique chemical, 
physical, and electronic properties, compared to their 3D counterparts 
[1]. Their properties can be exploited in various applications, including 
electronics [2,3], sensors [4–6], energy storage [7–9], and spintronics 
[10,11]. Owing to their bonding nature, 2D materials can be sorted into 
two main classes: i) van-der Waals (vdW) 2D materials, such as gra-
phene, black phosphorus (BP), transition metal dichalcogenides, 
metal-organic frameworks (MOFs), or MXenes, where the strong 
chemical bonding is located in-plane and the weak vdW bonding 
out-of-plane; and ii) non-van-der Waals (n-vdW) 2D materials like metal 

chalcogenides, oxides, nitrides, and phosphides, which exhibit strong 
chemical bonding in all three directions [12]. The n-vdW materials have 
a layered structure with an overall thickness of around 10 nm and 
encompass high energy surfaces [13]. 

Methodologies used for the synthesis of n-vdW materials include a 
self-assembly approach [14–16], exfoliation [17], lamellar intermediate 
exfoliation [18,19], and topochemical transformation [12,20,21]. The 
exfoliation process has been adopted as the most convenient strategy for 
the preparation of iron oxide derived n-vdW 2D materials such as 
hematene (2D α-Fe2O3), magnetene (2D Fe3O4), ilmenene (2D FeTiO3), 
and chromiteen (2D FeCr2O4) [22]. All these materials were prepared 
from natural ores in organic solvents (typically DMF; N, 
N-dimethylformamide), deploying ultrasonication, with that being the 
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main drawback of these exfoliation processes due to the inherent 
toxicity of DMF and unwanted surface functionalization [23]. Because of 
the DMF toxicity [24,25], the European Union is adopting regulations 
restricting its use from December 2023 onwards [26]; hence the need for 
the development of alternative exfoliation processes in nontoxic 
solvents. 

Since the amount of fossil fuels is limited, alongside the fact that 
global energy consumption is estimated to increase at least twice by the 
midcentury compared to the present time [27], the exploitation of 
renewable and sustainable energy sources represents one of the most 
important tasks. Previously published reports show that n-vdW mate-
rials such as hematene (2D α-Fe2O3), magnetene (2D Fe3O4), ilmenene 
(2D FeTiO3), and chromiteen (2D FeCr2O4) have strong potential in the 
field of photoelectrochemistry, where the combination of these allo-
tropes with Ti nanotubes shows excellent results [28,29]. N-vdW ma-
terials also hold great potential in various electrocatalytic applications 
targeting the energy conversion processes, including water splitting 
(HER and OER reactions), CO2 reduction reaction (CRR), nitrogen 
reduction and oxidation reactions (NRR and NOR), NOx reduction and 
NH3 oxidation [12]. Up to now, the highest electrocatalytic activity is 
achieved with noble metals, which represents the main drawback for the 
scalable application of these electrocatalysts on the commercial level, 
mainly due to their price and availability. Thus, the development of 
novel materials with enhanced electrocatalytic and/or photocatalytic 
activity towards sustainable energy conversion is highly desired. 

An ammonia decomposition reaction is a promising alternative to 
fossil fuels that leads to the release of hydrogen and nitrogen, thus 
overcoming the challenges of hydrogen storage [30,31]. Ammonia is an 
ideal hydrogen carrier since it has a high gravimetric (17.8 wt. % H2) 
and volumetric (121 kg H2 m− 3 in the liquid form) H2 density and 
produces a high amount of COx free hydrogen after decomposition [30, 
32]. Therefore, a clean process based on renewable energy sources to 
convert NH3 to H2 (as a fuel) and N2 (as a harmless gas) is an important 
scientific challenge. The aqueous ammonia decomposition (1) is an 
uphill reaction and the required reaction energy can be provided by the 
sun light photons using photocatalyst materials [33]. 

NH3(aq.)→3/2H2(g) + 1/2N2(g) (1)  

ΔG298K = 27 kJ mol− 1 

Currently, only a few photoactive materials are found to be able to 
decompose the aqueous ammonia solution, including TiO2 [34–38], ZnO 
[39,40], ZnS [33], C3N4 [41], graphene, and other carbon based mate-
rials [42]. However, all these materials suffer from several drawbacks 
limiting their wide application in practice. TiO2 is a very popular pho-
toactive material that has relatively low cost, high chemical stability, 
and good light conversion efficiency. However, the efficiency is still 
relatively low because of the fast recombination of the photoinduced 
charge transfer. Another handicap is that TiO2, for instance, works only 
under the UV illumination [34,39,40]. The complicated multiple-step 
synthesis of the photocatalysts using various toxic solvents (e.g., DMF) 
[40,42] limits the practical applicability of other photocatalysts. 
Therefore, the preparation of photocatalysts by green chemistry prin-
ciples while relying on cheap and eco-friendly transition metal oxides as 
successful N2 activators remains one of the major challenges in the field 
of photocatalytic decomposition of ammonia. 

In this work, we show that the two-dimensional hematene can be 
synthesized by a green environmentally friendly scalable method from 
an earth abundant raw material—iron oxide ore specularite. The hem-
atene sheets were a few nanometers in thickness and gave a satisfactory 
electrochemical performance in terms of the charge transfer limiting 
processes. Reflecting these properties, we exploited the combination of a 
conductive 2D hematene substrate with the catalytic surface of RuO2 
nanoparticles to test them as a photocatalytical platform suitable for the 
production of hydrogen under the visible light irradiation. The obtained 
results clearly proved that this nanocomposite exhibited a synergic 

effect in terms of the generation of electrons and holes. In this case, the 
holes oxidized the already absorbed ammonia through the quasi- 
metallic ruthenium oxide and left the electrons in hematene for the 
reduction of ammonia under the visible light irradiation. The excellent 
photocatalytic performance of the ruthenium oxide-loaded hematene 
supported by the fact that the entire photocatalyst can be prepared by 
environmentally friendly and scalable ways indicates that the developed 
strategy is viable for the fabrication of a novel class of photocatalysts 
suitable for the production of hydrogen. 

2. Experimental 

2.1. Common reagents 

Potassium ferricyanide (p.a.) was purchased from Lachema (Brno, 
Czech Republic) and potassium chloride (p.a.) was obtained from Penta. 
Iron oxide ore specularite was obtained from the Moravian Museum 
(Brno, Czech Republic). The RuCl3.xH2O (content of Ru: 38% min) and 
ammonium hydroxide (28 % NH3) were purchased from Alfa Aesar. The 
magnesium oxide powder was purchased from Sigma Aldrich. Deionized 
water (DI) was used for the preparation of all aqueous solutions and 
dispersions. 

2.2. Synthesis of hematene and loading with ruthenium 

The hematite ore specularite was ground into a fine powder using a 
Retsch Planetary Ball Mill PM 100. The bulk sample was ball milled for 5 
minutes, allowed to cool down to avoid excessive heating that might 
have led to undesirable effects, e.g., sintering, and then ball milled again 
for another 5 minutes. The ensued fine hematite powder (2 g) was 
dispersed in 180 mL of DI water, mixed thoroughly with a vertical ro-
tator (Heidolph) at 45 rpm for 96 h, and sonicated in a bath sonicator 
(Branson; power output: 130 W, frequency: 40 kHz) for 48 h. The 
exfoliated hematene sheets were separated by sedimentation from the 
unexfoliated specularite and further processed to the desired concen-
tration using centrifugation (centrifuge Sigma 4–16 K, Sigma Labor-
zentrifugen GmbH, Osterode am Harz, Germany) at 21 000 rcf. The 
unexfoliated powder of hematite was collected and used again for the 
preparation of hematene sheets. 

The ruthenium loading was done via the impregnation method. First, 
the hematene powders were separated from the solution by centrifu-
gation and dried at 80 ◦C for 1 h. After preparing the predefined con-
centration of RuCl3 in DI water, the measured amount of dried hematene 
was added to the solution and stirred for 3 hours. Then the emulsion was 
centrifuged to separate the solid precipices from the supernatant. The 
centrifugation was repeated twice while it was washed with DI water to 
remove the extra amount of RuCl3. Then, the powders were dried at 
80 ◦C for 1 h and calcined at 300 ◦C for 3 h in air atmosphere. 

2.3. Microscopic techniques 

Scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) analyses were performed with a FIB-SEM instrument SCIOS 2 
(Thermo Fisher) equipped with an integrated AFM Litescope (NenoVi-
sion). The sample was analyzed on a Si wafer. The correlative probe and 
electron microscopy (CPEM) was used for the surface analysis, allowing 
simultaneous SEM and AFM data acquisition at the same place in the 
same coordinate system. For SEM imaging, an accelerating voltage of 
2 kV, a beam current of 25 pA, and an ETD detector was deployed. The 
self-sensing Akiyama probe in the tapping mode was used for the AFM 
measurement. High-resolution TEM (HRTEM) images including STEM- 
HAADF (high-angle annular dark-field imaging) analyses for elemental 
mapping of the products were collected with an FEI Titan HRTEM mi-
croscope using an operating voltage of 80 kV. For these analyses, a 
droplet of dispersion of the material in ultrapure H2O at a concentration 
of ~0.1 mg mL− 1 was deposited onto a carbon-coated copper grid and 

J. Dzíbelová et al.                                                                                                                                                                                                                               



Applied Materials Today 34 (2023) 101881

3

dried. 

2.4. Spectroscopic measurements 

The X-ray photoelectron spectroscopy (XPS) measurements were 
carried out by a PHI VersaProbe II probe (Physical Electronics) with an 
Al Ka source (15 kV, 50 W). The measured spectra were deconvoluted 
using the MultiPak software (Ulvac-PHI, Inc.). The Raman spectra for all 
the samples were recorded on a DXR Raman microscope using a diode 
laser with an excitation line of 633 nm. The EPR spectra were collected 
on a X-band (~9.14–9.17 GHz) spectrometer JEOL JES-X-320 equipped 
with a variable He temperature set-up ES-CT470 apparatus. The 
experimental temperature was set to 80 K. The quality factor (Q) was 
kept above 6000 for all measurements to make the spectra comparable. 
High purity quartz tubes (Suprasil, Wilmad, ≤0.5 OD) were used as a 
sample holder. The accuracy of the g-values was determined by 
comparing them with a Mn2+/MgO standard (JEOL standard). The mi-
crowave power was set to 1.0 mW to avoid any power saturation effects. 
A modulation width of 1 mT and a modulation frequency of 100 kHz 
were used. All the EPR spectra were collected with a time constant of 30 
ms and a sweep time of 4 min. 

2.5. Structural and phase analysis 

X-ray diffraction (XRD) patterns of bulk iron ore and exfoliated 
hematene samples were collected on a PANalytical X’Pert PRO diffrac-
tometer (iron-filtered Co Kα radiation: λ = 0.178901 nm, 40 kV and 30 
mA) in a Bragg-Brentano geometry equipped with an X’Celerator de-
tector, programmable divergence, and diffraction beam anti-scattering 
slits. Each sample was placed on a zero-background Si slide, gently 
pressed, and scanned in the 2θ range from 5◦ to 105◦ The phase iden-
tification was performed using PANalytical HighScore Plus software 
with PDF-4+ and ICSD databases. 

2.6. Electrochemical measurements 

All the electrochemical measurements in a three-electrode set-up 
were performed at ambient room temperature (22 ± 2 ◦C) using the 
Metrohm Autolab PGSTAT128N potentiostat (MetrohmAutolab B.V., 
Netherlands). The obtained electrochemical data sets were evaluated by 
the NOVA software package (version 1.11.2). The system comprised a 
glassy carbon electrode (GCE) serving as the working electrode, a plat-
inum wire electrode used as the counter electrode and an Ag/AgCl (3 M 
KCl) electrode as the reference electrode. The GCE was modified as 
follows: a 10 µL drop of a sample dispersion in DI water (concentration 
of ≈ 1 mg mL− 1) was coated onto the surface of the GCE electrode and 
allowed to dry at ambient temperature to form a thin film. Potassium 
chloride (c = 1 mol L–1) containing potassium ferricyanide (c = 5 mmol 
L–1) as a redox probe served as a supporting electrolyte for impedance 
measurements. Individual settings for impedance spectroscopy mea-
surements (EIS) are given in the Figure legends. 

2.7. Photocatalyst characterization and photodecomposition of ammonia 

The ultraviolet-visible diffuse reflectance spectra (UV–Vis DRS) of 
the synthesized samples were obtained by a Specord 250 plus (Analytik 
Jena, Jena, Germany) spectrophotometer. An integrating sphere was 
used to collect the spectrum. The magnesium oxide powder served as a 
background reference sample. 

The photodecomposition of NH3 was conducted in a 17.5 mL quartz 
reactor. After sono-dispersion of the photocatalyst in 10 mL of ammo-
nium hydroxide, the rector was tightly sealed with a rubber septum. 
Since dissolved oxygen in a solution could act as an electron scavenger, 
it was bubbled with argon for 15 min to remove the oxygen. Then, the 
sample was illuminated under LED (Solis® High-Power LED from 
Thorlabs) with the power of 3 W⋅m− 2 and a wavelength of 400‒700 nm. 

To avoid the thermal decomposition of ammonia, the reaction was 
conducted in a water bath to keep the temperature of the solution at 
24 ◦C during the reaction. The photocatalytically evolved hydrogen was 
detected with a gas chromatograph GCMS-QP2010 SE (Shimadzu, 
Kyoto, Japan) and a TCD (Thermal conductivity detector) using Ar as 
carrier gas. 

3. Results and discussion 

3.1. Structural, morphological, and (electro)chemical characterization of 
hematene 

Multi-layered hematene sheets were prepared via an exfoliation 
process from an (ultra)pure water dispersion of specularite, as discussed 
earlier in the experimental section. The morphology of the hematene 
sample was evaluated by a CPEM technique (combination of SEM and 
AFM analysis) and a HRTEM analysis, as shown in Fig. 1a–f and 
Fig. S1a–c. It is evident that the exfoliated sample was of a 2D-like na-
ture with the lateral sizes in units of micrometers (Fig. 1a–c). Homog-
enous distribution of the individual elements such as iron or oxygen 
(Fig. S1b) implied high purity of the prepared hematene sample, which 
was affirmed by an EDAX analysis (Fig. S1c), ultimately confirming the 
dominant presence of these elements; the appearance of the copper 
element related to the grid used for the HRTEM analysis. The AFM 
analysis (Fig. 1b,c) and the related height profile (Fig. 1d) revealed that 
the thickness of the representative sheet was of around 5 nm. The 
thickness of the molecular dynamic simulated hematene (001) and (010) 
planes was estimated as 3.98 Å and 3.2 Å, respectively, corroborating a 
previously published report [28]. Thus, the thickness of 5 nm repre-
sented ≈ 12 hematene layers in the final product. A higher number of 
layers validates the theory that the selection of a chemical solvent 
decidedly affects the possibility of exfoliating the sample by ultrasonic 
irradiation up to individual layers [43]. As expected, the sonochemical 
preparation strategy of hematene from (ultra)pure water did not enable 
to provide a mono or two-layered system. To prove the size and thick-
ness of the hematene material, CPEM images with related height profiles 
were collected from different sheets, and are depicted in Fig. S2. The 2D 
structure of the hematene sample was also confirmed from magnetic 
data measurements. Details of those experiments and related discussion 
are provided in the ESI. The composition of the product was also sup-
ported by XPS, as shown in the box (Fig. 1e,f). The obtained HR-XPS 
spectrum of the Fe 2p region (Fig. 1e) revealed two peaks at around 
712 and 725 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively 
[28,44]. The satellite peak located at around 719 eV further indicated 
the Fe3+ oxidation state [44]. As evident from the deconvolution, both 
spin-orbit components were fitted with two peaks. These fitted peaks 
served more as a reference, indicating a trend based on already pub-
lished studies [45,46]; the transition metals in their 2p states should be 
fitted by multiple components, representing the multiplet splitting. The 
HR-XPS spectrum of the O 1 s region (Fig. 1f) was fitted in three com-
ponents, based on previous reports [47,48], corresponding to the lattice 
incorporated oxygen at higher binding energies and the surface present 
oxygen (in a defect state and as surface oxidation [28,47,48]) at lower 
binding energies, respectively. 

The nature of the hematene sample was also evaluated by means of 
Raman spectroscopy. Fig. 2a shows the Raman spectra of original 
specularite ore in comparison with the hematene sample. The positions 
of the most important bands were found at around 224 and 495 cm–1 

(A1g modes) and 249, 290, 409, 611 cm–1 (Eg modes). The broad intense 
band visible at around 1318 cm–1 was connected with the scattering of 
two magnons in the structure of the hematite ore [49]. As expected, the 
hematene showed the position of the most important bands, similarly to 
specularite. Nevertheless, the additional band was observed at 663 cm–1, 
which can be assigned to the structural disorders inside the crystal lat-
tice (Eu modes) related to the 2D crystal structure [28,48,50,51]. The 
crystalline structure and chemical phase purity of both the original 
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specularite and the exfoliated hematene were additionally evaluated by 
XRD measurements (Fig. 2b). The collected patterns illustrate that both 
samples contained only the α-Fe2O3 phase of the corundum crystal 
structure (JCPDS card 01–089–0599, rhombohedral structure, space 
group R-3c), which rules out the presence of any other crystalline pha-
ses. The diffraction pattern of hematene (lattice parameters: a = 5.035 Å 
and c = 13.745 Å) showed that the diffraction peaks were slightly 
broadened and slightly shifted in their position, compared to the original 
specularite (lattice parameters: a = 5.034 Å and c = 13.742 Å). These 
effects are visible in Fig. 2c, providing a detail about the positions of the 
two diffraction peaks, where the diffraction on the (104) plane is typi-
cally dominant for the α-Fe2O3 structure. Such observation is consistent 
with the exfoliation of hematite in previous studies [28,52], where the 
broadening of the lines is related to the reduction in crystallite size [17, 
53]. 

Prior to the modification of the hematene with ruthenium, the 
electrochemical performance of specularite and its 2D analogue was 
evaluated by means of impedance spectroscopy (EIS). Fig. 3a illustrates 
the EIS spectra as the Nyquist plot of a bare glassy carbon electrode 
(GCE) and GCE modified with the specularite precursor and the 

hematene sample. As visible in Fig. 3b, all EIS spectra should be fitted 
with a simple Randles circuit, which illustrates the non-complicated 
electrochemical behavior of all the tested materials. In general, resis-
tance RS located at point A (see Fig. 3b) was assigned to the solution 
resistance or the so-called ESR resistance (known also as the internal 
resistance), whereas the diameter of the semicircle RAB = RB – RA rep-
resented the sum of the electrode and contact resistance and the charge 
transfer resistance (Rct) [54,55]. A magnified version of the Nyquist plot 
(inset of Fig. 3a) revealed that the charge transfer resistance (Rct) 
increased significantly when the working electrode (Rct = 40.4 Ω) was 
modified either with the specularite (Rct = 222 Ω) or the hematene (Rct 
= 173 Ω). Such behavior suggested the successful immobilization of 
both materials on the surface of the working electrode. It is perfectly 
clear that the diameter of the semicircle was smaller in favor of the 
hematene (inset of Fig. 3a), which reflected a better contact of the 
hematene film with the surface of the working electrode and thus a 
lower impact on the charge transfer limiting processes. Therefore, it can 
be expected that the electron transfer was enhanced in that case. 

Fig. 1. (a–c) CPEM images of hematene sheet and related height profile (d); (e) HR-XPS spectrum of Fe 2p and (f) O 1 s region.  

Fig. 2. (a) Raman spectra of specularite and hematene; (b) XRD patterns of specularite and hematene; (c) detail of XRD patterns showing the broadening and shift of 
hematene diffraction peaks compared to parent specularite. 
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3.2. Photocatalyst characterization 

Fig. 4 shows the HRTEM images of the hematene and the Ru- 
hematene together with the elemental analysis. The dominant crystal 
plane distance in the hematene was 2.7 Å, which was related to the (104) 
plane, while the presence of ruthenium oxide was confirmed by its 
dominant crystal plane distance 3.2 Å related to the (110) plane. Both 
structures in Ru-hematene were also identified by XRD (Fig. S6). 

The EDS elemental analysis of the Ru-hematene showed a well 
dispersed ruthenium oxide particles without any sign of agglomeration 
at the surface of the hematene structure as catalyst sites for ammonia 
oxidation. This uniform dispersion of ruthenium oxide helped to in-
crease the charge separation and therefore its photoactivity. 

The XPS technique was employed to determine the oxidation states 
of the ruthenium in the Ru-hematene sample. As shown in Fig. 5a, the 
HR-XPS Ru 3d region was analyzed and deconvoluted to reveal two 
oxidation states of ruthenium. The Ru4+ peak at around 280.5 eV further 
proved the presence of RuO2 species [56–58], which was in agreement 
with the EPR observations (Fig. 5d), and was reasonable to expect due to 
the heat treatment of the sample at 300 ◦C. The adjacent Ru3+ band 
below 282 eV indicated the existence of the Ru(III) [56,57,59] atoms, 
which can be further explained by the co-presence of the chlorine in this 
sample (1.2 at.% coming from the precursor) (Fig. S5). The carbon 
content (C 1 s peak) is intrinsic to the hematene itself and was not fully 

eliminated during the heating process. These XPS observations 
confirmed the previous characterization techniques as well as the pho-
tocatalytic activity [58–62]. Fig. 5b shows the valence band XPS 
(VB-XPS) of the hematene and the Ru-hematene. The position of the 
valence band edge of the hematene did not change after loading with 
ruthenium (+1.1 eV), while the density of states (DOS) showed an in-
crease at around +0.5 eV below the Fermi level within the band gap. 
This tail was possibly due to the presence of the RuO2 species, creating 
heterojunction at the surface of hematene, which provided a mid-band 
gap energy state levels around +0.5 eV below the hematene Fermi 
level (Fig. 5c). These energy state levels were able to facilitate the 
photogenerated hole transportation from the hematene to RuO2 and 
oxidize ammonia to N2 by providing orbital overlaps [63]. On the other 
hand, the photogenerated electrons went through the hematene and 
reduced the ammonia to hydrogen (Fig. 5c). This spatial charge sepa-
ration in the place of RuO2 and the hematene heterojunction resulted in 
higher photoactivity of this photocatalyst in comparison with the bare 
hematene. 

To obtain more detailed information about the structure and the 
nature of the Ru coupling mechanism on hematene, we carried out an 
electron paramagnetic resonance (EPR) study at low temperature (T =
80 K). In a neat hematene, in spite of assuming the presence of a large 
number of spin-containing defects located on the edges of individual 
flakes, the recorded spectrum in a frozen water matrix was indeed EPR 

Fig. 3. (a) Nyquist plot of bare GCE and GCE modified with specularite and hematene; parameters of EIS: frequency range from 100 kHz to 0.1 Hz, the amplitude of 
10 mV and half-wave potential of 0.24 V; (b) visualization of Nyquist plot and related equivalent circuit used for the data evaluation. 

Fig. 4. HRTEM image (left), STEM-HAADF images and elemental EDS mapping (right) of (a) hematene and (b) Ru-hematene. The insets show the FFT patterns of the 
shown area by dashed red rectangle. 

J. Dzíbelová et al.                                                                                                                                                                                                                               



Applied Materials Today 34 (2023) 101881

6

silent (green line in Fig. 5d). Since, this material exhibited antiferro-
magnetic ordering at T below 250 K, this phenomenon was not unex-
pected. Nevertheless, a statistical percentage of an effective spin 
moment (dχII/dB ∕= 0) should be left at 80 K, which raises a question why 
these effective spins cannot be observed at X-band frequency. The 
reasoning can be back traced in the fast spin-lattice relaxation of the 
Fe3+ centers under an exchange coupled regime, and in the large zero- 
field splitting term arising from the coupling scheme, which renders 
the system to be more likely a non-Kramer multiplet. 

The resulting EPR spectrum of RuCl3 as the metal-salt source for the 
decoration of the hematene flakes is shown for comparison in Fig. 5d 
(blue line). The rhombic resonant line of Ru cations in +3 oxidation state 
showed small g-tensor anisotropy, with components at gx = 2.220, gy =

2.094 and gz = 1.802. These g-values are typical for Ru3+ ions, however, 
here, they were slightly smaller than in the Ru3+ complexes coordinated 
to the organic frameworks [64] because of the absence of a strong ligand 
field. In Fig. 5d (red spectrum), the EPR envelope of Ru-hematene 
showed significant differences compared with the EPR spectra of the 
two previous reference samples. In the EPR spectrum of the composite 
Ru-hematene material, a very broad and asymmetric resonant line 
became dominant. This line exhibited an average g-value of about ~ 2.7, 
which was fully consistent with clustered Fe3+ cations on the layered 
surface that became perturbed by the Ru cations in a way that their 
antiferromagnetically coupling interaction, as seen in the neat hema-
tene, was strongly weakened and therefore EPR detectable. We assume 
that the Ru ions reacted with oxygen on the top of the hematene surface 

to form small RuO2 nanoparticles, and by doing so, they partially altered 
the fraction of the Fe-O-Fe superexchange path. Therefore, the observed 
effect on the resonance spectrum, combined with clear asymmetry in the 
broad resonance, suggests this was a surface localization of these de-
fects, which is in full agreement with the 2D structure of the hematene 
flakes and the TEM analysis (Fig. S1a). Furthermore, in the area high-
lighted in blue in the EPR spectrum of the Ru-hematene (Fig. 5d), a weak 
modulation of an Fe3+ envelope around 310 mT was observed. It was 
positioned at g ~ 2.09, a value that is in line with the signal of Ru3+, and 
probably located on the surface of the RuO2 nanoparticles, as usually 
observed [65]. Since the Ru loading was very low, and we could detect 
only the Ru3+ species via EPR, the signal of Ru was observed as weak 
modulation in the broad resonant line of Fe3+. However, part of the 
Ru3+ fragments in the EPR spectrum can also be an indicator of a small 
amount of residual RuCl3 salt in the resulting material, which was also 
observed in XPS. 

3.3. Photocatalytic decomposition of HN3 via ruthenium loaded hematene 

Prior to photocatalytical experiments, both pristine and Ru- 
hematene were evaluated by means of UV–VIS spectroscopy to assess 
the suitability of both materials for photodecomposition of ammonia. 
The band edge absorption for both samples was around 729 nm, as 
shown in Fig. 6a. Therefore, these materials can absorb both UV and a 
visible part of the light spectrum. The reason for the dark red color in the 
samples is also related to this wide absorption region. The amount of 

Fig. 5. (a) Deconvolution of HR-XPS of Ru 3d orbital of Ru-hematene photocatalyst; (b) Valence band XPS (VB-XPS) of hematene and Ru-hematene; (c) Schematic 
density of states (DOS) and band edge positions of the main electronic levels of Ru-hematene relative to the energy levels of the redox couples of aqueous ammonia 
(left) and the proposed mechanism of ammonia photodecomposition by Ru-hematene photocatalyst (right). (d) X-band CW EPR spectra of neat hematene (green 
line), RuCl3 (blue spectrum) and EPR envelope of hematene decorated by RuO2 nanoparticles (red curve), dispersed in DI H2O and recorded in the frozen solution (T 
= 80 K). 
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light absorption (especially in the visible region) was highly increased 
after adding ruthenium. This huge increase in visible light absorption 
fulfills one of the main conditions of an ideal photocatalyst for photo-
catalytic reactions. To highlight this unique property of current photo-
catalysts, all of the photoreactions in this work were conducted under 
the visible part of the light (wavelength 400–700 nm). The optical band 
gap energy of the hematene and the Ru-hematene calculated by the Tauc 
plot [66] based on the Kubelka-Munk [67] theory was 1.70 and 1.71 eV, 
respectively (Fig. 6b). It should be noted that in spite of the huge dif-
ference in absorbed light, the band gap of the photocatalysts was almost 
the same. 

As discussed in detail, the presence of RuO2 was proved by the sur-
face XPS analysis (Fig. 5a). This oxidation occurred probably during the 
calcination step at 300 ◦C. Nagaoka and coworkers [68] reported that 
RuO2 produces a catalytic surface for exothermic adsorption of NH3. 
This chemisorption of ammonia decreased the overall thermodynamic 
energy needed for its decomposition. Then, the subsequent photo ab-
sorption by hematene resulted in the generation of electrons and holes. 
The holes were able to oxidize the already absorbed NH3 through the 
quasi-metallic ruthenium oxide and left the electrons in the hematene 
for the reduction of the ammonia. 

The control experiments show that the catalytic activity of hematene 
and ruthenium loaded hematene for decomposition of ammonia under 
dark condition is almost zero. Furthermore, the photodecomposition of 
ammonia as ammonium hydroxide without the presence of photo-
catalyst at 24 ◦C is zero. 

After the ruthenium oxide was confirmed as a proper co-catalyst for 
hematene to decompose the ammonia, the loading optimization of Ru 
was performed. Fig. 6c shows that loading the hematene with the op-
timum amount of Ru—0.5 wt. %—led to a continuously increased 
amount of H2. In lower amounts of the Ru loading, the charge separation 
was not effective enough to produce hydrogen, while a higher amount of 
Ru was able to produce charge recombination centers at the surface of 
the hematene [68]. All the characterization was done while loading the 
hematene with 0.5 wt.% of Ru, labelled as Ru-hematene. 

To have a fair and reliable comparison between the photoactivity of 
the hematene and the Ru-hematene, the mass of the photocatalyst had to 
be optimized against the photoactivity (Fig. 6d and Fig. S4). The reason 
is that the amount of the H2 production during the photocatalytic re-
action is not necessarily proportional to the mass of the photocatalyst 
due to the limitation of light absorption and diffusion conditions [69, 
70]. It is obvious from Fig. 6d that the loading of 2 mg of the photo-
catalyst in both cases was able to produce the optimum amount of the 
product. This plot shows that the Ru-hematene photocatalyst produced 
2.5 times more H2 than the pristine hematene under optimum 
conditions. 

The Ru-hematene showed an 11% decrease in activity after five 
photocatalytic runs for the total of 120 h (Fig. 6e). A constant decrease in 
activity after each run could be correlated to a loss in the photocatalyst 
caused by the attachment to the reactor walls and even to the magnet 
stirrer. Additionally, as the catalyst was not washed after each run of the 
photoreaction, the surface of the catalyst could have been passivated by 
reactants, products or intermediate species. 

4. Conclusions 

A non-van der Waals 2D material, hematene, was simply prepared 
via the exfoliation of iron oxide ore specularite, deploying an (ultra)pure 
water solution. Using this strategy, the prepared material exhibited 
favorable electrochemical properties in terms of charge transfer and 
diffusion limiting processes. As a proof-of-concept, we have amply 
demonstrated that this pure n-vdW material can be easily modified with 
ruthenium oxide nanoparticles and can serve as a catalytic eco-friendly 
platform for the photocatalytic decomposition of an aqueous solution of 
ammonia in order to produce hydrogen via the visible light irradiation. 
The obtained results proved that the combination of RuO2 catalytic 
surface with the conductive 2D hematene substrate exhibited a synergic 
effect in terms of the generation of electrons and holes. Based on the 
results, the holes were able to oxidize the already absorbed ammonia 
through the quasi-metallic ruthenium oxide and left the electrons in the 

Fig. 6. (a) UV–VIS DRS of hematene and Ru-hematene and (b) corresponding Tauc plot based on Kubelka-Munk model to calculate the optical band gap of hematene 
and Ru-hematene; (c) Optimizing the loading amount of Ru co-catalyst for H2 evolution of ammonia photodecomposition. The reactors were loaded with 8 mg of 
photocatalyst; (d) The amount of evolved H2 from photodecomposition of ammonia with different loading amount of pristine hematene and Ru-hematene. The 
reactors were under illumination for 24 hours; (e) Reusability of 2 mg of hematene and Ru-hematene for H2 evolution from ammonia photo decomposition. After 
each cycle, the solution was sonicated and bubbled with Ar for 15 min. In all cases, the reactor was under visible LED illumination (wavelength from 400 to 700 nm, 
power 3 W⋅m− 2). 
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hematene for the reduction of ammonia. Experimental data indicate that 
the optimum dosage of ruthenium was around 0.5 wt %, yielding the 
maximum amount of hydrogen after 24 hours. With respect to the 
pristine hematene, a co-doped material provided at least 2.5 times better 
photocatalytic response towards hydrogen evolution. Without any 
cleaning steps, the Ru-hematene photocatalyst exhibited only 11 % of 
the photocatalytic reaction decrease after five successful photocatalytic 
runs, predisposing it for practical application. The discovery opens up 
possibilities for creating robust and effective photocatalysts for a wide 
range of applications using non-van der Waals 2D materials and metal 
oxide nanoparticles. 
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Kašlík: Investigation. Jan Filip: Conceptualization. Štěpán Kment: 
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1. Characterization methods  

1.1 Magnetic measurements  

The magnetic data were collected and analyzed deploying a Quantum Design Physical 

Properties Measurement System (PPMS Dynacool system) with the vibrating sample 

magnetometer (VSM) option. The experimental data were corrected for the diamagnetism 

and signal of the sample holder. The temperature dependence of the magnetization was 

recorded in a sweep mode of 1 K/min in the zero-field-cooled (ZFC) and field-cooled (FC) 

measuring regimes. 

 

2. Supporting figures and data  

2.1 Microscopic data  

 

Fig. S1. (a) HRTEM image of hematene sheet with elemental mapping of individual elements 

(b); (c) EDAX analysis of hematene sheet. 
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Fig. S2. (a) SEM images of two different hematene sheets; (b) AFM images of two different 

hematene sheets with related high profiles (c)  

2.2 Magnetic properties of hematene  

To shed more light on the nature of the hematene allotrope, we conducted magnetic 

measurements. It is well known that the magnetic properties of bulk hematite are mainly 

controlled by strong antiferromagnetic super-exchange interactions mediated through 

oxygen atoms [1–5]. At low temperature, hematite possesses antiferromagnetic ordering 

with perfect collinear orientation of magnetic sub-lattices, while at room temperature it 

exhibits weak ferromagnetic ordering due to the existence of canted spins [1–5]. The 

transition temperature from antiferromagnetic ordering to weak ferromagnetism is known 

as the Morin transition (TM = 268 K), which is a thermodynamic transition where the spins 

undergo reorientation by 90 ° [1–5]. The TM is largely dependent on the particle size 

distribution, alongside their morphology, presence of foreign metals, vacancies, and 

structural defects of the lattice [6–8]. 

The magnetic properties of hematene flakes are shown in Fig. S3a,b. The temperature-

dependent magnetization (Fig. S3a) shows a sharp rise in the magnetization values around 

the temperature TM = 250 K, which corresponds to the Morin transition temperature. The 

shift in the value of the Morin transition temperature indirectly confirms the 2D character of 

the hematene nanoparticles since the exfoliation process during the preparation influences 

the exchange interactions and subsequently leads to the enhancement of the lattice strain. 
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Moreover, the spin canting is more pronounced in 2D materials, resulting in a significant 

shift in the Morin transition temperature. The magnetic response of the specularite 

precursor is shown in inset Fig. S3a, and the analysis proves a higher value of the Morin 

temperature in the specularite sample (TM = 265 K). 

The hysteresis loops measured at 5 and 300 K are depicted in Fig. S3b and are in good 

agreement with ZFC-FC curves. The higher values of coercivity, magnetic remanence, and 

saturation magnetization at 300 K, compared to those at 5 K, relate to the presence of 

uncompensated surface spins of the 2D sheets. 

 

 

Fig. S3. (a) ZFC/FC magnetization curves measured for the hematene sample in the presence 

of an external magnetic field 1000 Oe, inset showing the ZFC/FC magnetization curves for 

the parent material, specularite; (b) hysteresis loops measured for the hematene sample at 5 

and 300 K. 
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2.3 Photocatalytic activity  

 

Fig. S4. Time course evolution of H2 over (a) pristine hematene and (b) Ru-hematene with 

different amount of photocatalyst loading. The reactor was under visible light LED 

illumination (wavelength 400-700 nm, power 3 W.m-2). 

2.4 XPS survey  

 

Fig. S5. XPS survey and elemental composition of hematene and Ru-hematene 
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2.5 XRD characterization before and after Ruthenium loading 

To check the composition of the photocatalyst and to rule out major changes in the 

structure during ruthenium loading, XRD measurements of the hematene and Ru-hematene 

samples were performed, Figure S6. Table S1 shows the positions of the most significant 

hematene diffraction peaks and lattice parameters of both samples. The parameters 

remained essentially unchanged, clearly showing that no structural modifications of 

hematene occurred during the RuO2 anchoring. 

Furthermore, XRD measurement confirms the successful loading with ruthenium, where a 

low intensity peak at 2θ  32.75° is evident, corresponding to the most intense diffraction of 

RuO2 (110) plane. 

 

Fig. S6. XRD patterns of hematene and Ru-hematene 

Table S1. Positions of significant hematene diffraction peaks and lattice parameters 

Sample Position 2θ (°) 
(1 0 4) 

Position 2θ (°) 
(1 1 0) 

Lattice 
parameter a (Å) 

Lattice 
parameter c (Å) 

Hematene 38.797 41.719 5.036 13.752 

Ru-hematene 38.776 41.695 5.037 13.753 
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Introduction

The material science community faces a major challenge considering growing society

demand for sustainable energy sources and next generation energy storage devices. As

a result, novel advanced materials are developed, explored and tested in the fields of

energy storage and (photo)catalysis. The class of two-dimensional (2D) materials has

gained significant attention in the past decade thanks to their attractive properties that

are distinct compared to their bulk/three-dimensional (3D) material counterparts.

The present dissertation deals with study of advanced 2D materials, in particular

for energy storage and photocatalysis, using thermogravimetric analysis (TGA), pow-

der X-Ray diffraction (XRD) and scanning transmission electron microscopy (STEM)

techniques, which provide insight into the quantitative composition, structure and mi-

crostructure of nanomaterials.

There are three main aims in the present thesis: (i) study of different graphene

derivatives and MXene heterostructure for energy storage by means of TGA and powder

XRD to provide better understanding of the functionalization, structural properties

and their effect on the material applicability; (ii) preparation of novel 2D α-Fe2O3

material (hematene) with a focus on synthesis optimization in terms of sustainability;

(iii) subsequent study of the prepared hematene with a focus on the structure, change

of properties with reduced dimensionality and exploration of possible application.

1



1 Theoretical part

1.1 Two-dimensional van der Waals and non-van

der Waals systems

1.1.1 Graphene and its derivatives

Graphene, as was proven in 2004, has many superlative features, such as supe-

rior mechanical strength, giant charge carrier intrinsic mobility and record thermal

conductivity [1]. These qualities make graphene interesting from the point of view of

both fundamental research on quantum phenomena and practical applications. How-

ever, there are some drawbacks limiting the applicability of pristine graphene, mainly

relatively low reactivity, zero bandgap and hydrophobicity [2, 3].

Graphene consists of a single, freestanding layer of carbon atoms with sp2 hy-

bridization in honeycomb-like hexagonal structure, as depicted in figure 1.1a. Adjacent

carbon atoms are bonded both by an in-plane σ-bonding and by π-bonding of delocal-

ized electrons in the plane perpendicular to graphene, see Figure 1.1b. The structure

and bonding type are responsible for graphene’s superlative properties [4, 5].

To overcome the challenges caused by graphene drawbacks, surface modification

and tailored functionalization of graphene are often utilized.

Graphene derivatives

Among other graphene derivatives, fluorographene has a prominent place, as its

extensive chemistry allows for new synthetic routes to various functionalities of excel-

lent quality in terms of their yield and uniform distribution. The synthetic approaches

utilize controlled partial/complete defluorination and/or substitution, enabling func-

2
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2pz

π bond

σ bond

b

Figure 1.1: Scheme of graphene structure, a: graphene structure from top-view; b:

graphene pz orbitals with σ and π bonds.

tionalization that cannot be achieved via plain graphene [14].

Fluorographene is a monolayer of graphite fluoride, that can be prepared both

by fluorination of graphene [15] or exfoliation of graphite fluoride [16]. Even a small

amount of introduced fluorine atoms changes the structure and therefore the properties

of graphene. It expands its band gap and changes the hybridization of the carbon atoms

from sp2 to sp3, thus improving the applicability in electronics, significantly increas-

ing reactivity and paving the way for the adoption of additional functionalities. [17].

Therefore, it is of course necessary not only to know how to prepare these derivatives,

but also to characterize them correctly and to know the actual amount of functional

groups. Among other experimental methods, TGA has proved to be particularly suit-

able for this purpose, as it can provide information not only about the thermal stability

but also about the amount of functional groups or dopants. In terms of studying the

structure of the material, powder XRD is a key technique.

1.1.2 MXenes

MXenes, first described in 2011, are a relatively new group of 2D materials based

on cleaving the MAX phase – a ternary carbide or nitride with the general formula

3



Mn+1AXn, where M stands for an early transition metal (e.g. Ti, Nb, V, Cr, Mo, Ta),

A is (mostly) 13 and 14 group element and X denotes carbon and/or nitrogen. The

so-called MAX phase forms a hexagonal laminated structure (space group P63/mmc)

with two formula units per unit cell. The M and X elements form planes of near close-

packed M6X octahedras, while interleaved by weaker (longer) bonds with pure A-group

element layers, as can be seen in Figure 1.2 [18].

A

X

M

Figure 1.2: Schematic structure of typical MAX phase, where M (metal) atoms are in

grey, A (13 and 14 group element) atoms are in cyan and X atoms (C or N) are in

red-brown.

The relatively weak connection via A layers is used for selective etching that leads

to multilayered MXene (without the A-group element), that is later delaminated into

single flakes. Produced MXenes have a general formula Mn+1XnTx, where Tx repre-

sents the surface termination groups (e.g. OH, O, F) [18, 19]. As their formula

suggests, MXenes are among the most versatile 2D materials, of which more than 30

stoichiometric structures are known today [20]. The composition fundamentally influ-

ences the properties of these materials and thus their applicability. MXenes exhibit a

rather unique combination of properties – they are highly conductive, possess the me-

chanical properties of transition metal carbides/nitrides and their surface functional

groups in turn provide hydrophilicity and binding capacity. As a result, they have ap-

4



plication potential in many industries, ranging from energy storage, electronics, optics,

bioapplications, catalysis, environmental applications, sensors, etc. [20, 21, 22].

The versatility of MXenes comes along with the need to properly characterize them

in terms of composition, structure and properties. This is important in terms of pos-

sible applications and, moreover, in terms of replicability in materials science [23].

Approaches to the investigation of MXenes, in particular using powder XRD, will be

discussed later in this thesis.

1.1.3 Iron oxides

Iron oxides generally form a large group including oxides, hydroxides or oxide-

hydroxides, i.e. compounds consisting of Fe and/or OH. Iron oxides are Earth-abundant

in both bulk and nanometric form and moreover, they can be easily prepared in the

laboratory. Their accessibility, combined with their attractive properties, makes them

an object of interest for a wide range of fields of mankind [24]. However, for the purposes

of this thesis, solely the non-hydrated forms of iron oxides will be considered hereafter.

Crystal structure

There are three different non-hydrated iron oxides – FeO, Fe3O4 and Fe2O3, that

consist of Fe2+ and/or Fe3+ cations and O2− anions with radii of approximately 0.82

Å, 0.65 Å, and 1.4 Å, respectively. As evident, the O2− ions are larger and therefore

their arrangement determines the crystal structure of the whole compound, see Figure

1.3. As a result, there are also two basic ways of defining the crystal structure of iron

oxides. One can describe either the arrangement of the anions (packing) or the link

between the octa/tetrahedra formed by the cation centre and the nearest anions [25].

With respect to the anion arrangement, all the three different iron oxides consist of

stacked O2− planes with interlayers of iron cations in different polyhedral coordination.

Since crystal structure governs the material magnetic, electric, optical and chem-

ical properties, each iron oxide with different lattice arrangement has distinct fea-

tures. Various iron oxides are utilized in medicine, (photo)catalysis, biosensors, en-
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Figure 1.3: Schematic crystal structures of all iron oxide phases.

ergy storage, optoelectronics, environmental technologies and magnetic data storage

[33, 34, 35, 36, 37, 38, 39].
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2D iron oxides

Iron oxides display a complex variety of crystal structures with strong chemical

bonding in all three directions and therefore can be referred to as non-van der Waals

materials. Early indications of 2D iron oxides were based on thin films or layers grown

by different vapor deposition methods (CVD, MBE, etc.) on various substrates and

have been studied since the 1990s [40, 41, 42, 43]. However, the first freestanding 2D

iron oxide – α-Fe2O3, so-called hematene – was introduced in 2018 by Puthirath et al.

[44]. Soon after this pioneering work Puthirath et al. followed with report on ilmenene

(2D FeTiO3) in 2018 [45] and Serles et al. introducing magnetene (2D Fe3O4) in 2021

[46].

The studies published so far suggest that 2D iron oxides open up a new class of

interesting materials and the possibility of studying physical phenomena (especially

magnetism) in 2D nanostructures. With respect to hematene, interesting features have

been predicted [47, 48, 49, 50, 51, 52] and some so far observed - for example, a

decrease in the Morin temperature (TM) of the transition from the antiferromagnetic

to the weakly ferromagnetic state [44, 53], interesting optical properties - nonlinear

optical behaviour suitable for protective devices [54, 55], and from a chemical point

of view, the large surface to volume ratio combined with potential defect structure

appears to have the prospect for various chemical reactions [56, 57].
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2 Experimental study of 2D materials

2.1 Modern 2D materials for energy storage

In recent years, the demand for electricity has increased significantly as a result of

society’s growing needs. This increase can be associated with factors such as population

growth, urbanization, industrialization, increasing use of electronic devices and last but

not least the electrification of transport and growing popularity of electric vehicles. One

of the main challenges posed by this growing demand is the need to find more efficient,

safe, eco-friendly and low-cost energy storage solutions.

Three different classes of (portable) electrical energy storage devices are recognized:

batteries, capacitors and supercapacitors, that differ in working principle and conse-

quently in their characteristics.

Therefore, the main challenges in energy storage depend on the type of the device: in

battery development in general it is the cost, eco-friendliness and cycle life; considering

supercapacitors it is mostly the limitation in capacity. The current boundaries are

pushed with new materials developed and improved, different electrolytes, etc. [83, 85]

The sub-chapter 2.1.1 deals with TGA and XRD characterization of new cathode

material for Li-sulphur batteries based on graphene-polysulfide derivative. Second sub-

chapter 2.1.2 is focused on supercapacitors, namely XRD characterization of several

variations of MXene/graphene derivative heterostructures.

2.1.1 Covalently interlinked graphene sheets with sulphur chains

as lithium-sulphur battery cathode

Parts of the text in the following chapter are adapted from Tantis et al. [86].
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Lithium-ion batteries (LIBs) currently dominate the market for energy storage sys-

tems of portable electronics. However, in their current design, they cannot keep up

with the increasing demand for higher performance and lower cost [85, 87, 88]. In

this respect, lithium-sulphur batteries (LSBs) could offer a promising alternative to

LIBs, as they have a high theoretical capacity (1672mA · h · g−1), high specific energy

(2600W · h · kg−1) and, in addition, sulphur is environmentally friendly and readily

available [89, 90].

However, LSBs still suffer from some shortcomings, in particular the "shuttle-effect"

of the formed lithium polysulfides, low sulphur conductivity and large volume changes.

One way to address these problems is to develop functional separators and design

composite cathodes featuring a sulphur anchoring platform. However, the composites

developed so far suffer from either low conductivity of the anchoring platform, low

cycle life, or small amounts of anchored sulphur [90, 91].

To tackle the LSBs bottlenecks, we exploited the rich flourographene chemistry that

allowed defluorination and substitution through nucleophilic attack of PS ions on the

electrophilic radical FG defect centres, based on previous reports of PS attack ability

on electrophilic carbons of alkylhalides. [92, 93, 94]. Two conditions were crucial for

successful elimination of the LSBs bottlenecks:

i) high sulphur loading to increase the full-cell specific capacity,

ii) sulphur anchoring to FG via covalent bonding.

Both criteria were confirmed with the help of TGA and STA/MS experiments

performed under different atmospheres. To prove that combination of FG chemistry

with PS nucleophilic attack is a unique pathway to achieve both criteria, three different

samples were prepared and analyzed:

• Graphene-polysulfide derivative, denoted as GPS, was the developed material via

FG and PS.

• Graphene-sulfide derivatice, denoted as GS, was prepared as a control using the

same protocol as GPS, except elemental sulphur was utilized instead of PS.
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• Electrochemically exfoliated graphene, denoted as EEGS, was used as a control

to prove the role of FG (electrochemically exfoliated graphene was used instead

of FG in the synthesis).

The sulphur content for each sample was determined with the help of TGA, see

Figure 2.1. Based on the TG curves obtained under N2 flow, 80, 85 and 5 mass% of

sulphur were identified in GPS, GS and EEGS samples, respectively. To prove that the

mass losses are truly corresponding to sulphur, STA/MS experiments were performed

under synthetic air, see Figure 2.1b and c. Both clearly show, that the mass losses

between 150 – 350 °C correspond solely to sulphur loss. Furthermore, fluorographene

has been proved to be thermally stable until ≈ 400− 450 °C [95, 96].

Based on nitrogen TG curves, we estimated the DoF of S8 in each sample and listed

them in Table 2.1, together with mass losses and graphene residual masses.

Sample ∆m(S8) m(C) (wt.%) DoF (%)

GPS 80.00 14.96 25.14

GS 85.71 8.05 49.13

EEGS 5.00 86.84 0.27

Table 2.1: Calculated DoF of S8 species in different graphene-(poly)sulfide derivatives.

The criteria i), i.e. high sulphur loading, is therefore met in samples GPS and GS,

proving the important role of FG, since the EEG was able to load only 5 mass% of PS,

corresponding to DoF 0.27%.

Although the sulphur loading is higher in GS than in GPS sample, the former does

not fulfil the criteria ii) and there is no covalent bonding. The PS ions in the latter are,

in contrast, covalently anchored on the FG substrate. To prove this, findings of several

complementary techniques were put together as a part of a puzzle. Apart from TGA,

FTIR and and Raman spectroscopy provided indications of bond nature in both GPS

and GS samples [86].

To shed more light on the charge/discharge processes, we performed XRD analyses

of the GPS cathode material before and after electrochemical testing, see Figure 2.2.
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b

c d

a

Figure 2.1: a: TGA curves in nitrogen atmosphere of GPS (red line), GS (light-blue

line), EEGS (green line) and elemental sulphur (dark-yellow line) together with the

corresponding DTG curves (dashed lines) and detail of TGA curves in temperature

range of 230 – 350 °C, shown in the inset; b: STA/MS results of GPS sample in syn-

thetic air atmosphere; c: STA/MS results of GS sample in synthetic air atmosphere; d:

comparison of ion currents corresponding to SO and SO2 fractions produced by GPS

(solid lines) and GS (dashed lines) samples.

Solely sulphur peaks are present in the diffractogram of the GPS powder, while

the diffractogram of the lithiated cathode is dominated by oxidized lithium polysul-

fides (Li2S2O7 and Li2SO4). Thus, the lithiated cathode consists of Li2S2/Li2S, which

are indeed expected in the lithiated state [98], but were oxidized after exposure to

air, therefore it was difficult to extract any further significant information from these

experiments. To avoid cathode oxidation and to monitor underlying crystal structure

changes during battery cycling, the use of in operando XRD would be preferable. How-
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Li2S2O7,
Li2SO4

S8
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S8 Li
C

Figure 2.2: Diffractograms of: a: GPS complete cathode before testing (red line), cycled

GPS cathode (purple line) and carbon coated aluminium foil, which was used as a

substrate and current collector (dark grey line); b: GPS powder before testing and c:

cycled GPS powder (scratched from the substrate foil).

ever, such experiments require special equipment which is not available at our facility.

2.1.2 MXene/Graphene derivative heterostructure compos-

ites for supercapacitors

The following sub-chapter is based on the results obtained whilst working on a

project that has not been published yet.

As the energy storage research pushes forward, supercapacitors emerge as a promis-

ing rival to LIBs, since they offer high power density (charge/discharge rate), long cycle

life and independence from scarce elements. However, their applicability in industry is

still limited due to their capacity, which falls significantly short compared to energy

density of state of art batteries. For example, commercial supercapacitors reach spe-

cific energy (per cell) of 10W · h · kg−1 [99, 100], while lead-acid batteries provide 20 –
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35W · h · kg−1 [101] and advanced LIBs offer up to 150W · h · kg−1 [102]. Compared to

LIBs, supercapacitors are superior in power density and cycle-life. To utilize the ben-

efits of supercapacitors and facilitate their higher applicability, it is crucial to develop

electrode and/or dielectric materials that surpass the current limits in energy density

and sustain the high power density as well as long service life [103].

Here, we explore combining Ti3C2Tx MXene with two kinds of graphene derivatives

in determined ratio 99:1. First is recently reported nitrogen superdoped graphene that

was recently reported by Sedajova et al. as supercapacitor material with unprecedented

energy density [111], denoted here as GN3. The GN3 material was also prepared in

charged variation, denoted as GN3Q, to enhance self-assebly in the heterostructures.

Second is graphene acid, that has been proven suitable for energy storage, with carboxyl

boosting storage capacity, by Sedajova et al. [112], denoted here as GA. All samples

were prepared in the form of self-standing films with different mass-loading of 1, 4 and

10 mg · cm−2.

The diffraction patterns of all self-standing films, i.e. bare Ti3C2Tx and the het-

erostructures, are shown in Figure 2.3.

To evaluate the effect of mass loading on the self-standing film structures, we ex-

amined the d-spacing of each film from the (002) peak positions and the correspond-

ing values are plotted in Figure 2.4. The samples Ti3C2Tx/GA with mass loading

of 4mg · cm−2, Ti3C2Tx/GN3 with mass loading of 10mg · cm−2 and Ti3C2Tx/GN3Q

with mass loading of 4 and 10mg · cm−2 have a complex (002) peak shape with a

shoulder at lower 2θ angles. To obtain a sufficiently good profile fit, we assumed that it

consists of contributions from multiple diffraction peaks, which could be explained by

the corrugated structure of the films, as confirmed by the electron microscopy images,

leading to the presence of multiple d-spacing values.

Overall, the insight into the structure of the self-standing films provided by XRD

confirms:

• Successful etching of the MAX phase in all samples, except the heterostructure

material Ti3C2Tx/GA with mass loading of 10mg · cm−2, where a very low inten-

13



a b

c d

Figure 2.3: Diffraction patterns of a: bare Ti3C2Tx ; b: Ti3C2Tx/GA heterostructures;

c: Ti3C2Tx/GN3 heterostructures and d: Ti3C2Tx/GN3Q heterostructures.

sity (104) peak at 2θ ≈ 39° suggests negligible amount of MAX phase Ti3AlC2.

• Successful delamination of the MXenes, except the Ti3C2Tx/GN3 sample with

mass loading of 10mg · cm−2, where a low intensity (104) peak at 2θ ≈ 61°

indicates presence of multilayer Ti3C2Tx .

• Corrugated structure of all the materials, with disordered stacking in the Ti3C2Tx ,

Ti3C2Tx/GA and Ti3C2Tx/GN3 materials.

• Regularly corrugated structure of the Ti3C2Tx/GN3Q sample, that originates

probably from self-assembly of the charged graphene derivative with MXene,

enabling a better adhesion between the layers.
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Figure 2.4: Calculated d-spacing values for different mass-loading of a: bare

Ti3C2Tx ; b: Ti3C2Tx/GA heterostructures; c: Ti3C2Tx/GN3 heterostructures and d:

Ti3C2Tx/GN3Q heterostructures.

Findings derived from XRD analyses are in agreement with electrochemical test-

ing results, where the self-assembly in Ti3C2Tx/GN3Q heterostructures proves to be

beneficial for the supercapacitors performance.

2.2 Hematene: a novel 2D non-van der Waals ma-

terial

Inspired by Puthirath et al., who, in 2018, reported on hematene [44], the first

member of a new family of 2D n-vdW materials, we focused our efforts to repeat and
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optimize hematene preparation to be able to explore this material. The exfoliation

relies on the use of a suitable starting material, in this case an iron oxide ore called

specularite, grown in a lamellar quasi layered structure, see Figure 2.5. The schematic

of the exfoliation is shown in Figure 2.6.

a b c

Figure 2.5: Parent material: a: photograph of iron ore specularite that was collected in

Elba, Italy; b,c: SEM images of specularite.

Bath
sonication for

50 h

Ground specularite dispersion Exfoliated hematene dispersion

Figure 2.6: Scheme of exfoliation with photos of flasks with dispersions to illustrate the

colour-change after sonochemical exfoliation.

2.2.1 Material characterization

Considering the classical (vdW) 2D materials, it is known that the dimensional re-

striction coming from 3D to 2D bares substantial changes in properties and behaviour

of the materials, as discussed in the theoretical sub-chapter 1.1. Therefore, after suc-

cessful preparation of novel 2D n-vdW material, hematene, we aimed to characterize it

to study any properties differences compared to parent bulk specularite and to identify
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potential application directions. We focused our efforts on DI water derived hematene.

There are two main questions to ask about hematene. The first query that comes

to mind concerns the exfoliation of the specularite itself, in particular the direction of

cleavage of the 3D structure. According to literature, there are two main directions [001]

and [010] with highest broken bond density in hematite, along which the crystallites

should be exfoliated preferentially [44, 120]. Second question concerns the changes

of properties of the material. The following sub-chapter and the sub-chapter 2.2.2

attempts to deal with both of these questions to some extent. For the sake of clarity,

the following chapter is divided into several sub-chapters according to the studied

aspects.

Structural characterization

To verify the phase composition of both bulk specularite and produced hematene,

we performed XRD analysis. From XRD patterns shown in Figure 2.7 it is evident that

both parent material and exfoliated hematene contain only α-Fe2O3 crystalline phase.

a b

Figure 2.7: XRD patterns of: a: specularite crystals (lower cyan line) compared to

ground powder (upper grey line); b: ground specularite (lower grey line) compared to

exfoliated hematene (upper dark-red line).

The parent material was analysed before and after grinding with mortar and pestle

and as clearly visible from Figure 2.7a, there is a preferred orientation of the specularite
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layer stacking leading to enhanced reflections on preferential orientation planes – (006)

and (0012) – and complete suppression of other crystallographic planes. This effect is

reduced after grinding the crystals into fine powder. Furthermore, after exfoliation, the

reflection from (006) plane completely disappears, as evident from Figure 2.7b. The

described phenomenon can be explained by the growth of the crystal in the direction

perpendicular to (006) plane, that facilitates the cleavage along [001] direction. In

the exfoliated hematene, the (006) reflection would then be absent due to very low

sheet thickness. To evaluate the presence of other non-crystalline species present in

the natural parent material, we performed XPS analysis of both parent and exfoliated

samples, see Figure 2.8. The atomic compositions of both samples are shown in the

insets of the XPS graphs and listed in Table 2.2.

Sample Fe (at. %) O (at. %) C (at. %) Si (at. %)

Specularite 14.4 49.6 30.3 5.7

Hematene 29.7 58.4 11.9 0.0

Table 2.2: Atomic composition of specularite and hematene according to XPS analysis.

2.2.2 Intrinsic strain in hematene

Precise material characterization is crucial for understanding the properties of a

nanomaterial to be able to tailor them towards specific applications. It is known, that

crystal structure together with its distortions, such as defects, vacancies and result-

ing lattice strain, affect the properties of nanomaterials. Lattice strain as a distortion

of atomic positions can influence the electronic configuration and hence the optical,

electronic, electrochemical, catalytic properties etc. [124, 125, 126, 77, 127].

Here, taking into account the available instrumental methods, we use powder XRD

to get an overall idea of the lattice strain and then STEM at the atomic level of very

thin sheets.

18
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Hematene Hematene

Figure 2.8: a: XPS spectrum of specularite with estimated atomic composition (inset);

b: XPS spectrum of hematene with estimated atomic composition (inset); c: HR-XPS

spectrum of the hematene Fe 2p and d: O 1s regions; adapted from ref. [116].

Powder XRD strain analysis

We used three different samples to evaluate the strain development with respect to

exfoliation: specularite, as prepared hematene sheets and a size fraction of hematene

with mean diameter of 120 nm (estimated by DLS), called hematene 120. The XRD

patterns with their corresponding W-H plots are included in Figure 2.9, while the strain

values and crystallite size are listed in Table 2.3.

It is evident from the data, that the intrinsic strain values increase as exfoliation

proceeds, while the crystallite size decreases, as expected. Moreover, the positive slope

indicates lattice expansion [78]. The R2 values suggest, that conventional W-H plot is

relatively suitable only in the case of as prepared hematene sheets with R2 of 0.878,
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Figure 2.9: a: XRD patterns of three different samples: specularite (top grey line), as

prepared hematene (middle red line) and hematene 120 (bottom orange line); corre-

sponding W-H plots of: b: specularite; c: hematene and d: hematene 120.

Sample Intrinsic strain (10−3) Crystallite size (nm) R2

Specularite 0.19 108.1 0.335

Hematene 0.95 67.9 0.878

Hematene 120 3.8 37.8 0.251

Table 2.3: Values of intrinsic strain and crystallite size of specularite and hematene

samples derived from the W-H plot.

but not adequate for specularite and hematene 120, where the R2 values were even

below 0.35 and linear fit of the data points might be questionable.

The W-H plot is nevertheless a useful tool that can reveal lattice strain in a par-

ticular crystallographic direction by patterns in outlying points. However, there are

almost no trends in the data of the studied samples. If we compare the data points
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in all three samples, we can see that (012) diffraction peak is above the fitted line,

while (104) diffraction peak lies below. The fit badness can be related to either wide

crystallite size distribution or non-uniform strain in the samples.

STEM strain analysis

The STEM experiments in the following sub-chapter were carried out at University

of Vienna, Austria, under the supervision of prof. Jani Kotakoski.

The thin hematene sheets show hexagonal crystal structure, as apparent from

STEM-MAADF images and the corresponding FFT, see Figure 2.10 and insets, sug-

gesting exfoliation along the [001] crystallographic direction [44]. This observation is

in a good agreement with the (006) reflection disappearing from XRD pattern after

exfoliation, as discussed in sub-chapter 2.2.1.

To derive the hematene lattice parameter a values within several areas the sheet,

we used the FFT of STEM images. The second ring of FFT spots corresponds to a half

of the lattice parameter value in hexagonal structures [138]. We fitted the second ring

of spots with an ellipse and used the obtained major and minor axes values and the

rotation angle for the tilt correction. Then, with the lattice parameter estimated for

both major and minor direction, we were able to calculate the lattice strain ϵ according

to the following equation:

ϵ =
a− a0
a0

, (2.1)

where a0 denotes the typical hematite lattice parameter a0 = 5.034 Å. The results

are listed in Table 2.4 while different areas are labelled according to letter notation in

Figure 2.10.

The difference between STEM and XRD results can be explained by the fact, that

XRD samples contained a broad sheet diameter and thickness distribution, while STEM

studied the surface of a single extremely thin flake. However, the STEM analysis would

need to be performed on a larger quantity of samples in order to draw further concrete

conclusions.
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d e f

g h i

Figure 2.10: STEM-MAADF images of a: the whole hematene sheet after scanning

detailed areas b – i; insets include FFT of the corresponding STEM image.

2.2.3 Hematene as a platform for visible-light induced ammo-

nia photo-catalytic decomposition

The exploitation of renewable and sustainable energy sources represents one of

the most important tasks for humanity, since the amount of fossil fuels is limited

and the global energy consumption is predicted to at least double by the midcentury

compared to present time [139]. The newly discovered 2D n-vdW materials including

hematene, magnetene (2D Fe3O4), ilmenene (2D FeTiO3) and chromiteen (2D FeCr2O4)
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Area a major (Å) a minor (Å) ϵ major ϵ minor

b 5.111 5.098 0.015 0.013

c 5.192 5.387 0.031 0.070

d 5.088 5.301 0.011 0.053

e 5.061 5.275 0.005 0.048

f 4.996 5.237 -0.007 0.040

g 5.205 5.398 0.034 0.072

h 5.224 5.257 0.038 0.044

i 4.995 5.014 -0.008 -0.004

Table 2.4: STEM derived values of hematene lattice parameter a in mutually perpen-

dicular directions and corresponding lattice strain ϵ values.

have proven their potential in the fields of photoelectrochemistry and electrocatalysis

according to published literature where they show excellent results in the combination

with Ti nanotubes [44, 45, 140].

Here, we explore the combination of conductive 2D hematene substrate with the

catalytic surface of RuO2 nanoparticles to obtain a sustainable platform for photocat-

alytic ammonia decomposition under the visible light irradiation.

Hematene composite characterization

The photocatalyst material was hematene decorated with ruthenium, hereafter de-

noted as Ru-hematene. We employed several experimental techniques to confirm suc-

cessful loading of ruthenium species onto hematene sheets and to estimate the oxidation

state of ruthenium.

The STEM-HAADF images together with elemental mapping are shown in Figure

2.11 and confirm successful loading and even spreading of ruthenium on hematene while

keeping the 2D morphology of the sheets (otherwise STEM would not be possible).

To determine the oxidation state of ruthenium and shed more light on the electro-

optical properties, a HR-XPS of the ruthenium 3d region and valence band XPS (VB-
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a

Figure 2.11: STEM-HAADF images and elemental EDS mapping of a: bare hematene;

b: Ru-hematene; adapted from ref. [116].

XPS) of both materials were performed as well as an electron paramagnetic resonance

(EPR) study. The deconvoluted spectrum is shown in Figure 2.12a and reveals ruthe-

nium in two different oxidation states, Ru4+ peak at around 280.5 eV further proves

presence of RuO2. However, the Ru3+ band below 282 eV suggests co-presence of resid-

ual RuCl3 on the sample (1.2 at.%) coming from the ruthenium loading source.

According to VB-XPS, shown in Figure 2.12b, the valence band edge remains at

+1.1 eV after loading, while the density of states (DOS) showed an increasing tail at

around +0.5 eV below the Fermi level. This change is related to higher photoactivity of

of the composite compared to bare hematene, as these energy state levels provide orbital

overlaps that facilitate the transportation of photogenerated hole to RuO2 and oxidized

ammonia to N2. The photogenerated electrons on the other hand, went through the

hematene and reduced ammonia to H2. Moreover, the spatial separation of charge in the

place of RuO2 and the hematene heterojunction further improved the photoactivity of

the composite compared to bare hematene. The schematic of the proposed mechanism

is depicted in Figure 2.12c.

To exclude any changes in the crystal structure of hematene, that could occur during

ruthenium loading and subsequent calcination on hematene at 300°C, we collected the
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Figure 2.12: a: HR-XPS of Ru 3d region; b: VB-XPS of bare hematene (dark green

dots) and Ru-hematene (dark red dots); c: schematic depiction of DOS and band edge

positions of the Ru-hematene main electronic levels relative to the energy levels of the

redox couples of aqueous ammonia and the proposed mechanism of ammonia photode-

composition by the Ru-hematene photocatalyst; adapted from ref. [116].

XRD patterns of both materials, as shown in Figure 2.13a. The ruthenium in a form

of crystalline RuO2 was confirmed by a negligible diffraction peak around 32.5° 2θ and

no other phase changes were observed.

The EPR spectra reveal a major change in hematene behavior after ruthenium

loading as visible from Figure 2.13b. The EPR silence of bare hematene is in agree-

ment with the antiferromagnetic ordering at the experimental temperature (below TM).
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Furthermore, the absence of any EPR signal can be connected to the fast spin-lattice

relaxation of the Fe3+ centres under an exchange coupled regime that became perturbed

after Ru loading resulting in a broad, asymmetric resonant line in the Ru-hematene

sample EPR spectrum with an average g-value of about ≈ 2, 7. We assume that the Ru

ions partially altered the fraction of the Fe-O-Fe superexchange path by reacting with

oxygen on top of hematene surface to form small RuO2 nanoparticles. Furthermore, a

weak modulation of the Fe3+ envelope was observed at g ≈ 2.09 corresponding to the

signal of Ru3+ in the resonant line of RuCl3. Since the Ru loading was very low (0.5

wt.%), we could only detect the Ru3+ species via EPR and part of these fragments

may also indicate a residual RuCl3 in the composite as observed by XPS.

a b

Figure 2.13: a: XRD patterns of bare hematene (dark green line) and Ru-hematene

(dark red line); b: X-band CW EPR spectra of bare hematene (lower dark green line),

RuCl3 (middle blue line) and Ru-hematene (upper dark red line) recorded in frozen DI

water dispersion (T = 80K); adapted from ref. [116].

Photocatalytic activity

Both hematene and Ru-hematene suitability for ammonia photodecomposition was

tested by means of UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS), see Figure

2.14a, b. The band edge absorption for both samples was around 729 nm proving that

these materials can absorb UV and visible part of the light spectrum. The amount of
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light absorbed, especially in the visible region was highly increased in the Ru-hematene

sample – one of the main conditions for an ideal photocatalyst. The optical band gap

energy of hematene and Ru-hematene calculated by the Tauc plot [145] based on the

Kubelka Munk [146] theory was 1.70 eV and 1.71 eV respectively – almost the same in

spite of the huge difference in the absorbed light.

The control experiments under dark conditions showed almost zero catalytic activity

of both materials for ammonia decomposition. Furthermore, the photodecomposition

of ammonia without the presence of photocatalyst at 24°C was zero.

After confirming ruthenium as an ideal co-catalyst for hematene to decompose

ammonia, several optimization were performed. The testing of different Ru loading

amount is shown in Figure 2.14c, where the optimum amount of Ru proves to be 0.5

wt.% and leads to continuously increasing amount of H2 within 24 h. In lower amounts

of Ru, the charge separation was not effective enough to produce H2. Higher amounts

of Ru provided recombination centres at the hematene surface. Another optimization

concerned the mass of photocatalyst against the photoactivity, as it is not necessarily

proportional due to limitation of light absorption and diffusion conditions [147, 148].

The loading of 2 mg of the photocatalyst was optimal for both materials, as visible

from Figure 2.14d.

Finally, the reusability of optimal photocatalyst amount was tested, see Figure

2.14e. The Ru-hematene decreased in activity by 11% after five photocatalytic runs

(24 h per run) for the total of 120 h. The decrease can be associated with the loss of

photocatalyst caused by attachment to the reactor or magnetic stirrer or by passivation

with reactants, products or intermediate species, as the catalyst was not washed after

each photoreaction run.
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a b

c d

e

c1 c2 c3 c4 c5

Figure 2.14: a: UV-Vis DRS of hematene and Ru-hematene and b: corresponding Tauc

plot based on Kubelka-Munk model; c: optimizing of Ru co-catalyst loading amount

(reactors were loaded with 8 mg of photocatalyst); d: the amount of evolved H2 from

photodecomposition of ammonia with different loading amount of pristine hematene

and Ru-hematene (reactors were under illumination for 24 hours); e: reusability of 2 mg

of hematene and Ru-hematene for H2 evolution from ammonia photo decomposition

demonstrated by consecutive cycles (c1–c5). After each cycle, the solution was sonicated

and bubbled with Ar for 15 min. In all cases, the reactor was under visible LED

illumination (wavelength 400 – 700 nm, power 3 W · m–2); adapted from ref. [116].
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3 Conclusion

The presented dissertation thesis focused on the investigation of three different 2D

materials whose unique properties allowed them to be applied in the fields of energy

storage and photocatalysis. We demonstrated the key role of TGA and XRD in the

description of advanced 2D systems based on graphene derivatives and MXenes. The

techniques contributed to the understanding of the internal structure, quantity and

bonding interactions of the functionalities, which was essential to properly explain the

performance of the materials in energy storage. The graphene polysulfide derivative

based on fluorographene chemistry showed outstanding results as LSB cathode with

capacity of 800 mAh g–1 (3 times higher than conventionally sulphurized graphene).

The MXene/graphene derivative heterostructures proved to have variable adhesion

between the layers that enabled better supercapacitor efficiency.

In the field of (quasi) 2D non-van der Waals (n-vdW) materials, we showed that

their preparation does not rely on the use of toxic solvent such as DMF and that,

when compromising with the reachable thickness (down to 3-5 layers), hematene can

be prepared via exfoliation in DI water dispersion. Then, we investigated lattice strain

in hematene via XRD and STEM and revealed, that the stress in the hematene lattice

generally increases with decreasing layer thickness at long-range level. However, in very

thin sheets the strain is non-uniform. An understanding of the intrinsic strain is crucial

for tailoring hematene properties to suit the desired application.

Hematene possesses distinct properties compared to its bulk counterpart, for ex-

ample a narrower band gap, which leads to easier formation of electrons and holes.

By decorating the hematene sheets with RuO2 nanoparticles, we created a synergistic

system able to decompose ammonia via photocatalysis induced by visible light, that

could lead to future production of hydrogen as a fuel. This way, we presented hematene
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as a low cost, eco friendly (quasi) 2D material, that can be applied in numerous fields

on its own or serve as a platform for single atom engineering.

Furthermore, we started to explore the iron oxide transitions for converting he-

matene to other iron oxides while keeping the 2D morphology. This way, we can open

the doors towards other 2D iron oxide based materials that might be more difficult to

prepare by exfoliation.
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