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Resumo

A água é a matriz da vida e seu confinamento em nanocavidades é um tema central desde
a geofísica até a nanotribologia. Os minerais filossilicatos de estrutura em camadas atuam
como nanocavidades naturais para a água devido à sua capacidade de se hidratarem ao
confinar as moléculas de água no espaço interlamelar. Abundantes na Terra, a ocorrência de
minerais filossilicatos em outros planetas é uma assinatura da presença de água. No entanto,
a hidratação de filossilicatos na nanoescala não é um processo totalmente compreendido e
varia entre os espécimes geológicos. Por outro lado, os minerais filossilicatos são isolantes de
largo bandgap e baixo-custo associado que têm sido recentemente explorados na fabricação
de nanodispositivos. Por serem de origem natural, é comum a presença de impurezas. Dessa
forma, é crucial entender como as impurezas e a hidratação através do nanoconfinamento
de água alteram as propriedades fundamentais dos filossilicatos em sua forma de poucas
camadas visando aplicações bi-dimensionais (2D).

Explorando o clinocloro do grupo das cloritas e a flogopita do grupo das micas trioctaédricas,
esta tese visa expandir o conhecimento das propriedades fundamentais e hidratação dos
filossilicatos na forma de poucas camadas. Primeiramente, realizou-se uma caracterização
experimental robusta da estrutura, morfologia e de defeitos e impurezas das amostras. Com
isso, foi possível fornecer uma descrição completa da estrutura 2D do clinocloro e flogopita
e suas propriedades fundamentais a partir da forma bulk. Para elucidar como variações
na estrutura atômica desses espécimes pouco explorados de filossilicatos favorecem o
geoconfinamento da água e suas propriedades, uma ampla análise do nanoconfinamento de
água em ambos filossilicatos foi conduzida. Através de técnicas avançadas de varredura por
nanossonda, foi possível obter as propriedades vibracionais dos filossilicatos na sua forma de
poucas camadas e determinar que a água nanoconfinada altera as propriedades mecânicas
e dielétricas dos minerais. Os resultados obtidos sugerem que a água confinada pode se
condensar formando gelo à temperatura ambiente, sendo estável à variação de umidade
relativa, mas instável ao aumento de temperatura. Como resultado único, demonstrou-se
um método controlado de nanomanipulação mecânica da água interlamelar.

Notavelmente, esta tese abre portas para a multifuncionalização dos minerais filossilicatos
em sua forma de poucas camadas visando aplicações nas fronteiras da nanotecnologia -
desde catálise, microfluídica e conformação de biomoléculas até sensoriamento e fabricação
de nanodispositivos optoeletrônicos.

Palavras-chave: filossilicatos, nanoconfinamento de água, microscopia de campo próximo,
microscopia de varredura por sonda.



Abstract

Water is the matrix of life and its confinement in nanocavities is a central topic from
geophysics to nanotribology. Phyllosilicate layered minerals are natural nanocavities for
water due to their capacity to hydrate by confining water molecules in the interlamellar
space. Abundant on Earth, the occurrence of phyllosilicate minerals on other planets is
a signature of water presence. However, the hydration of phyllosilicates at nanoscale is
not a fully understood process and depends on the geological specimens. On the other
hand, phyllosilicate minerals are insulators with a large bandgap and associated low-cost
that have been recently explored in the fabrication of nanodevices. Because they are of
natural origin, the presence of impurities is common. Thus, it is crucial to understand
how impurities and hydration by the nanoconfinement of water change the fundamental
properties of phyllosilicates in their few-layer form for two-dimensional (2D) applications.

Exploring clinochlore from the chlorite group and phlogopite from the trioctahedral
mica group, this thesis aims to expand the understanding of the fundamental properties
and hydration of phyllosilicates in their few-layer form. First, a robust experimental
characterization of the structure, morphology and defects and impurities of the samples
was carried out. With this, it was possible to provide a complete description of the
2D structure of clinochlore and phlogopite and their fundamental properties from their
bulk form. To elucidate how variations in the atomic structure of these barely explored
specimens of phyllosilicates favor the geo-confinement of water and its properties, a deep
analysis of the nanoconfinement of water in both phyllosilicates was conducted. Using
advanced nanoprobe techniques, it was possible to obtain the vibrational properties of
phyllosilicates in their few-layer form and to determine that nanoconfined water changes
the mechanical and dielectric properties of the minerals. The results obtained suggest
that the confined water can condense forming ice-like arrangements at room temperature,
being stable to relative humidity variation, but unstable to temperature increase. As a
unique result, a controlled method for mechanical nanomanipulation of interlamellar water
was demonstrated.

Notably, this thesis opens doors to the multifunctionalization of phyllosilicate minerals in
their few-layer form aiming applications at the frontiers of nanotechnology - from catalysis,
microfluidics, and patterning of biomolecules to sensing, and fabrication of optoelectronic
nanodevices.

Keywords: phyllosilicates, nanoconfinement of water, near-field microscopy, scanning
probe microscopy.
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1 Introduction

The development of novel applications based on nanotechnology depends on the
interesting properties that materials present when they are reduced down to the atomic
scale and combined. From agro-environment [10] to fabrication of nanodevices [11], passing
through the delivery of drugs [12], several fields benefit from the advances in the synthesis
of new nanomaterials and in the understanding of their properties. Nowadays, one of the
frontiers of nanotechnology is the study of complex materials and the functionalization of
well-established nanomaterials such as graphene [13] and gold nanoparticles [14]. Within this
scope, we can highlight the fabrication of nanodevices by engineering complex structures
based on lamellar materials (LMs) as a promising route to expand these frontiers.

In the broadest sense, there are several devices based on nanomaterials that
can be designed depending on the application. With regard to information processing,
developing electronic nanodevices with high performance and stability at competitive costs
is fundamental to make nanoelectronics scalable. The fabrication of electronic nanodevices
built from LMs embedded in van der Waals heterostructures (vdWHs) are complex
structures that require good transistors as building blocks for processing and storing
information [15]. The basic operation of transistors can be understood by the operation of
a field effect transistor (FET), which consists of controlling the current that flows along a
conductive channel when a voltage is applied between its terminals (source and drain) [15].
However, the performance of FETs strongly depends not only on the carrier mobility of
the conductive channel, but mainly on the general properties of the insulating material
used to electrically insulate the device, as well as on the channel-insulator interface quality.
Graphene, first obtained from the exfoliation of graphite minerals [16], has been proved
to be an immediate natural source of high quality two-dimensional (2D) material. With
extremely high charge carrier mobility [17], graphene can be used as channel layer in the
manufacture of electronic nanodevices. In addition to graphene, hexagonal boron nitride
(hBN) [18] and transition metal dichalcogenides (TMDs) [19] are the most investigated
2D materials so far. The hBN is an insulator with bandgap energy of 5.9 eV that has
been widely applied as high-purity substrate and suitable material for encapsulation in
the fabrication of nanodevices [20]. The TMDs, with the general formula MX2 where M
indicates the transition metal and X the chalcogen, are a family of 2D semiconductors
with bandgap energy within the visible region of the electromagnetic spectrum. Their
bandgap energy is modulated according to the number of layers, undergoing a transition
from an indirect bandgap in their multilayer form to a direct bandgap in their single layer
form, which is interesting for optoelectronic applications [21].

Even though the search for LMs was triggered by obtaining graphene from the
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exfoliation of a highly abundant natural mineral (graphite), it has mostly focused on
synthetic materials over the years [22]. Synthetic materials can be produced in controlled
environments, avoiding contamination by impurities, but some processes are complex and,
consequently, expensive. Similarly, the engineering of complex materials based on LMs
through synthetic routes can be beneficial in controlling specific properties that these
materials will present. However, some routes can be non-trivial and may have a high-cost
associated, which is the current challenge in using hBN as a 2D insulator. For this reason,
a large-scale production of these materials can be difficult and the benefits arising from
the related nanotechnologies will be distanced from society.

An alternative to reduce costs associated with the study of complex materials is
to search for heterogeneous and hierarchical lamellar materials of geological origin with
technologically interesting properties that can be found in abundance in the planetary
crust. Fig. 1 depicts the abundance of O and Si in the Earth’s crust mainly in the form
of silicate mineral compounds. Within the group of silicate minerals, phyllosilicates are
the most abundant minerals with lamellar structure. The challenge in using naturally
occurring LMs for nanotechnology applications is related to the existence of impurities and
defects in their crystalline structures, such as point defects (vacancies, substitutional or
interstitial impurities) or extended defects (grain boundaries, stacking faults). The presence
of defects and impurities strongly affects the optoelectronic responses of a material, making
it mandatory an in-depth investigation to identify their eventual influence on a given
property of the material. This will allow its proper manipulation through defect engineering
and tailoring of the material for the various intended nanotechnological applications.

In the scope of nanodevices built from complex structures formed by LMs, recent
research has been carried out on phyllosilicate minerals, which are wide band gap insulators
that can be exfoliated down to monolayers (MLs) [22]. As a direct contribution of this thesis,
the article entitled “Phyllosilicates as earth-abundant layered materials for electronics and
optoelectronics: Prospects and challenges in their ultrathin limit” [23] was produced to
provide insights into the application of few-layer (FL) phyllosilicates in the fabrication
of nanodevices. Phyllosilicates come from metamorphic geological environments with
hydrothermal alterations [24], presenting a lamellar structure based on Si-O tetrahedral
layers intercalated by octahedral layers of bi and trivalent ions such as Mg or Al with
O/OH at the vertices. Some specimens of phyllosilicates can be pillared by ions, such as
micas, or further octahedral layers, such as chlorites. Phyllosilicate minerals are adaptive
materials with the unique ability to absorb water [25]. A hydrated phyllosilicate is a
complex system of geological origin and natural abundance that can be explored at the
frontiers of nanotechnology [26,27].
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Figure 1 – Abundance of phyllosilicate minerals in the Earth’s crust and their role in the
water transport in the planetary interior.
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At the top, a world-map of the most abundant phyllosilicate clay minerals in the Earth’s
crust adapted from the reference [28] is shown side by side with an info-graphic of the most
abundant elements in the Earth’s crust according to the WorldAtlas ©. Phyllosilicates are
hydrated minerals that are fundamental in several geological processes, such as the water
transport with the cycling of nutrients in the Earth’s interior as shown on the left-side by
the stability diagram of hydrous mineral phases (adapted from reference [29]). The cross
symbols indicate the seismicity observed in the subducting oceanic plate. Below the point
indicated by the star symbol, phyllosilicate hydrous minerals can transport water into the
deeper part of the Earth’s interior through its ability to confine water molecules in the
interlamellar space of its layered structure (right side).

There are few studies exploring these minerals in their FL form in vdWH ap-
plications [30–34], but most of them dealing only with muscovite [31] and talc [32–34]
specimens, barely exploring other minerals of this family, such as chlorites [35] and tri-
octahedral micas [30], and other applications related to their capillary capacity, such as
microfluidic devices and sensors. Theoretical studies suggest that the electrostatic charge
distribution due to the presence of substitutional ions in the structure of phyllosilicates
modulates how water confines between its layers [36, 37]. Water confined in nanoscale
media can form ordered layers commensurate with the molecular size with change in its
elastic properties [38] and viscosity [39–41], presenting exquisite properties such as a low
dielectric constant [42] and ice-like structures at ambient conditions [43–45]. Despite the
lack of understanding of the physicochemical properties of water at the nanoscale, the
nanoconfinement of water is a central topic in several fields.

In geophysics, hydrous minerals act as natural nanocavities for water transport on
Earth that contributes to biochemical processes with cycling of nutrients and elements
[46, 47], as illustrated in Fig. 1. Furthermore, geodynamical models require low yield
strength materials to generate plate boundaries and phyllosilicate minerals correspond
about a third of the fault rock volume [48]. These minerals can control variations of soil
pH to favor the existence of microorganisms and other forms of life [24, 49] and their
occurrence on other planets, such as Mars, is an indicator of water presence [50]. In
phyllosilicates, the water molecules are oriented to form a strong hydrogen bond to the
adjacent tetrahedral silicon oxide surface [51]. It is important to note that both the type
of intercalated ion and the silicate structure can determine how water intercalates the
material [52]. For example, phyllosilicate minerals with high negative surface charge due
to atomic substitutions present hydration states of a few layers of water [52], varying the
interlamellar spacing commensurately with the water layers. The ability to intercalate
water in the lamellar stacking makes phyllosilicates a nano-porous material that can be
building blocks in future nanotechnologies.

This thesis aims at understanding the role of impurities in determining the funda-
mental properties of two barely explored phyllosilicates and to elucidate how variations in
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their atomic structures favor the geo-confinement of water during the mineral formation.
Here, we provided a fully description of the 2D structure of clinochlore from the chlorite
group and phlogopite from the trioctahedral mica group and their fundamental properties
starting from their bulk form. We point out iron as the main impurity responsible for
changing the fundamental properties of these minerals. We also performed a deep analysis
of the nanoconfinement of water in phyllosilicates. The results demonstrated that inter-
lamellar water changes the mechanical and dielectric properties of phyllosilicates with the
possible formation of ice-like arrangements. A controlled way to change the phyllosilicate
surface potential by nanomanipulation of interlamellar water is presented. Understanding
the fundamental properties and hydration of phyllosilicates will allow the delineation of
its capillary and surface properties for several nanotechnology applications. With this, we
hope to demonstrate that clinochlore and phlogopite are promising abundant LMs with
associated low-cost for applications not only in the fabrication of nanodevices, but also
in catalysis, sensing, and patterning of bio-molecules in 2D systems. Furthermore, the
information on the stability of nanoconfined water in phyllosilicate minerals provided by
this thesis may help to explain fundamental geological processes.

This work, presented as a partial requirement for obtaining the title of Doctor
of Science at the Federal University of Minas Gerais, is divided into six sections. The
section 1 - Introduction presents the motivation of the work. Section 2 - Phyllosilicates
presents the phyllosilicate minerals and the state-of-the-art concerning its applications in
2D technologies. The focus of this work will be on two barely investigated specimens of
phyllosilicates, clinochlore and phlogopite. Then, the section 3 - Methods will describe
the methodology developed to carry out the work, including sample preparation and a
brief description of the applied experimental techniques. The results and discussions are
presented in two sections. The section 4 - Sample Characterization is dedicated to structural,
morphological, point defects and impurities characterization of clinochlore and phlogopite,
as well as vibrational analysis. The section 5 - Nanoconfinement of Water in Phyllosilicates
is dedicated to experiments investigating clinochlore and phlogopite hydration properties.
Finally, the work is concluded in section 6- Conclusions with highlights of the main results
of this thesis. A list of published articles produced as a direct contribution of this thesis is
annexed at the end.
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2 Phyllosilicates

Phyllosilicate minerals are wide-band gap insulators, stable in different environ-
ments, and abundant in nature. They are a broad family that includes clays, micas and
chlorites [22]. They present a layered structure that enables their exfoliation down to
MLs [22,53,54]. The variety of geological specimens of phyllosilicates arises from structural
differences due to weathering and hydrothermal alterations [24]. Phyllosilicates on Earth
can be igneous, metamorphic or sedimentary, originating from hydrothermal alterations,
such that the whole family presents hydration by water or hydroxyl groups [55].

The basis of phyllosilicate atomic structure is the silicon oxide tetrahedral layer
(T) that forms a hexagonal lattice with basal O shared by Si atoms in a ratio of 2 Si to
5 O [56]. The genealogy of phyllosilicate mineral structures is depicted in the diagram
of Fig. 2. The layered general structure of phyllosilicate minerals is formed by stacking
tetrahedral layers intercalated by octahedral layers (Oc). One unshared O per Si atom in
the T layer points toward the Oc layer to form the octahedrons with OH groups at the
remaining vertices. The Oc layers can be dioctahedral (gibbsite-like), with two octahedral
sites to allocate trivalent ions, or trioctahedral (brucite-like), with three sites to allocate
bivalent ions in a more compact arrangement [56]. A phyllosilicate ML can be formed by
the combination of a T layer with an Oc layer in a T-Oc (1:1) or T-Oc-T (2:1) arrangement.
Kaolinite and antigorite are standard specimens of 1:1 arrangement with dioctahedral
and trioctahedral layers, respectively [57]. Phyllosilicates with 1:1 arrangement are more
susceptible to polyhedral rotations and lattice distortions, which can form a wave-like
crystalline structure, such as serpentines [57, 58]. Phyllosilicates with 2:1 arrangement
present a compact structure with pyrophyllite and talc as standard specimens with di and
trioctahedral layers, respectively [2,26,53]. Structural differences between phyllosilicate
specimens occur due to the different atomic substitutions in both T and Oc layers [37]. To
maintain the charge balance of the structure, these atomic substitutions favor the formation
of a cationic interlayer or even a hydroxide interlayer [56]. Micas are phyllosilicates pillared
by cations in the interlayer space, while chlorites are phyllosilicates with the further
formation of an octahedral hydroxide layer intercalating the T-Oc-T stacking.

Early theoretical studies investigating the surface electrostatic potential of phyl-
losilicates consider each atom as a point charge [36,37]. In this model, the talc structure
corresponds to a charge-neutral layer of a trioctahedral 2:1 phyllosilicate from which we
can derive a potential that decays rapidly with distance from the mineral surface. An
atomic substitution is considered a defect from which a second potential of long-range
interaction can be derived [37].
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Figure 2 – Genealogical diagram of phyllosilicate mineral structures. The diagram starts
by showing photographs of different specimens of phyllosilicates with a lamellar structure
formed by a hexagonal lattice of Si-tetrahedrons with O at the vertices. Sequentially,
phyllosilicate minerals can be divided into two classes according to the type of alternate
stacking of tetrahedral and octahedral layers. The octahedral layers can accommodate
metallic ions in two or three sites. Typically, the dioctahedral layer is formed by trivalent
ions, such as Al3+, in the central position of octahedrons with O/OH at the vertices, while
the trioctahedral layer is formed by bivalent ions as central atoms, such as Mg2+. The
variety of specimens occurs by ionic substitutions in the atomic structure of standard
specimens. Mica subgroup is a direct alteration of pyrophyllite-talc structure. In micas,
interlayer cations emerge to balance the charge of the structure that is altered by ionic
substitutions, such as one AlSi substitution in the octahedral layer. Chlorite subgroup is
the most complex structure of phyllosilicate minerals in which the 2:1 layer is intercalated
by a hydroxide layer, typically a brucite-like layer. Figure adapted from reference [1]. The
pyrophyllite image was taken from reference [2].

A Si4+ substitution by Al3+ in the T layer changes the electronegativity of the
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substitutional site and localize the negative charge on the basal O of the T layer at the
mineral surface, leading to stronger H-bonds of adsorbed H2O molecules [37]. On the other
hand, atomic substitutions in the Oc layer tend to localize the charge not on O atoms
but on the Al3+ site, since Mg atomic orbitals have little tendency to interact with O
orbitals to form chemical bonds [37]. Consequently, these theoretical studies suggest that
the atomic substitutions modulate how water will intercalate the lamellar structure of
phyllosilicates.

The hydration of phyllosilicate specimens implies an increase of unit cell volume
for hydrated minerals commensurate with the number of water layers in the interlamellar
space [52]. In this sense, phyllosilicates can be further divided by their capacity to swell or
absorb water. The swelling properties of phyllosilicate minerals are related to the charge of
its structure [59]. Neutral and high-charge structures lead to non-swelling specimens, while
low-charge structures favor larger interlayer/interlamellar spaces. In micas, the interlayer
cation controls the mineral hydration. The swelling potential of mica specimens is limited
by the electrostatic interaction between interlayer cations and the tetrahedral sheets.
The ionic substitution that occurs in the octahedral sheets, away from the interlayer
space, result in larger expansion capacity due to low electrostatic interaction with the
charge-balancing cations [59]. For this reason, one can have swelling and non-swelling
members depending on the ionic substitutions that lead to a charged T-Oc-T layer.

Moreover, substitutional impurities that result in atomic-scale crystalline disorder
are an intrinsic part of phyllosilicates. It is expected that impurities and defects can
strongly affect the fundamental properties of any material, including phyllosilicates. Within
this material class, we can identify iron impurities as the main point defect naturally
present in those minerals [60]. As an abundant element in the geological formation
environment of phyllosilicates [55], Fe can be present as a substitutional impurity in
different sites, coordination, and valence states simultaneously. A less expressive amount
of other substitutional impurities, such as Mn, Ti and Cr, has already been reported
in the literature [30, 35, 61]. However, it has been shown that Fe plays a crucial role in
determining the macroscopic properties of phyllosilicates, such as magnetism [3,62], and
bandgap energy reduction [30,35,63].

Iron impurities can be present as substitutional ions in the Fe3+ and Fe2+ oxidation
states in four or six-coordination, the latter being the most common. Four-coordinated Fe
ions can only occur for the Fe3+ oxidation state in those specimens that present a structural
Al3+ substitution at one of the four four-coordinated Si4+ sites, such as micas [64]. The
contribution of Fe2+ ions in phyllosilicates, however, is observed only in octahedral sites [64].
Fe3+ (3d5) ions have a high-spin configuration with an effective electronic spin S = 5/2

and have been extensively investigated for several minerals [65,66]. Six-coordinated Fe3+

ions are expected to occupy distorted octahedral sites by a strong rhombic crystalline
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field [30, 35, 65, 66]. Six-coordinated Fe ions can occur for both Fe3+ and Fe2+ ions in
an octahedral environment formed by four O and two OH ions. There are two possible
configurations for the six-coordination Fe in phyllosilicates. In the cis-configuration, the two
OH ions are adjacent, while in the trans-configuration the OH ions are on opposite vertices
of the octahedron, divided by a plane formed by the four O atoms. The most probable
sites for incorporation of iron as substitutional impurity in trioctahedral phyllosilicates are
illustrated in Fig. 3. The nomenclature adopted in the literature for the octahedral sites is
the letter M to indicate the six-coordination followed by the number 1, to indicate that it
refers to a trioctahedral layer, or 2, to indicate that it refers to a dioctahedral layer in
phyllosilicates. Next, the letters A and B indicate the less and more abundant sites with
trans and cis-configuration, respectively.

trans-configuration

tetragonal
distortions

rhombic
distortion

M1(A)

M1(B)

trigonal
distortion

cis-configuration

O

Mg2+,Al3+      Fe3+

Mg2+      Fe2+

OH

1 - trioctahedral layer

tetrahedral layer

Si4+

Al3+

a

b

      Fe3+

Figure 3 – Iron as the main substitutional impurity in phyllosilicate minerals. (a) The
trioctahedral layers have two non-equivalent sites, M1(A) and M1(B), with an abundance
of 1:2. Fe3+ ions are expected to occupy mainly M1(A) sites with tetragonal distortion,
while Fe2+ ions are expected to occupy M1(B) sites with rhombic distortion produced
by the strong crystalline field. However, mixed contributions can arise, for example from
charge transfer processes between iron ions. (b) Phyllosilicates with AlSi substitutions can
also preferentially incorporate Fe3+ ions into the AlSi site in the tetrahedral layer.

In T-Oc-T trioctahedral phyllosilicates, the Oc layer has three possible sites, two of
which are equivalent. The non-equivalent sites are called M1(A) and M1(B). The M1(B)
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site is the most abundant, in a 2:1 ratio with the M1(A) site. Furthermore, the M1(A) site
is smaller than the M1(B) sites, exhibiting M1(A)-O atomic distances about 10% smaller
than the M1(B)-O distances. Thus, ions with smaller ionic radius tend to occupy the
M1(A) sites. This is the case of the structural occurrence of Al3+ in the Oc layer in some
trioctahedral phyllosilicate specimens, such as chlorites, in which one of the three Mg2+

ions is replaced by one Al3+ in the M1(A) site [67, 68]. In trioctahedral phyllosilicates,
the Oc layer is formed by a bivalent ion, such as Mg2+ ions, favoring the incorporation
of Fe2+ impurities to maintain the charge balance of the structure. However, a mixed
contribution of six-coordinated Fe3+ and Fe2+ impurities is possible in phyllosilicates due
to the different arrangements of each octahedral site. In this sense, Fe2+ substitutional
impurities are expected to occupy mostly M1(B) sites, while Fe3+ impurities occupy M1(A)
sites. Mössbauer spectroscopy and optical absorption experiments [67,68] report the mutual
presence of bi and trivalent six-coordinated Fe ions in trioctahedral phyllosilicates, resulting
in a much greater incorporation of bivalent than trivalent iron ions due to the abundance
of each site.

The magnetism that arises in phyllosilicates due to Fe impurities is highly de-
pendent on the Fe concentration and the Fe3+/Fe2+ ratio [3, 62]. The Oc layer is the
main functional unit for magnetic ordering in naturally occurring Fe-rich phyllosilicates,
such as minnesotaite, annite and biotite, which persists in the FL form [62]. Typically,
phyllosilicates are paramagnetic at room temperature (see Fig. 4a) and can exhibit ferro or
antiferromagnetic character below 40 K depending on the Fe2+ content [62, 69]. Reducing
the total Fe content or increasing the Fe3+/Fe2+ ratio results in a stronger disorder that
eventually destroys the magnetic ordering. It has already been reported in the literature
that the critical temperature of phyllosilicates increases with increasing Fe2+ fraction, but
a small amount of Fe3+ ions can also contribute to increasing ferromagnetic interactions
in phyllosilicates when it is surrounded by Fe2+ ions due to exchange interactions. This
trend establishes a possible route to tune the critical temperature of phyllosilicates and
increase it significantly for magnetic applications.

Regarding investigations in the FL form of phyllosilicates, most of the literature is
concentrated on muscovite mica and talc, barely exploring other minerals of this family, such
as chlorites and trioctahedral micas [22]. Talc, with the chemical formula Mg3Si4O10(OH)2,
is formed by intercalating Oc layers of bivalent Mg central ion with T layers of Si as central
atom, with O and/or OH at the vertices. With exfoliation down to a ML already reported
in literature [53], talc has a direct bandgap energy of 5.2 eV and a higher dielectric constant
than other materials such as hBN [53, 70]. Being the main representative specimen of
phyllosilicates in 2D applications, talc has been used as a substrate and encapsulating
material in the manufacture of nanodevices based on graphene [32,71]. Muscovite, with the
chemical formula KAl2(AlSi3)O10(OH)2, is formed by intercalating Oc layers of a central
trivalent Al ion with T layers of Si as the central atom in which 25% of Al-substitutions
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occur, with O and OH at the vertices. The replacement of Si4+ by Al3+ ions in the T layers
results in a negative charge imbalance in the mineral structure that is compensated by the
formation of a cationic interlayer of K+. With exfoliation down to a ML also reported in
the literature [31,72], muscovite has a direct bandgap energy of 5.1 eV in its bulk form
and a higher Young’s modulus in its ML form compared to its bulk form [73]. Mica is
widely used in 2D applications as an insulator in the manufacture of nanodevices based
on graphene [31] and can be useful for designing memory devices [4] as shown in Fig. 4b.

a

b

MFM

mica hBN

Figure 4 – Application of phyllosilicate minerals exploring their magnetic and insulating
properties. (a) Room temperature paramagnetism of phyllosilicate minerals arises from
Fe impurities and was probed for natural talc using magnetic force microscopy under
application of external magnetic field [3]. (b) A strong hysteresis was found in a double-gated
mica-graphene-hBN van der Waals heterostructure when mica was used as substrate/gate
dielectric, which may be useful for designing memory devices [4].

It is important to keep in mind that phyllosilicates are hydrated minerals when
applying them in 2D technologies. In particular for muscovite, its hydrophilic nature in
combination with the hydrophobicity of graphene opened the possibility to study the
electronic properties of water confined at the mica/graphene interface as shown in Fig.
5a [5, 74, 75]. However, few investigations have been carried out so far to understand
how the hydration of phyllosilicates changes the overall properties of this 2D system
and the mineral interactions with other LMs. Recently, a theoretical-experimental work
investigating atomic-scale local hydration structures in clinochlore surface (from chlorite
group) shows different ion adsorption behaviors on oppositely charged surfaces as shown in



32

Fig. 5b [6]. Regarding the water film formation on the surface of a cleaved mineral, another
theoretical-experimental work shows that water films grow anisotropically driven by defects
that capture water vapor at higher relative humidity (RH) environments (RH > 30%) [76].
The literature also reports the construction of ice-like water layers at mica surface by AFM
at room temperature [77] as depicted in Fig. 5c. Atomic substitutions in phyllosilicates also
determine the arrangement of interlayer cations of pillared phyllosilicates such as micas [78].
In micas, the interlamellar water is expected to intercalate the cation interlayer and mediate
the ionic diffusion in the highly confined space between the T-Oc-T stacking [79,80].

graphene

mica

topography
AFM 

surface potential
KPFM

a

H20

AFM AFM

b c

Figure 5 – Investigations on water adsorption on the surface of phyllosilicate minerals.
(a) Molecular films of water in the interfacial region of graphene/mica heterostructures
can change the electronic properties of the system. Using Raman spectroscopy to monitor
variations in the graphene G band, it was observed that mica substrates induce strong p-type
doping in graphene, while water films can effectively block this interfacial charge transfer [5].
(b) Ultra-low noise frequency-modulation atomic force microscopy was used to visualize
the atomic-scale three-dimensional hydration structures on the surface of clinochlore in
accordance with molecular dynamics simulations [6]. (c) Experimental construction of
epitaxial ice-like water layer on mica hydrophilic surface at room temperature by using
environment-controlled atomic force microscopy and the subsequent vaporization of the
film by heating the substrate.
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The present thesis, in particular, will focus on the characterization of two barely
explored phyllosilicate minerals: clinochlore, from chlorite group, and phlogopite, from mica
group. Both minerals were extracted from Minas Gerais/Brazil and sent to us as courtesy
of Professor Marco A. Fonsenca from the Federal University of Ouro Preto (UFOP). The
interest in studying the chlorite group lies in the complexity of its structure with several
atomic alterations compared to talc, while phlogopite presents an atomic structure more
similar to talc, but pillared by ions. The specifics of the crystalline structure of both
minerals will be described in the subsections that follow.

2.1 Clinochlore

Si

Al
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b
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H

Mg

c

b
a

1 mm

Figure 6 – The lamellar structure of
clinochlore. (a) Photo of the clinochlore sam-
ple in its bulk form as extracted from nature.
(b) Clinochlore lamellar structure composed
of Si tetrahedral layers (pink spheres) with
25% of AlSi substitution stacked along the c
axis that are intercalated by Mg-octahedral
layers (green spheres) and mixed octahedral
layers of Mg and Al (red spheres). At the
vertices, O and OH are represented by large
and small yellow spheres, respectively. The
gray lines delineate the clinochlore unit cell.

Clinochlore (Fig. 6a), with the
chemical formula Mg5Al(AlSi3)O10(OH)8,
emerges as one of the most naturally
abundant phyllosilicates within the chlo-
rite group. This mineral presents a large
bandgap energy (over 3.6 eV [35]) and the
most complex structure of the 2:1 phyllosil-
icates. The lamellar structure of clinochlore
shown in Fig. 6b consists in a T silicon ox-
ide layer, in which an Al atom occupies one
of the four Si sites, intercalated with two
types of Oc layers [81]. One of the two Oc
layers consists of Mg2+ ions as central atoms
and the other layer (brucite-like layer) is
formed by both Al3+ and Mg2+ ions as cen-
tral atoms of the octahedron with O and
OH groups at the vertices. The charge bal-
ance of the structure is preserved by the
presence of some trivalent cation impurities
such as Cr and Fe [22] in octahedral sites.
Such geometrical disposal provides the ex-
cess of positive charge needed to balance
the negative charge due to Al substitution
at Si sites and unshared O atoms in the
formation of the T layer.

Different types of chlorite stacking
occur in nature. The most abundant chlo-
rite stacking is monoclinic with two distinct
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Oc layes, and the other one is a triclinic T-Oc-T stacking with only one Oc layer [67].
Clinochlore is typically a monoclinic system, but its symmetry reduction from monoclinic
to triclinic may occur by shifts between the layers along the stacking axis c [68]. The poly-
morphism of the group may result in geological specimens with combined characteristics
of monoclinic and triclinic systems [68].

Iron is one of the most commonly identified impurity in the structure of phyllosili-
cates, as mentioned in section 2. In clinochlore, it was observed that Fe impurities occupy
only octahedral sites [67,68]. In the brucite-like layer of clinochlore, there are three possible
octahedral sites for occupation. Two of these sites are equivalent, such that the non-
equivalent sites are called M1(A) and M1(B) with 1:2 abundance. The same distribution
of sites occurs in the mixed Oc layer of clinochlore, which in its pristine form has a central
Al3+ ion in the M1(A) octahedron and central Mg2+ ions in the M1(B) octahedrons with
O and OH at the vertices in a trans and cis-configuration, respectively [67,68]. Mössbauer
spectroscopy experiments and optical absorption [67, 68] report the presence of bi and
trivalent iron impurities in clinochlore, such that Fe2+ ions are considered the impurities
occupying B-type sites and Fe3+ ions are the occupants of A-type sites, resulting in a
higher incorporation of bivalent iron ions than the trivalent ones due to the abundance of
the B-type site.

In addition to characterization studies, there are also several studies that techno-
logically explore the optical, mechanical and electrical properties of clinochlore, mostly in
its bulk form [81–83]. Its application has already been considered in several fields, such as
prebiotic synthesis and polymerization of biomolecules [84], catalyst in chemical recycling
of plastic waste [85] and decontamination of water resources [86]. However, its potential
application in the fabrication of optoelectronic nanodevices still lacks investigation.

2.2 Phlogopite

Phlogopite is a mineral from the trioctahedral mica group with a lamellar structure
formed by a C2/m monoclinic T-Oc-T stacking [56]. Two Si T layers with 25% of AlSi

substitution are intercalated by one trioctahedral layer of Mg2+ ions along the c axis in
its pristine form [87]. The Si T layers are weakly bound together by the presence of K+

cations between them. The K+ cations are responsible to maintain the structure electrically
neutral with respect to the negatively charged T layer due to AlSi substitutions. The
lamellar structure of phlogopite mica (Fig. 7) is a direct alteration of talc, such that its
chemical formula is given by KMg3(AlSi3)O 10(OH)2. Phlogopite is thermally stable and
mainly used as an insulating material due to its high dielectric constant about 5-7, being
also stable under gamma irradiation [88,89].
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Figure 7 – The lamellar structure of phlo-
gopite. (a) Photo of the phlogopite sample in
its bulk form as extracted from nature. (b)
Phlogopite lamellar structure composed of Si
tetrahedral layers (pink spheres) with 25%

of AlSi substitution stacked along the c axis
that are intercalated by Mg-octahedral layers
(green spheres). At the vertices, O and OH are
represented by the red spheres, respectively.
The gray lines delineate the phlogopite unit
cell.

Although several characterizations
of micas have already been reported, lit-
tle is discussed about the structural differ-
ences between dioctahedral micas, such as
muscovite, and trioctahedral micas, such as
phlogopite [90]. Phlogopite is a mica that
allows less relaxation of lattice parameters
compared to dioctahedral micas. This is due
to its more compact crystalline structure
with three octahedral sites instead of two,
which favors less rotation of silicon tetrahe-
drons. The rotation of the tetrahedrons can
also occur due to the breakage of the K+

interlayer during exfoliation. Distortions in
the mica lattice occur to compensate for
the absence of K+ cations that were respon-
sible for providing the charge balance of
the structure. Moreover, phlogopite micas
are less susceptible to the breakage of this
cationic layer [90].

As in clinochlore and other phyl-
losilicates, the incorporation of iron in the
phlogopite crystal lattice is quite common.
Starting from a pristine structure of phlo-
gopite and allowing the successive isovalent
incorporation of substitutional iron ions in
the Mg2+ octahedral sites, the theoretical
value calculated by hybrid functionals of
its bandgap energy reduces from 7.86 eV to

3.50 eV [91]. Phlogopite has its effective value of bandgap energy reduced due to orbital
hybridization. The interaction of O with Mg atoms is covalent in nature, but quite weak,
while a very strong covalent bond is established between O and Fe atoms, favoring a strong
hybridization of the 2p orbitals of O and 3d orbitals of Fe for the FeMg substitutions.
Furthermore, these substitutions lead to a slight expansion of the unit cell volume [91].
The incorporation of Fe3+ into phlogopite is observed to occur at four orthorhombic
sites [92]. Three of the possible sites are octahedral, one M1(A) site and two M1(B) sites,
characterized by four O and two OH ions in trans and cis-configurations, just like in
clinochlore. However, in phlogopite an additional minor incorporation of Fe3+ is also
observed in AlSi tetrahedral sites [64]. The contribution of Fe2+ in phlogopite is observed
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only in the octahedral sites [64].

Although the mica group has been extensively explored regarding its properties in
FL form for several technologically interesting applications, most of the studies have been
conducted only on muscovite dioctahedral micas, barely exploring other mica specimens,
such as phlogopite. Its basic properties in FL form and its application in vdWHs together
with other LMs lack of investigation [22].
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3 Methods

The methodology of this work can be divided firstly into the characterization of
the samples, whose results are presented in the section 4, and later in the investigation of
nanoconfined water, whose results are presented in the section 5.

3.1 Methods for sample characterization

For the characterization of the samples, several experimental techniques were used
with dedicated sample preparations. For the structural and morphological characterization,
X-ray diffraction (XRD), energy and wavelength dispersion spectroscopy (EDS and WDS)
were performed in bulk samples, along with optical microscopy (OM) and atomic force
microscopy (AFM) for morphological characterization of the samples in their exfoliated
form. The XRD experiments were acquired by Alexandre Moreira at LabCri - UFMG
in a commercial Panalytical-Empyrean diffractometer using a Cu-Kα radiation source (λ
= 1.5418 Å) in the Bragg–Brentano geometry (θ : 2θ). For acquiring the diffractogram,
powders of clinochlore and phlogopite were prepared by milling part of the large crystals
using a mortar. The qualitative elementary analysis by EDS were carried out in a Hitachi
TM4000 Plus scanning electron microscope (SEM) previously calibrated with a copper
standard sample at LCPNano - UFMG. Prior to analysis, the surfaces of the large crystals
were mechanically exfoliated by the scotch-tape method. For the quantitative WDS analysis,
the samples were prepared on resin support, polished and metalized with carbon at the
Microscopy Center of UFMG. The data was acquired remotely with the technical support
of Márcio Flores at different points in the samples using a previously calibrated JEOL 8900
electron microprobe. For the morphological characterization of the samples in their FL
form, OM and AFM images of selected clinochlore and phlogopite flakes exfoliated onto
(300 nm) SiO2/Si substrates were acquired by Alisson Cadore at Mackgraphe - Mackenzie.

For the point defects and impurities characterization, electron paramagnetic
resonance (EPR) measurements, Mössbauer spectroscopy and optical absorption in
ultraviolet/visible/near-infrared (UV/Vis/NIR) spectral region were performed in bulk
samples. X-ray fluorescence (XRF) and X-ray absorption near edge structure (XANES)
measurements using synchrotron radiation were performed in clinochlore and phlogopite
in their FL form. For the EPR measurements, a custom build commercial Magnettech
MiniScope MS 400 X-band spectrometer coupled to water-cooled electromagnets capable of
producing magnetic fields up to 800 mT was used. The EPR angular dependence at room
temperature of a bulk clinochlore sample coupled to a goniometer was performed with
c axis perpendicular to the rotating axis, in which the c axis was parallel to the applied
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magnetic field for a specific orientation. The parameters used to acquire the spectra were
9.441(1) GHz for clinochlore and 9.440(1) for phlogopite, with approximately 30 mW of
microwave power, 100 kHz and 0.5 mT of field modulation. The EPR signals are labeled by
their effective g-factors defined by the resonance condition hν = gβB, where h is Planck’s
constant, ν is the microwave frequency, β is the Bohr magneton and B is the modulus of
the applied magnetic field. The Mössbauer spectra of clinochlore and phlogopite powders
prepared by milling in a mortar from the large crystals were measured by Roberto Paniago
at UFMG in constant acceleration mode (triangular velocity) and using a 57Co source
in an Rh matrix at room temperature. The spectra were adjusted using the software
Normos [93]. The optical absorption spectra were obtained in transmission and reflectance
mode on a Shimadzu 3600 Plus UV/Vis/NIR spectrometer for bulk samples fixed to the
sample holder by Alisson Cadore at Mackgraphe - Mackenzie. XRF fluorescence maps were
acquired using a synchrotron beam size of 500 x 200 nm2 in panoramic areas of 500 x 500
µm2 with 5 µm/pixel for clinochlore under 9750 eV of excitation energy. For phlogopite,
the XRF maps were acquired in areas of 250 x 250 µm2 and 5 x 5 µm2 with 5 µm/pixel
and 50 nm/pixel, respectively, under 7200 eV of excitation energy. The hyperspectral
maps were produced by normalization by the strongest signal pixel through Python codes
for each impurity found in the samples. X-ray absorption near edge structure (XANES)
measurements were performed around the Fe K-edge energy in fluorescence mode and room
temperature also with nanometric beam size (down to 500 nm x 200 nm). For qualitative
comparison, standard references in which Fe can be found in different oxidizing states
were also measured (metallic Fe – Fe0, wüstite FeO – Fe2+, hematite Fe2O3 – Fe3+ and
magnetite Fe3O4 – mixed Fe2+,3+). The XRF and XANES measurements were performed
at CARNAUBA beamline in SIRIUS - LNLS/CNPEM with the technical and scientific
support of Verônica C. Teixeira.

For the vibrational characterization, we performed Raman spectroscopy from bulk
to FL samples and synchrotron infrared nanospectroscopy (SINS) in FL samples. All FL
samples were prepared at the Laboratory of Microscopic Samples (LAM) in SIRIUS -
LNLS/CNPEM using the standard scotch tape exfoliation method to release and transfer
FL clinochlore and phlogopite flakes atop of (300 nm) SiO2/Si and (100 nm) Au/Si
substrates. The produced flakes were also pre-characterized by OM using a Nikon Eclipse
LV100ND optical microscope. The Raman spectroscopy was performed using a HORIBA
XploRA PLUS confocal Raman microscope with the technical support of Carolina Torres
at LNNano/CNPEM. The clinochlore samples were excited with a 473 nm laser and the
phlogopite samples with a 638 nm laser. The bulk samples were measured with a x50
magnification objective and the exfoliated ones with a x100 objective. Each spectrum
corresponds to 20 accumulations with 10 s of integration. The SINS technique combines
a scattering scanning near-field optical microscopy (s-SNOM) with an IR synchrotron
radiation source. The SINS experiments were performed remotely at Beamline 2.4 in ALS
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using a commercial s-SNOM instrument (Neaspec GmbH) with the technical support of
Hans Bechtel and Stephanie Corder. All SINS spectra Sn(ω) = |Sn|exp(iϕn), where |Sn|
and ϕn were the SINS amplitude and phase, presented here were demodulated at the 2nd
tip harmonic (n=2). The spectra were normalized by a reference spectrum acquired from
a clean gold surface region of the substrate.

3.2 Methods for analysis of nanoconfined water

The investigation of water nanoconfinement in FL clinochlore and phlogopite, in
particular in clinochlore, was carried out using Kelvin Probe Force Microscopy (KPFM)
and IR s-SNOM techniques. A complementary analysis in bulk clinochlore was performed
using standard Fourier-transform infrared spectroscopy (micro-FTIR).

All FL samples were prepared at LAM in SIRIUS - LNLS/CNPEM using the
standard scotch tape exfoliation method to release and transfer FL flakes of clinochlore
and phlogopite onto (300 nm) SiO2/Si substrates. To study the stability of nanoconfined
water, thermal treatments were also carried out at LAM in an ambient atmosphere using
a Fisatom hot plate capable of reaching 360℃, as well as hydration processes using
micropipettes for immersion of samples in droplets of distilled water and also a 5 mL
beaker.

The KPFM experiments were performed at LNNano/CNPEM with the technical
assistance of Carlos Costa and Cleyton Biffe using a ParkSystems NX-10 microscope
equipped with an optical microscope with x10 magnification in a controlled atmosphere
of N2 that can reach 0.5% of relative humidity. Tips with a metallic coating of Pt-
Ir (Nanosensors PPP-EFM-W, 45-115 kHz and 0.5-9.5 N/m) were used. The KPFM
measurements were performed in tapping mode with 30 nm of free oscillation amplitude
and 60% of setpoint, 5 V of amplitude and 17 kHz of frequency of the modulation electrical
signal. The tip-sample system was grounded through a 1 MΩ resistor using silver ink to the
electrical contacts. In order to perform a mechanical nanomanipulation of the interlamellar
water, AFM scans in contact mode with different applied forces (1µ and 1.5 µN) were
performed.

The IR s-SNOM measurements were performed partially at IMBUIA beamline
at SIRIUS - LNLS/CNPEM and also at Neaspeac with the assistance of Raul Freitas
and Adrian Cernescu using a commercial s-SNOM instrument (Neaspec GmbH). PtIr-
coated AFM tips (typically 275 kHz) with an apex radius of about 25 nm were used
with free oscillation amplitude of about 50-80 nm. The phase contrast nanoimaging was
performed using a quantum cascade laser (QCL) and pseudoheterodyne detection system
with demodulation at the 3rd tip harmonic.

For micro-FTIR measurements, a Nicolet Nexus 470 Fourier-transform spectrometer
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equipped with a Centaurus microscope with x10 magnification was used at UFMG with
the assistance of Roberto Moreira. The clinochlore spectrum were acquired under nitrogen
purge using a non-polarized globar thermal light source of SiC, a KBr:Ge beamsplitter,
a ZnSe sample holder and a MCT detector cooled with liquid N2 by averaging 32 scans
with 4 cm-1 of spectral resolution. For qualitative comparison, the IR absorption spectrum
of liquid water was also acquired. The clinochlore sample was prepared by mechanical
exfoliation with a thickness of 100 µm and a surface area of 3 x 3 mm2.

Since KPFM and IR s-SNOM techniques were the main experimental tools used
to investigate the nanoconfinement of water in this thesis, a detailed description of the
working principle of each technique will be provided in the next subsections.

3.2.1 KPFM working principle

KPFM is an AFM-based technique. For this reason, we will start by discussing
the fundamental aspects of AFM. The AFM-based techniques share the same principle of
imaging a surface by sensing the interaction forces of a sharp nanoprobe that scans the
sample. It is one of the most versatile tools of nanoscience, having a variety of operation
modes with high spatial resolution that allows the observation (and even manipulation) of
matter at the nanoscale.

The simplest potential capable of modeling interactions at the atomic/molecular
level where van der Waals forces predominate is the Lennard-Jones potential: ULJ(z) =

4ϵ[(σ/z)12−(σ/z)6], where ϵ denotes the depth of the attractive well, and σ the interparticle
distance where the potential changes sign [94]. This model accurately describes a pair
potential that balances an attractive dipole-dipole interaction term that is more significant
for large z distances with another repulsive interaction term that prevails at shorter
distances due to overlap of the atomic/molecular electron clouds. Thus, the AFM tip-
sample interaction depending on the distance z between them can be described in a general
way by the Lennard-Jones potential. However, the Lennard-Jones potential is not always
sufficient to describe the tip-sample interaction. Under ambient conditions, for example,
capillary condensation of water occurs in the form of a meniscus between the tip and the
sample surface. In cases like this, when elastic interactions, adhesion and capillary forces
between the tip and the sample must be considered, modifications in the Lennard-Jones
potential are necessary for an adequate description of the system. Nevertheless, ideal
measurement conditions, such as low relative humidity, can be achieved by performing
AFM in a controlled environment in which the Lennard-Jones potential is sufficient to
describe the tip-sample interaction. Based on this potential, three basic modes of operation
for AFM measurements can be defined depending on the interaction regime as depicted
in Fig. 8. In contact mode, the scan is made with the tip in physical contact with the
sample surface and the forces felt are mostly repulsive. The scan in contact mode is done
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statically, following the topography of the sample by keeping the interaction force constant.
In non-contact mode the working distance is on the order of a few nanometers and the
main interactions are attractive van der Waals forces. In this mode, scanning can be done
dynamically with the tip being forced to oscillate freely above the sample in one of its
vibrational modes. The intermittent contact (or tapping) mode is a compromise between
contact and non-contact mode where the scan is dynamically performed but the tip touches
periodically the sample surface. In this mode, there is a balance between spatial resolution
and tip wear.

4�[(�/z)12-(�/z)6] attractive forces

repulsive forces

z

scan

�

-4�(�/z)6

4�(�/z)12

�

contact mode

non-contact mode

tapping mode

U

Figure 8 – AFM operation modes based on the Lennard-Jones potential. The simplest
potential that describe the tip-sample interaction in an AFM measurement is the Lennard-
Jones potential (black curve): ULJ(z) = 4ϵ[(σ/z)12 − (σ/z)6], where ϵ denotes the depth
of the attractive well, and σ the interparticle distance where the potential changes sign.
The red dashed curve is the repulsive term of the potential at which the AFM in contact
mode is performed. The blue dashed curve is the attractive term of the potential at which
AFM in non-contact mode is performed. The gray region corresponds to the interaction
regime typically involved in AFM in tapping mode, which is performed dynamically.

The AFM tip is at the end of a cantilever with spring constant k that deflects
a vertical distance x from its equilibrium position depending on the tip-sample inter-
action forces. This deflection can be described by Hooke’s law: F = −kx [95]. In this
way, the dynamic modes of the AFM, in which the cantilever is set to oscillate freely,
can be adequately modeled by a one-dimensional simple harmonic oscillator [95]. Weak
disturbances to the oscillatory motion will result in a shift of the resonance curve without
changing its shape. Thus, when the tip approaches the sample, there is a perturbation in
the system that results in a shift ∆ω of the resonant frequency ω =

√
k/m proportional
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to the interaction, where m is the cantilever effective mass. The topographic profile of a
sample surface by AFM in intermittent contact mode is obtained by correcting the vertical
position of the tip to maintain the cantilever oscillation amplitude constant, minimizing
further displacements of the resonant frequency according to the tip-sample interaction
during the scan.

However, the acquisition of topography images by AFM in conventional modes
of operation is susceptible to electrostatically induced artifacts [95]. Electrostatic forces
generated by contact potential differences, localized charges, or externally applied potentials
can contribute to the overall perceived tip-sample interaction in addition to the typical
van der Waals forces. This results in artifacts in the acquired data that lead to false
topography information. One way to minimize the electrostatically induced topographical
errors is through the simultaneous acquisition of the surface potential and topography of
the sample in a single scan, such that the electrostatic interactions between the tip and the
sample are always minimized during the scanning by the application of a correction electric
potential [95,96]. This technique is known as single-scan Kelvin Probe Force Microscopy,
abbreviated here as KPFM.

The surface potential of a conducting crystal corresponds to the work function ∆Φ

of the material. The work function of a material is associated with the energy difference
between a free electron in vacuum and the most weakly bound electron in the solid [95].
When two conducting materials with different work functions (for example, a metal-coated
tip and a gold film) are placed in contact, there is a diffusion of charges from the material
with a lower work function to the material with a higher work function until the Fermi
levels of the materials align. When the system reaches equilibrium, the material with the
lower work function will present a relative more positive potential and the material with
the higher work function will present a relative more negative potential [95]. Thus, there is
a contact potential difference (CPD) between the tip and the sample that is proportional
to the difference in work function between the materials. In a KPFM measurement, the
electrostatic interactions are always minimized by applying a continuous electric potential
of correction VDC of the same magnitude as the CPD. The magnitude of the potential that
needs to be applied to correct the CPD corresponds to the surface potential of the sample
relative to the tip. Thus, the KPFM surface potential contrast is not absolutely quantitative
but a relative measurement, unless the work function of the tip is well calibrated. In
general, the tip and sample need to share the same ground in a KPFM measurement,
being in electrical contact. It is also ideal for the tip to have a metallic coating to increase
sensitivity to electrostatic forces.

If the sample is a wide bandgap insulator, which is the case for phyllosilicate
minerals, the best description of a KPFM measurement however is to consider a capacitor.
The tip and the back-electrode (the grounded substrate) are the plates of the capacitor in
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which the sample is the dielectric, described by its dielectric constant [97,98]. When two
plates of a capacitor composed of different materials are electrically wired, charge diffusion
occurs so that opposite charges accumulate on the capacitor plates. This accumulation
of charges will result in a CPD analogous to the one described above. We can assume
that the geometry of the capacitor plates (the tip and back-electrode) does not change
along the sample. Thus, the surface potential probed by the KPFM measurement, which
corresponds to the CPD, will depend only on the variations in the capacitance of the
system, which in turn correspond to local differences in dielectric permittivity along the
sample.

To access the dielectric information of the sample, we can probe the capacitive
response of the system by applying a bias potential VDC between the tip and the sample
that is electrically modulated by an additional sinusoidal signal VAC of frequency ω′,
analogously to AFM dynamic modes [95]. This sinusoidal electrical modulation allows the
system to be also modeled as a one-dimensional simple harmonic oscillator. Thus, a change
in the modulation frequency will be associated with local electrical perturbations induced
by differences in the dielectric permittivity of the sample. To minimize this perturbation,
we apply the continuous bias potential VDC that cancels the local CPD, from which we
can extract the relative surface potential of the sample [95]. The electric potential energy
Uel stored in the tip/sample/back-electrode capacitor under a potential difference V is [95]

Uel =
1

2
CV 2, (3.1)

so that the electric force F⃗el per unit charge e between the capacitor plates is given by

F⃗el = −∇Uel. (3.2)

However, a single-scan KPFM is a double-modulation technique in which the
cantilever deflection is monitored. This deflection is proportional to the total force probed
by the tip, which carries both topographic and electrical information through mechanical
and electrical modulations, respectively. Since the tip is touching the sample surface
sinusoidally through a mechanical modulation near its resonant frequency in tapping mode,
the local capacitance C of the system will be dependent on the tip-sample distance z. We
can restrict the analysis to the vertical direction only, so that

−dUel

dz
= −1

2

dC

dz
V 2. (3.3)

Regarding the electrical modulation, the potential difference V across the capacitor
corresponds to the superposition of the continuous bias electrical potential VDC with
the sinusoidal modulation VAC sin (ω′t), discounting the CPD [95]. Thus, we have V =

[VDC + VAC sin (ω′t)]− CPD. Inserting this expression in Eq. 3.3, we will obtain that [95]

Fel = Fdc + Fω′ + F2ω′ , (3.4)
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where

Fdc = −1

2

dC

dz

[
(VDC −∆Φ)2 +

1

2
VAC

2

]
(3.5)

Fω′ = −dC

dz
(VDC −∆Φ)VAC sin (ω′t) (3.6)

F2ω′ =
1

4

dC

dz
VAC

2 cos (2ω′t), (3.7)

where Fdc is the continuous component of the electric force, Fω′ the first harmonic compo-
nent and F2ω′ the second harmonic component.

The first harmonic component Fω′ of the electrical force is the component of
interest in KPFM measurements. By simultaneously minimizing ∆ω and ∆ω′, both the
topography and surface potential images can be obtained in a single-scan KPFM. This
condition is reached when the applied bias potential nullifies the CPD, so VDC = CPD.
By demodulating the cantilever deflection signal at frequency ω′, we can access the first
harmonic component of the electrical force. Once this is done, we can monitor the condition
when VDC = CPD to image the surface potential of the sample. In some experimental
setups, the continuous and second harmonic components can be used as an extra correction
feedback to increase the KPFM sensitivity [95].

The instrumentation required to perform a single-scan KPFM measurement is
depicted in Fig. 9. The measurement is performed in tapping mode, so the cantilever is
mechanically excited in a frequency ω in the order of 60-80 kHz by a piezoelectric actuator.
The oscillator A is responsible to generate the reference signal for the piezoelectric actuator
and for lock-in amplifier A, which is responsible for correcting ∆ω. The oscillator B
generates the sinusoidal electrical signal VAC at a typical frequency ω′ = 17 kHz that
will be applied between the tip and the grounded substrate. This electrical sinusoidal
signal will also be used as a reference for lock-in amplifier B, which is responsible for
correcting ∆ω′. Lock-in amplifier corrections are made by comparing the reference signals
with the cantilever deflection signal monitored by a photodetector. A laser is directed
at the back of the cantilever and its motion-dependent reflection is directed to the
photodetector. Thus, the signal resulting from the tip deflection, which is proportional to
the tip-sample interaction, is mechanically and electrically modulated. This signal passes
through frequency filters to separate the mechanical and electrical components before
entering the lock-in amplifiers. In a homodyne detection, the output signal of the lock-in
amplifier corresponds to a second harmonic component that is filtered and a continuous
component. This continuous component is proportional to the phase difference between the
reference signal and the input signal, carrying information about the tip-sample interaction.
The output signals of the lock-in amplifier A and B are used in the feedback control loops
to correct both the tip-to-sample distance z and the applied electrical bias potential VDC

in order to minimize the tip-sample interaction. Therefore, it is the correction signals
produced by the lock-in amplifiers that will result in the topography and surface potential
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images of the analyzed area during a single-scan KPFM. It is worth mentioning that
the spatial resolution and potential sensitivity of KPFM measurements can be improved
using sideband demodulations [99]. In the frequency spectrum of the cantilever deflection,
sidebands appear at ω ± ω′ caused by the oscillating force gradient with the application
of VAC . In this configuration, a heterodyne detection is implemented and the benefit is
related to the fact that the electrostatic force gradient is mainly affected by the apex of the
AFM tip, reducing the contribution of the cantilever [99]. Furthermore, it is also important
that the KPFM measurements are carried out in extremely low humidity environments
to avoid electrostatic interactions of ions and molecules adsorbed on the surface of the
material. This guarantees the correct topography and surface potential imaging of the
sample [95].
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Figure 9 – Experimental diagram of the single-scan KPFM technique. The technique
operates in double-modulation configuration in which the cantilever is mechanically and
electrically modulated by the oscillators A and B, respectively. A photodetector monitors
the cantilever deflection, which is filtered and demodulated by two lock-in amplifiers.
The lock-in amplifiers A and B are responsible to minimize the mechanical and electrical
frequency shift according to the tip-sample interaction, respectively, in a feedback control
loop. Thus, the single-scan KPFM allows to image the topography and surface potential
of a sample simultaneously.
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3.2.2 s-SNOM working principle

The work entitled “Review on infrared nanospectroscopy of natural 2D phyllosilicates”
[1] was produced as a direct contribution of this thesis. It provides an overview of the use
of IR s-SNOM and SINS in the study of nano-optics and local chemistry of phyllosilicates
in their FL form. In this section, we will focus on presenting the working principle of the IR
s-SNOM that allowed us to confirm the presence of water in clinochlore at the nanoscale
through chemical contrast nanoimaging. Like KPFM, IR s-SNOM is also an AFM-based
technique but combines FTIR to perform imaging and spectroscopy. The general aspects
of the AFM technique were described in the previous section. Thus, the description of
the IR s-SNOM technique will begin with the presentation of general aspects of standard
micro-FTIR spectroscopy.

The IR spectroscopy is a well-established technique that allows non-destructive
chemical identification of a variety of samples [100]. This is possible because the technique
accesses vibrational transitions of molecules and materials through electrical dipole in-
teractions with light, which normally requires photons with energies in the IR spectral
range [100]. When light hits a material, it can be transmitted, absorbed or scattered and
reflected. Regarding light-matter interaction at macroscale, a material can be described by
its complex refractive index N that depends of the radiation wavelength λ. The complex
refractive index is defined as N(λ) = n(λ)+iκ(λ), where n and κ are the real and imaginary
part of the index that are related to light scattering and absorption, respectively [100].
N , n and κ are quantities that can be extracted from the complex dielectric permittivity
function of the material ϵ(λ) = N(λ)2. The real part of dielectric permittivity function
Re[ϵ] = n2 − κ2 is related to the reflectivity of the material, and the imaginary part
Im[ϵ] = 2nκ is related to its absorption properties [100].

symmetrical
stretching

asymmetrical
stretching

bending 

Figure 10 – Illustration of molecular vibrational modes. For a non-linear molecule
composed of N = 3 atoms (red-type and gray-type) like water H2O, there are 3N − 6
vibrational modes: bending, symmetrical, and asymmetrical stretching.

The absorption of IR radiation by the material can be understood at the molecular
level by considering a sample as a collection of point masses (atoms) held together by
weightless springs (bonds). This spring–mass system has its vibrational normal modes
that correspond to different discrete energy levels. An IR photon will be absorbed by the
material if its energy matches the energy difference of two vibrational energy levels of
the spring–mass system that describes the material. A vibrational mode will be active
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in IR only if the dipole moment of the material, modulated by this specific vibrational
mode, changes with the oscillation (at the same frequency) of a non-orthogonal electric
vector of IR radiation [100]. An illustration of molecular vibrational normal modes such as
bending and stretching can be seen in Fig. 10. In this sense, the IR absorption frequencies
of materials and molecules are their fingerprints for chemical identification.

The IR absorption of a material can be obtained simply by passing an IR radiation
beam through it and comparing the intensity of the radiation before and just after
the sample. However, many vibrational modes can be active in the IR spectral region,
including contributions from the ambient atmosphere. This makes the analysis of IR
absorption spectra quite complex in practice. Thus, it is interesting to use a more robust
instrumentation in order to properly obtain the absorption spectrum of the sample under
analysis. The most commonly used technique to obtain IR absorption spectra of materials
in the far-field regime is micro-FTIR.
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Figure 11 – Fourier transform method and detection modes. (a) An interferogram
pattern is generated when light of frequency ωr interferes with light of frequency ωb,
in which an intensity maximum is perceived when both components are in phase and
constructively interfere. The Fourier transform of this interferogram therefore gives two
discrete components in the frequency/momentum space that correspond to ωr and ωb. (b)
The most common FTIR detection modes are based on a Michelson interferometer. In
self-homodyne mode, light from an IR source interacts with the sample and interferes with
itself in the detector. In homodyne mode, this light is divided into two components and
interferometry is performed between a component that passes through the sample and the
other that does not. In heterodyne mode, the reference arm is frequency modulated, gaining
a ∆ω shift. Finally, in pseudo-heterodyne mode, this modulation is done by introducing a
phase/path difference in the system by the oscillatory movement of a mirror. Adapted
from [7].

In micro-FTIR, the detection is done interferometrically and the spectrum is
obtained via Fourier transform of the interferogram [101]. That is, using a Michelson-like
interferometric scheme, a reference IR beam is split in two by a beamsplitter. Half of



3.2. METHODS FOR ANALYSIS OF NANOCONFINED WATER 48

the beam interacts with the sample, while the other half does not. Both beams interfere
again generating an interferogram that depends on the optical path difference, which
in turn carries information about the absorption properties of the sample [101]. For a
monochromatic IR source, the Fourier transform is trivially a discrete component in
frequency space. On the other hand, broadband continuous IR sources, such as thermal
sources or synchrotrons, produce a very narrow interferogram, whose Fourier transform
results in a wide spectrum due to the convolution of several frequencies [101]. This Fourier
transform concept is depicted in Fig. 11a. To obtain an IR absorption response only
from the sample, the measured spectrum must be normalized to a background reference
spectrum. This reference spectrum is a convolution of system characteristics such as the
radiation profile of the IR source, atmospheric absorption and detector efficiency [101].
In addition, there are different detection modes that can be implemented in order to
perform interferometry, as depicted in Fig. 11b. The difference between them consists
in the type of processing that is applied in the reference arm of the interferometer. The
reference component can therefore be disregarded (self-homodyne), just reflected by a
mirror (homodyne) or modulated either by frequency (heterodyne) or by introducing a
phase shift (pseudo-heterodyne).

However, micro-FTIR is a diffraction-limited technique. This means that we cannot
unambiguously distinguish two point sources separated by a distance smaller than d =

λ/2NA, where λ is the wavelength of the radiation and NA is the numerical aperture of the
optical system that is related to the angles it can receive/emit light. As IR radiation extends
from the red edge of the visible spectrum near 14000 cm−1 wavenumber to the microwave
edge at 10 cm−1, which comprises micrometer wavelengths, the spatial resolution of the
technique is on the order of micrometers. In practice, the micro-FTIR beam size using a
conventional thermal IR source can reach a lower resolution limit of tens of micrometers
and be further reduced to 3-5 µm using a synchrotron radiation source [102]. The use
of synchrotron IR radiation not only improves the spatial resolution of the technique
but also allows the investigation of very low concentrations of chemical species due to
minimal signal loss [103]. However, working with 2D systems, like FL phyllosilicates,
implies dealing with samples of micrometer size and nanometer thickness. Thus, we need
to use advanced nanoprobe techniques to overcome the diffraction limit if we want to
resolve nanometer-sized structures with different IR absorption properties. This can be
done by combining the high spatial resolution of AFM technique with the high chemical
specificity of FTIR when exploring the near-field regime of the light-matter interaction
using IR s-SNOM.

Regarding the AFM aspects of s-SNOM, the measurement is performed in tapping
mode with metal-coated tips similar to those used in KPFM. The tapping mode operation
is very suitable for the s-SNOM technique since the tip oscillation gives rise to a modulation
in the scattered optical signal that will be crucial to separate the near-field contribution
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from the far-field [101]. The metallic coating of the tip is required in order to increase its
plasmonic response when IR radiation is focused on the tip region. This phenomenon is
caused by the concentration of charges near the apex of the tip due to the electrostatic
lightning rod effect. When the IR radiation is focused on the tip, a collective resonant
oscillation of the electrons with the radiation field occurs. This effect is known as localized
surface plasmon resonance and causes a strong localization of the optical fields at the
apex of the tip [104]. This effect is depicted in Fig. 12a by a numerical simulation of the
field enhancement around a metal cone with a sharp apex to represent the tip that is
illuminated with IR light. The tip acts like an antenna that concentrates the illuminating
electric field to a nanoscale spot. The tip-sample interaction under illumination can be
modeled as a coupled dipole using a charge-image approach [104,105]. The electric field
from the incident IR radiation polarizes the tip with an electric dipole moment and we
can assume that it is oriented along the tip-axis. Since the tip localizes the electrical fields
around it, the field strength perceived by the sample decays exponentially with increasing
the tip-sample distance. Thus, only when the tip is very close to the sample it polarizes
the sample creating a mirror dipole that interacts back with the tip dipole. This feedback
polarization represents the near-field interaction between the tip and the sample. Although
the near-field interaction is evanescent, it modifies the light scattered by the tip that
reaches the detector, allowing us to extract the near-field information contained in the
scattered light in a s-SNOM experiment [100,101,105].

The near-field interaction can be described by the complex scattering coefficient
σnf = snfe

iϕnf , where snf is the amplitude and ϕnf is the phase. The scattered field Es

relates with the incident field Ei according to Es = σnfEi [101]. The backscattered light
is collected by a parabolic mirror that is also used to focus the incident light at the tip
region. Then, the scattered light interferes with the reference in an interferometric scheme
similar to those depicted in Fig. 11b. The resulting interferogram can be recorded by an
IR detector such as the liquid nitrogen-cooled mercury cadmium telluride (MCT) detector
commonly also used in conventional micro-FTIR experiments. Typically, a broadband
source and a homodyne interferometric scheme are used to perform nano-FTIR spectroscopy
using s-SNOM technique. However, to perform chemical contrast nanoimaging, the tip is
illuminated at a specific frequency by tunable lasers, such as quantum cascade lasers, and
a pseudo-heterodyne interferometric scheme is used [8], as depicted in Fig. 12c. When the
interferometry is performed in pseudo-heterodyne mode, an extra modulation is added to
the optical signal by the periodic displacement of a mirror [8]. The mirror displacement
introduces a path difference d between the two interferometric arms, such that the intensity
at the detector will change accordingly. Thus, when the two components Ea and Eb of the
incident light (divided by the beamspliter) interfere, the intensity at the detector is then
given by ID(d) ∝ |EDE

∗
D| where ED = Ea+Eb [8,101]. The electric field of each component

of IR radiation with frequency ω after the beamspliter can be generically described by
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Ea = |Ea|eiωt and Eb = |Eb|eiωt+ϕ(d), in which the phase difference ϕ(d) = 4πωd is
introduced by the path difference d [101]. Thus, the intensity at the detector will change
accordingly to ID(d) ∝ |Ea|2 + |Eb|2 + 2|Ea||Eb| cos (4πωd). By a linear movement of the
reference mirror, the signal intensity at the detector will change sinusoidally [8, 101].
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Figure 12 – Near-field interaction and s-SNOM instrumentation for nanoimaging. (a)
The metal-coated tip apex oscillating at frequency Ω (top) is illuminated with IR radiation
(frequency ω = 30 THz; wavelength λ = 10µm) and the modulus of the out-of-plane
electric field component |Ez| (middle) is calculated by finite element methods for the
tip-sample distance h at h = 0 nm (left-side, bottom) and h = 50 nm (right-side, bottom).
For a tip-sample distance of about 50 nm, the near-field interaction disappears. This
highly non-linear character of the near-field interactions, which varies with tip oscillation,
gives rise to a (b) complex frequency spectrum of the detected signal when a (c) pseudo-
heterodyne interferometric scheme is used, in which a modulation of phase is introduced
through the movement of a reference mirror, giving rise to the sidebands that allow the
demodulation of the near-field signal free of the background contribution. Adapted from
neaspec by attocube ©, [8], and [9].

Since IR s-SNOM operates in tapping mode, the tip is vertically vibrating at
frequency Ω above the sample. The tip oscillation produces a strong modulation of the
scattered near-field due to its non-linear character, while the background far-field is only
weakly modulated [101]. Using a pseudo-heterodyne interferometric scheme, the optical
signal is also phase-modulated by the mirror displacement with frequency M using a
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piezoactuator coupled to the mirror. The combined effect of tip-oscillation and phase-
modulation of the reference arm produces a rich frequency structure in the detected
signal [8, 101], with spectral components appearing at frequencies fn,m = nΩ +mM as
shown in Fig. 12b. Using a lock-in amplifier, we can demodulate the signal at sidebands of
higher harmonics of the tip-oscillation to suppress the far-field contribution [8,101,106].
The suppression is based of the fact that higher harmonics are sensitive to faster signal
changes that are only related to near-field interactions due to their highly non-linear
character [105]. The possibility of measuring the amplitude and phase of pure near-field
scattering contrast by lock-in demodulation allows to measure the complex scattering
coefficient σnf . Once the complex scattering coefficient is defined as the ratio of the
scattered to the incident field strength, it depends on the effective polarizability of the
system [105]. Thus, the relative strength of the s-SNOM signal can be directly compared
to the effective polarizability obtained from the dipole model, allowing to extract the
local complex dielectric function ϵ(λ) of the sample by measuring σnf [105]. This allows
obtaining nanoscale resolved optical images of a sample from which we can determine the
local chemical composition with resolution limited only by the tip radius of about 20 nm
using the IR s-SNOM technique.
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4 Sample characterization

The characteristics of natural minerals are directly related to their formation
geological environments. Distinct geological origins can result in structural and chemical
variations that can change the fundamental properties of the materials. Thus, a mandatory
step prior to discussions concerning the physical and chemical properties of natural
crystals is a global characterization of the samples in bulk and FL forms. In the next
sections, structural and morphological characterizations will be presented, as well as a
careful analysis of impurities and vibrational properties of clinochlore and phlogopite
phyllosilicate minerals. The results presented in this section are part of two published
articles produced as a direct contribution of this thesis, one of the works entitled “High
throughput investigation of an emergent and naturally abundant 2D material: Clinochlore”
[35] referring to the characterization of clinochlore and the other entitled “Exploring the
structural and optoelectronic properties of natural insulating phlogopite in van der Waals
heterostructures” [30] on the characterization of phlogopite.

4.1 Structural and morphological characterization

4.1.1 Clinochlore

Initially, it is necessary to correctly determine the crystalline structure with its
possible phases and composition of the samples. Starting with the chlorite specimen,
structural and elementary analysis by XRD, EDS and WDS were carried out to confirm the
arrangement and composition of our clinochlore sample extracted from Minas Gerais/Brazil
geological environment. This is crucial to understand the structural and chemical variations
that can occur in relation to a pristine mineral (crystallographically perfect and without
impurities) due to the fact that the sample is of natural/geological origin. Subsequently,
the clinochlore sample was mechanically exfoliated onto (300 nm) SiO2/Si substrates and
a morphological analysis of clinochlore in its FL form was performed using OM and AFM
techniques.

To confirm the crystalline structure of our clinochlore sample, we performed powder
XRD measurements in a milled clinochlore combined with a phase matching through
refinement using the MAUD package [107] (Fig. 13a). The most simplified combination of
two phyllosilicate minerals that could provide the best fitting to the experimental data with
match of peak intensities and positions was retrieved for a volumetric combination of 91(1)%
clinochlore [108] and 9(1)% vermiculite [109]. The amount of vermiculite alteration may be
due to natural weathering or hydrothermal processes [22]. The parameters retrieved for the
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clinochlore phase are a = 5.3488(6) Å, b = 9.5284(5) Å, c = 14.4241(5) Å, α = 90.93(1)◦,
β = 97.72(1)◦ and γ = 88.09(1)◦, leading to a composition and site occupancy compatible
with the parameters reported on literature [108]. The vermiculite parameters were held
according to the literature [109]. In this sense, our clinochlore sample is strictly a triclinic
structure (P-1 space group), but with high monoclinic correspondence. This suggests
that the lamellar structure of our clinochlore sample is formed by a T-Oc-T stacking
intercalated by brucite-like layers as expected, but with some stacking faults that reduces
the crystal symmetry. The phase matching was performed also considering a 25% of Cr
occupation in the octahedral Al sites.
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Figure 13 – Structural and qualitative elementary analysis of clinochlore. (a) XRD mea-
surements and phase matching for the clinochlore powder show that the experimental data
(black dots) are well fitted with two phases by refinement using the MAUD package (red
line) with 91(1)% contribution of clinochlore and 9(1)% of vermiculite. (b) Representative
EDS spectrum of bulk clinochlore acquired at the red dot in the SEM image.

WDS (wt%)
SiO2 31.4(3)
MgO 31.0(2)
Al2O3 16.8(3)
FeO 6.8(4)
Cr2O3 0.6(1)
H2O/OH 13.4(5)

Table 1 – Quantitative elementary analysis of clinochlore by WDS.

To further study the composition of our crystal, we performed EDS and WDS
analysis. Fig. 13b shows a representative EDS spectrum for clinochlore. An EDS elementary
qualitative analysis, using data from ten distinct points of the bulk clinochlore sample,
confirms the XRD model through identification of the constituent elements (O, Mg, Si
and Al) with the presence of Cr. EDS measurements also reveal a significant existence
of Fe impurities, which are commonly reported to occur in phyllosilicate minerals as
substitutional ions at octahedral sites [110]. Quantitative analysis by WDS is given in
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Table 1, which provides a remaining contribution of about 13 wt% attributed to the presence
of water/hydroxyl ions in the clinochlore mineral. The WDS analysis also confirms that
the content of Fe impurities is very relevant, corresponding to about 7 wt%, while Cr
impurities are present in a less expressive amount in our clinochlore sample.
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Figure 14 – Morphological characterization of mechanically exfoliated clinochlore. (a)
Optical microscopy image of several clinochlore flakes exfoliated on a (300 nm) SiO2/Si
substrate. The different colors of the flakes correspond to different thicknesses. (b) AFM
topography image of a clinochlore flake with approximately 58 nm of thickness and average
roughness (Rrms) calculated in the area delimited by the shaded square. From an isolated
clinochlore flake (left side (c)), an AFM topography image of the highlighted region was
acquired (insert in right side (c) graph) and the corresponding profile along the green line
in the AFM image was taken (right side (c) graph).

After a comprehensive structural-chemical characterization of the bulk material, we
must investigate nanometer-thin 2D clinochlore flakes produced by mechanical exfoliation,
since the material has weak van der Waals forces between layers. For that, a standard
scotch tape technique was carried out to obtain several clinochlore flakes onto (300 nm)
SiO2/Si substrates. The result is depicted in the OM image of Fig. 14a. The apparent
color of the flakes depends on their thickness [111] that varies from a few nanometers
up to hundreds of nanometers. The lateral flake size depends directly on the exfoliation
process (scotch tape repetition) and it may vary from sample to sample. In order to
obtain phyllosilicate flakes with controlled distribution of shape and size, other exfoliation
methods such as liquid phase exfoliation can be applied [112, 113]. We then performed
morphological surface analysis by AFM in a representative clinochlore flake. Similar to
other LMs, for instance hBN [18], clinochlore shows atomically flat surfaces over large
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areas. Fig. 14b shows an AFM topography image of a clinochlore flake with approximately
58 nm of thickness with average roughness Rrms = 0.26 nm obtained by statistical analysis
using Gwyddion software [114]. This result indicates that our sample has a suitable surface
topography for application as a substrate or encapsulating media for other LMs in vdWHs
that are crucial to the fabrication of nanodevices, such as field effect transistors [115–117].

Fig. 14c shows another OM image of an isolated clinochlore flake. A high-resolution
AFM topography image was acquired from the highlighted area in the OM image, from
which the corresponding profile from the substrate to the stair-like clinochlore flake was
extracted. The green line in the high-resolution AFM topography image indicates the
profile extension. We can observe a step height of 6 nm between the substrate and the first
adjacent terrace, corresponding to approximately 4 layers of clinochlore, while the next
step has a height of 3 nm, corresponding to approximately 2 layers. The results clearly
distinguish few nanometer-thick layers within the clinochlore flake, suggesting that an
isolated 1L-clinochlore could be eventually produced and identified by AFM.

4.1.2 Phlogopite

As well as for clinochlore, we start by discussing the structural characterization
of our natural phlogopite crystal also extracted from Minas Gerais/Brazil geological
environment. Fig. 15a plots the powder XRD measurement of a milled phlogopite sample
to confirm its structural and chemical composition. The sharp and intense peaks clearly
show the crystalline nature of the sample. Given the natural/geological origin of the
sample, different phases of phyllosilicates were searched to provide possible fits with the
presence of major and minor phases. The most simplified combination of two phyllosilicate
minerals that could provide the best phase matching to the experimental data using the
MAUD package [107] was retrieved for a volumetric combination of 98(1)% phlogopite [118]
and 2(1)% biotite [119]. The parameters retrieved for the dominant phlogopite phase
are a = 5.338 Å, b = 9.229 Å, c = 10.284 Å, α = 90◦, β = 99.99◦, and γ = 90◦. The
retrieved lattice parameters correspond to a monoclinic structure (C2/m space group)
with composition and occupation consistent with those reported in the literature [120,121].
In phlogopite specimens, the lattice parameters may vary with the increasing contents of
cations with different ionic radius [122].

Next, a qualitative elementary analysis of the chemical composition of the bulk
phlogopite sample was made at ten different points by EDS. We could observe the presence
of the constituent elements of phlogopite (O, K, Mg, Al and Si) and Fe impurities in all
analyzed points. A representative EDS spectrum for one of the analyzed points can be
seen in Fig. 15b. Quantitative analysis was performed by WDS, resulting in a contribution
in weight summarized in Table 2. The predominant impurity in our phlogopite sample is
also iron and we can observe a considerable amount of water/hydroxyl of approximately
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6%, but inferior compared to clinochlore.
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Figure 15 – Structural and qualitative elementary analysis of phlogopite. (a) XRD
measurements and phase matching for the phlogopite powder show that the experimental
data (black dots) are well fitted with two phases by refinement using the MAUD package
(red line) with 98(1)% contribution of phlogopite and 2(1)% of biotite. (b) Representative
EDS spectrum of bulk phlogopite acquired at the red dot in the SEM image.

WDS (wt%)
SiO2 41.9(8)
MgO 24.7(6)
Al2O3 15.6(3)
K2O 6.9(1)
FeO 5.0(1)
H2O/OH 5.9(8)

Table 2 – Quantitative elementary analysis of phlogopite by WDS.

In the following, we use the fact that phlogopite has weak van der Waals forces
between the layers and strong in-plane bonds to apply the mechanical exfoliation technique
for obtaining ultrathin flakes. Fig. 16a shows the OM image of several phlogopite flakes
obtained by direct exfoliation of a bulk sample onto a (300 nm) SiO2/Si substrate. It is
possible to identify flake sizes varying from hundreds of nanometers up to hundreds of
microns. We selected a representative stair-like phlogopite flake (Fig. 16b) to acquire an
AFM topography image (Fig. 16c). Analyzing the phlogopite topography, we identify that,
as for hBN [18], phlogopite shows atomically flat surfaces over large areas, with average
roughness Rrms = 0.26 nm obtained by statistical analysis using Gwyddion software [114].
This result indicates that phlogopite crystals show good surface topography to be embedded
in vdWHs. Furthermore, the large area of nanometer-thick phlogopite flakes makes it
promising candidate for use not only as substrates in nanodevices based in LMs, but also
as insulator barriers in planar tunnel junctions or as dielectrics in field-effect transistors
and nanocapacitors [31,32,71]. We also extracted two height profiles in the phlogopite flake.
The black and green lines in the AFM topography image indicate the profile extensions.
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We can observe a step height of 0.7(3) nm in the profile extracted along the black line that
corresponds to an 1L-phlogopite [31, 123], while the step in the profile extracted along the
green line has a height of 3.2(3) nm, corresponding to approximately 3L-phlogopite.
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Figure 16 – Morphological characterization of mechanically exfoliated phlogopite. (a)
Optical microscopy image of several phlogopite flakes exfoliated on a (300 nm) SiO2/Si
substrate. The different colors of the flakes correspond to different thicknesses. (b) Optical
microscopy image of a selected stair-like phlogopite flake from which we acquired an
(c) AFM topography image of the highlighted region. We analyzed the average surface
roughness of the flake in the region delimited by the dashed square and also plotted two
height profiles extracted along the black and green lines (right side (c)).

4.2 Point defects and impurities characterization

It is expected that impurities and defects can strongly affect the fundamental
properties of any material, including phyllosilicates. As mentioned earlier in the section 2,
iron is an abundant element in the geological formation environment of phyllosilicates [52].
Iron can be present as an inclusion or as a substitutional impurity in different sites,
coordination and valence states simultaneously. Each of these configurations can change
the macroscopic properties of the studied minerals in a different way. A less expressive
amount of other types of substitutional impurities is also expected. Therefore, in this
section we carried out a detailed analysis of the impurities present in our clinochlore and
phlogopite samples. With this, it was possible to understand how impurities play a crucial
role in determining some of the macroscopic properties of these minerals.
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4.2.1 Clinochlore

The impurities present in clinochlore were previously identified by EDS and WDS
elementary analysis. To further analyze these impurities, EPR measurements, Mössbauer
spectroscopy and optical absorption in UV/Vis/NIR were performed, as well as XRF and
XANES measurements using synchrotron radiation.

Fe ions can be present in the clinochlore structure in different oxidation states,
Fe2+ and Fe3+. Fe2+ ions with (3d6) electronic configuration are a non-Kramer ions, being
generally unobservable by EPR [124, 125]. However, Fe3+ (3d5) ions with an effective
electronic spin S = 5/2 has been extensively investigated for several minerals, where Fe3+

ions are commonly present [61,65,66,110]. Fig. 17a shows the EPR angular dependence
obtained at X-band microwave frequency and at room temperature for the bulk clinochlore
sample, for rotation of the sample with the c axis perpendicular to the rotation axis. The
EPR spectra reveal an anisotropic main line with effective g value varying between g ∼ 4

and g ∼ 2. Some unresolved anisotropic lines at lower-field are also observed. For the
angular dependence of EPR spectra with the rotation axis parallel to the c axis (not shown),
only a broad unresolved isotropic signal around g ∼ 4 is observed. The EPR measurements
suggest that the Fe3+ ions are situated in the expected octahedral sites, but distorted by
a strong rhombic crystalline field, commonly reported in the literature and expected for
the low-symmetric clinochlore structure [65,66,110,126]. Previous works also report an
isotropic EPR line at g ∼ 2 for non-structural Fe ions [65, 126], which are not observed in
our spectra, indicating that the Fe3+ ions present in our clinochlore sample are mainly
substitutional ions in distorted octahedral sites. In addition, a broad line at g ∼ 2 expected
due to the Cr3+ contribution [61] is not observed in our EPR spectra, but this signal may
have been suppressed by the high amount of Fe. It is important to note that each possible
EPR transition is dependent of the orientation of the applied magnetic field with respect to
the symmetry axes of the crystalline field [125]. The paramagnetic line broadening of our
EPR measurements may be associated with the superposed contribution of paramagnetic
centers differing so slightly due to the non-aligned stacking of our clinochlore lamellar
structure so that their particular signals cannot be resolved [66]. Another possibility for
the occurrence of line broadening in EPR spectra may be due to the exchange between
the Fe ions.

Fig. 17b shows the EPR spectra at the specific orientations 180◦ and 90◦ of the
angular dependence. Despite the non-sensitivity of the EDS and WDS techniques to identify
the presence of Mn in the sample due to its lower content (< 0.1%), the presence of Mn
in the sample is evident from the EPR spectrum at 90◦ orientation. This identification
is possible due to the fact that the observation of six well-resolved lines with the same
intensity and spacing arise from the hyperfine interaction of the Mn2+ paramagnetic ions
with the 55Mn isotope with nuclear spin I = 5/2 and natural abundance 100%. The
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EPR signal attributed to the existence of Mn impurities in the clinochlore structure is
isotropically present in all orientations of the angular dependence. However, for some
orientations, such as 180◦, the intensity of the EPR signal associated with Fe impurities
dominates the spectrum at approximately g = 2 and we cannot properly observe the
hyperfine lines of Mn, since the intensities of EPR signals are proportional to the content
of paramagnetic centers in the material volume [124].
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Figure 17 – Impurities in clinochlore analyzed by EPR, Mössbauer spectroscopy and
optical absorption in UV/Vis/NIR. (a) The angular dependence of clinochlore EPR
spectra at 9.436(1) GHz with the c axis perpendicular to the rotation axis indicate a
typical dependence of Fe3+ ions in an orthorhombic environment. (b) The EPR spectra at
the specific orientations 180◦ (B ∥ c) and 90◦ from the angular dependence. The presence
of Mn in the sample is evident from the spectrum at the specific orientation 90◦ by the
appearance of six well-defined lines. (c) Mössbauer spectrum of clinochlore fitted with Fe2+

(red line) and Fe3+ (blue line) doublets contributing with 69.5% and 30.5% respectively.
(d) The UV/Vis/NIR absorbance spectrum of a suspended clinochlore flake confirms the
presence of Fe impurities in different oxidation states. The inserted Tauc plot in shows an
experimental estimation of 3.6(1) eV for the clinochlore optical bandgap energy.

Since EPR measurements are unable to detect the presence of Fe2+ ions, Mössbauer
absorption measurements were performed. Table 3 lists the hyperfine fitting results for the
isomer shift, quadrupole splitting, full width at half maximum and absorption areas of the
two doublets. Fig. 17c shows the corresponding fitted Mössbauer spectrum. The major
doublet (red line) is assigned as Fe2+ and the smaller doublet (blue line) to Fe3+. The
Fe2+ doublet exhibits intensity asymmetry of its two lines, which is due to the preferred
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orientation of the microflakes relative to the Mössbauer setup. This result indicates that the
direction of the electric field gradient must be perpendicular to the plane of the microflakes.
From the absorption areas of the two doublets, 69.5% for Fe2+ and 30.5% for Fe3+, we
can conclude that the Fe impurities enter in the clinochlore structure preferentially in the
bivalent state.

Dublet δ (mm/s) ∆ (mm/s) Γ (mm/s) Área (±0.1%)
Fe2+ 1.13 2.65 0.35 69.5
Fe3+ 0.39 0.75 0.70 30.5

Table 3 – Hyperfine Mössbauer parameters adjusted for two Fe doublets, with the
respective values of isometric shift (δ), quadrupole splitting (∆), width (Γ) and area. The
errors of the hyperfine parameters (δ, ∆, Γ) are estimated to be ±0.01 mm/s and ±0.02
mm/s for Fe2+ and Fe3+, respectively.

From the UV/Vis/NIR absorbance spectrum of a suspended clinochlore flake (Fig.
17d), we observe different absorption bands associated with Fe impurities in both Fe2+ and
Fe3+ valence states. The absorption bands observed below 600 nm are related to orbital
electronic transitions of Fe3+ ions, while the two broad bands at around 900 nm and 1100
nm are due to the presence of Fe2+ ions [110]. The absorption band observed at around
700 nm in the middle of the explored spectral range was previously attributed to the
charge transfer between iron ions Fe2+-Fe3+ [110]. Absorption bands associated with Cr3+

ions are expected to be observed around 430 nm and 610 nm [110] and may have been
suppressed by Fe absorption bands, since our WDS quantitative analysis reveal that the Fe
content is much more relevant than the Cr amount. In order to experimentally determine
the optical bandgap energy of the studied clinochlore sample, a Tauc plot (inserted graph
in Fig. 17d) was elaborated from reflectance measurement performed in the same setup
of the absorbance measurements. The bandgap energy was obtained by extrapolation of
the linear behavior (red dashed line) of the Kubelka-Munk function of our experimental
data [127,128]. Considering a direct bandgap for the clinochlore, we obtain an experimental
bandgap energy of 3.6(1) eV.

Due to the high Fe content in the clinochlore sample studied, it was possible to
analyze this impurity by various techniques, such as EPR, Mössbauer and UV/Vis/NIR
absorption. However, little experimental information could be obtained for Mn and Cr
impurities by the complementary techniques already discussed. The quantification obtained
by WDS was capable to point out traces of Cr in the sample, but the allowed absorption
bands in the visible region associated with Cr ions could not be properly identified
most likely due to the domination of the Fe bands in the spectrum in Fig. 17d. EPR
measurements clearly show the Mn spectral signature, confirming the presence of this
impurity in the sample, but no trace of Mn was quantified by WDS analysis, indicating
that the amount of Mn in the clinochlore sample is not expressive. In an attempt to clarify
this discussion, XRF measurements are performed on a 500 µm x 500 µm panoramic
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clinochlore area, resulting in the impurity maps shown in Fig. 18a-c with normalized
intensity for each investigated metal (Fe, Mn and Cr).
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Figure 18 – Impurities in clinochlore analyzed by XRF and XANES using synchrotron
radiation. Fluorescence normalized intensity hyperspectral maps acquired under 9.750 eV
X-ray synchrotron excitation for the transition metal impurities (a) Mn, (b) Cr and (c) Fe
present in the clinochlore flake. (d) Nanometric XANES spectrum recorded at the black
circle delimited region in (c) around Fe K-edge energy in comparison with standard iron
oxides presenting iron in different valency states (solid lines).

We can observe a homogeneous distribution of Mn and Cr impurities over the
investigated area, suggesting that they preferentially incorporate into the clinochlore
structure. On the other hand, the XRF map for Fe impurities reveals an inhomogeneous
distribution over the sample area, indicating that part of the iron content in the sample
forms inclusions. From the extensive analysis of the Fe impurities in our sample by the
techniques previously described, it is known that the Fe ions are predominantly bivalent
by Mössbauer analysis. On the other hand, EPR measurements determine that Fe3+ ions
are present in the sample in distorted octahedral sites and the absence of an isotropic
line at g ∼ 2 excludes the possibility that trivalent Fe ions are present in the sample at
non-structural sites in significant amounts. For these reasons, our results suggest that
Fe inclusions in the clinochlore should preferably be constituted of Fe2+ ions. Exploring
the possibility of iron inclusions formed mainly by bivalent ions, we performed XANES
measurements in a nanometric region enclosed by the black circle in Fig. 18c. The respective
XANES spectrum recorded around the Fe K-edge energy is plotted in Fig. 18d in qualitative
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comparison with standard reference data of iron oxides presenting iron in different valence
states. Comparatively, the experimental data is well described by the XANES spectrum of
the FeO standard over the others, corroborating the idea suggested by our results that the
constitution of the inclusions is dominated by bivalent Fe ions.

4.2.2 Phlogopite

Once the presence of Fe in phlogopite was identified by EDS and WDS elementary
analysis, it is important to evaluate in detail how this impurity is incorporated into the
material. For this, EPR measurements, Mössbauer spectroscopy and optical absorption in
UV/Vis/NIR were performed, as well as XRF and XANES measurements using synchrotron
radiation.

The incorporation of Fe in the phlogopite structure can occur for both Fe2+ and
Fe3+ ions, being frequently present in the phlogopite structure as substitutional ions in
tetrahedral and octahedral sites [129], as discussed in section 2.2. For Fe3+ (3d5) ions
with effective electronic spin S = 5/2, at least four orthorhombic sites have already been
identified by the EPR technique in the literature [92, 129, 130]. The more commonly
reported sites are octahedral. One of the octahedral sites is determined by the Fe ion
surrounded by four O and two OH in trans-configuration, while the other octahedral
site is characterized by the OH in adjacent positions. EPR spectra from the literature
indicate that Fe3+ ions experience a strong orthorhombic crystalline field that is sufficient
to distort the local symmetry of the system ranging from axial to rhombic [129]. The
octahedral site with adjacent OH ions is the most rhombic, resulting in an isotropic line
in the EPR spectra at approximately g = 4.2 for phlogopite samples [92, 129, 130]. The
octahedral site with transverse OH ions presents axial symmetry [129]. Fig. 19a shows the
angular dependence of the EPR spectra for the phlogopite sample at room temperature
performed by rotating the sample with the c axis perpendicular to the axis of rotation.
There are some broad anisotropic lines at lower-field and an approximately isotropic line
at g = 4.2, the latter being characteristic of the most rhombic octahedral site. For the
angular dependence of the EPR spectra with the rotation axis parallel to the c axis (not
shown), only an unresolved isotropic line around g = 4.2 was observed. EPR measurements
are in agreement with previous works [91,92,129,130] and suggest that Fe3+ substitutional
ions are present in octahedral sites distorted by a strong rhombic crystalline field in the
phlogopite sample. However, it was not possible to conclude about the presence or not
of Fe3+ also in tetrahedral sites. The broadening of the low-field anisotropic lines may
be associated with the exchange interaction between the Fe impurities or even with the
slightly different orientations of the paramagnetic centers due to stacking faults, which
slightly alter the local resonance condition and contribute in a superimposed way to the
broadening of lines.
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Figure 19 – Impurities in phlogopite analyzed by EPR, Mössbauer spectroscopy and
optical absorption in UV/Vis/NIR. (a) The angular dependence of the EPR spectra for
the phlogopite sample at 9.440(1) GHz with the c axis perpendicular to the rotation
axis indicates a typical dependence of Fe3+ ions in an orthorhombic environment. (b)
Fitted Mössbauer spectrum of phlogopite (red line) indicating the presence of Fe2+ ions
at octahedral sites (blue line) and Fe3+ at octahedral (solid green line) and tetrahedral
(dashed green line) sites with contributions of 53.7% and 46.3%, respectively. (c) The
UV/Vis/NIR absorbance spectrum for phlogopite confirms the presence of Fe impurities in
different valence states. The Tauc plot (inserted graph) shows an experimental estimation
of 3.6(1) eV for the optical bandgap energy of phlogopite.

As the EPR technique is not able to evaluate the presence of Fe2+ ions, Mössbauer
absorption measurements were performed. Table 4 lists the hyperfine-fitting results for
isometric shift, quadrupole splitting, full-width at half-height, and doublet absorption areas
at octahedral sites of six-coordinated (VI)Fe2+ and (VI)Fe3+ ions and the tetrahedral-
site doublet of four-coordinated (IV)Fe3+ ion. Fig. 19b shows the measured Mössbauer
spectrum and the corresponding fit (solid red line). The highest intensity doublet of the
fit components (solid blue line) is assigned to (VI)Fe2+ ions, while the lowest intensity
doublets are assigned to (VI)Fe3+ ions (solid green line) and (IV)Fe3+ ions (dashed green
line), respectively of higher and lower quadrupole splitting. From the absorption areas,
it is possible to quantify the relative contribution of iron ions in the phlogopite sample,
such that 53.7% of the contribution is due to Fe2+ ions and 46.3% to Fe3+ ions. Thus,
we can conclude that Fe impurities enter the phlogopite structure preferentially in the
bivalent state in octahedral sites, while Fe3+ impurities can occupy both octahedral and
tetrahedral sites, assuming different coordinations for trivalent ions in agreement with the
literature [64, 131,132].

Dublet δ (mm/s) ∆ (mm/s) Γ (mm/s) Area
(VI)Fe2+ 1.11 2.52 0.35 53.7
(VI)Fe3+ 0.39 1.08 0.35 22.0
(IV)Fe3+ 0.16 0.37 0.35 24.3

Table 4 – Iron impurities in phlogopite analyzed by Mössbauer spectroscopy. Fitted
Mössbauer hyperfine parameters for the Fe doublets, with the respective values of isometric
shift (δ), quadrupole splitting (∆), width (Γ) and area.

From the UV/Vis/NIR absorbance spectrum for the phlogopite sample shown in
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Fig. 19c it is possible to observe different bands associated with Fe impurities in the
Fe2+ and Fe3+ valence states. As with clinochlore, the absorption bands observed below
600 nm are related to the orbital electronic transitions of Fe3+ ions, while the two broad
bands at approximately 900 and 1100 nm are due to the presence of Fe2+ ions [133,134].
The absorption band observed at approximately 700 nm is attributed to charge transfer
between iron ions [133,134].

To determine the experimental optical bandgap energy of our phlogopite sample, a
Tauc plot was obtained from a reflectance measurement, shown in the inserted graph on
Fig. 19c. The bandgap value was obtained by extrapolating the linear behavior (dashed
red line) of the Kubelka-Munk function from the experimental data [127,128]. Considering
a direct bandgap for phlogopite minerals [91], an experimental bandgap value of 3.6(1)
eV was estimated for the sample, which is in agreement with previous work on natural
phlogopites [135] and lower than predicted for synthetic phlogopites (7.8 eV) [136]. The
presence of impurities in trioctahedral micas such as phlogopite is suggested as reason for
the reductiong in bandgap energy of natural micas compared to synthetic ones [91,136].
Iron is the main impurity responsible for the reduction of phlogopite bandgap energy [30].
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Figure 20 – Iron impurities in phlogopite analyzed by XRF and XANES using synchrotron
radiation. Fluorescence normalized intensity hyperspectral maps acquired over a (a) 250 x
250 µm2 region and over the highlighted area of (b) 5 x 5 µm2 on phlogopite flake. The
images were obtained from the selection of Fe K-alpha emission line, excited under 7.2
keV, and normalized by the intensity of the hottest pixel of each image. (c) Nanometric
XANES spectra recorded at the island (black circle) and host region (black square) in
(b) around Fe K-edge energy in comparison with standard iron oxides presenting iron in
different valency states (solid lines).

XRF hyperspectral mapping were performed in areas of 250 x 250 µm2 and 5
x 5 µm2 of an exfoliated phlogopite with pixel size of 5 µm and 50 nm, respectively.
The XRF impurity maps normalized for iron are shown in Fig. 20a for the panoramic
area and Fig. 20b for the highlighted region. The Fe-impurity map shown in Fig. 20b
was acquired at the hottest pixel region in the panoramic map. We performed XANES
measurements in nanometric regions that correspond to the Fe-island and host. The
respective XANES spectra recorded around the Fe K-edge energy are plotted in Fig. 18c
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in qualitative comparison with standard reference data of iron oxides presenting iron in
different oxidation states. Comparatively, the experimental data is well described by the
XANES spectrum of the Fe2O3 standard over the others. This indicates a Fe3+ oxidation
state for iron in both analyzed areas. Although Mössbauer spectroscopy analysis indicated
a higher concentration of bivalent iron ions in our phlogopite sample, the XANES analysis
indicate a higher contribution of trivalent iron ions. However, this difference may arise from
the fact that the mother -sample is of natural origin and different parts of it were extracted
for each measurement, which may have slightly different Fe2+/Fe3+ contributions.

4.3 Vibrational characterization

Non-destructive accessible techniques like FTIR and Raman spectroscopies have
already been extensively used over the years to investigate the vibrational properties of
phyllosilicate minerals in their bulk form [110, 121, 137–141]. However, it is extremely
challenging to access the vibrational assignment of isolated FL-phyllosilicate flakes via
far-field analysis [1]. Due to the low amount of material and the diffraction-limited size
of these conventional techniques, the experiment sensitivity is mainly reduced and the
vibrational response becomes dominated by the supporting substrate.

We measured the Raman spectrum of our clinochlore and phlogopite crystals in its
bulk and exfoliated forms. Fig. 21 compares the Raman features of the bulk crystals with
respect to the exfoliated flakes (thicknesses larger than 100 nm) onto different substrates
(SiO2/Si and Au/Si). We chose 638 nm laser excitation to avoid luminescence of the gold
substrate at shorter wavelengths. However, clinochlore showed pronounced fluorescence at
this excitation wavelength. Therefore, clinochlore was measured only using 473 nm laser
for bulk and exfoliated flakes onto SiO2/Si substrate.

We can identify the Raman peaks of our measurements for bulk clinochlore and
phlogopite with the vibrational modes previously reported in the literature. The Raman
spectrum of our bulk clinochlore sample which is shown in Fig. 21a (green curve) is in
close agreement with the theoretically calculated spectrum [142]. The spectrum features
10 strong and well-defined modes. The peaks around 1089 and 1059 cm-1 are attributed to
anti-symmetric Si-O-Si stretching modes, while the symmetric Si-O-Si stretching appears
as strong bands at 687 and 553 cm-1. The peaks at 459 and 440 cm-1 are probably
assigned to librational OH and bending Si-O-Si modes. The strong band at 353 cm-1

has been assigned to the bending vibration of Si-O and its intensity decreases with the
Si substitution by Al. The peak at 283 cm-1 is probably related to movements of the T
sheet, whereas the sharp peak at 203 cm-1 was ascribed to vibrations of the octahedrons.
Finally, the peak at 125 cm-1 is regarded as translational Si-O-Si modes. It is worth
mentioning that the two other weaker peaks observed at around 106 and 158 cm-1 are
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related to bending Si-O and to a combination of the out-of-plane vibration of the Mg ions
with librations of the OH groups in the brucite-type interlayer, respectively [35,55,142].
As well as for clinochlore, the spectrum acquired for our bulk phlogopite (red curve in
Fig. 21b) is close to the Raman-active fundamental modes theoretically predicted [140].
The spectrum shows two characteristic peaks at 197 and 683 cm-1 corresponding to the
vibration of the MgO6 octahedra and (Si,Al)O4 tetrahedra, respectively, besides several
other modes related to extra common modes for T layers (stretching and bending Si–O–Si
vibrations) and translational (Mg,Al,Fe)-O vibrations in the Oc layers. Moreover, the
position and shape of some Raman modes of phlogopite are strongly affected by changes
in impurity concentration. For instance, the presence of Fe ions induces a peak splitting of
the Si–O–Si vibrations (700-800 cm-1) and the appearance of a strong peak in the 500-550
cm-1 range [30].

The Raman spectra measured for the exfoliated clinochlore and phlogopite flakes
are unfortunately suppressed by the background contribution, especially for the SiO2/Si
substrate. This is a problem as this substrate has a higher contrast in OM and allows for
easier mapping of ultrathin flakes and MLs. In the case of phlogopite, it was possible to
observe a weak Raman signal for exfoliation onto Au substrates (gray curve in Fig. 21),
despite the difficulty of evaluating the entire vibrational fingerprint of FL-phyllosilicates
by conventional Raman spectroscopy.
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Figure 21 – Vibrational analysis of clinochlore and phlogopite by Raman spectroscopy.
Raman spectra excited at 473 nm and 638 nm of the bulk-crystals (green and red curves)
and exfoliated flakes onto SiO2/Si (black curves) and Au/Si (gray curve) substrates of (a)
clinochlore and (b) phlogopite.

Like Raman spectroscopy, standard micro-FTIR spectroscopy is a well-established
technique in the study of natural crystals [102]. The micro-FTIR beam size using a
conventional IR source can reach a lower limit of tens of micrometers and be further
reduced to 3–5 µm using a synchrotron radiation source [102]. The use of synchrotron IR
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radiation not only improves the spatial resolution of the technique but also allows the
investigation of very low concentrations of chemical species due to minimal signal loss [103].
However, the spatial resolution of FTIR spectroscopy even using synchrotron radiation is
optically limited by diffraction, which intrinsically scales with the radiation wavelength.

In this perspective, sub-diffractional analytical modalities based on near-field
interactions are key tools for investigating micrometre-sized phyllosilicate flakes with a few
nanometers thick. The SINS development, which combines a broadband synchrotron IR
source with near-field optical microscopy, has overcome the diffraction limit of conventional
optics to provide spatial resolution down to tens of nanometers in the study of atomic
layered materials [143–146]. A unique feature of s-SNOM based techniques like SINS
is its ability to measure complex scattering properties of the materials as detailed in
section 3.2.2. Comparative studies using conventional and nano-FTIR techniques allow a
direct association of FTIR absorption bands with the imaginary part (phase) of the SINS
complex signal response [144]. In this way, SINS can be a decisive tool in the analysis of
the infrared vibrational assignment of ultrathin phyllosilicates. We present in Fig. 22 SINS
measurements on FL clinochlore and phlogopite flakes exfoliated onto Au/Si substrates to
properly describe their vibrational modes at the nanoscale.
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Figure 22 – Synchrotron infrared nanospectroscopy of clinochlore and phlogopite. To-
pography (top panel) and IR broadband images (center panel) of staircase-like exfoliated
flakes of (a) clinochlore and (b) phlogopite onto Au/Si substrates in which SINS point
spectra (bottom panel) were acquired at the red and black circles with different thicknesses.
The continuous lines correspond to the amplitude |S2(ω)| and the dashed lines correspond
to the phase φ2(ω) of the 2nd harmonic demodulation of SINS complex signals.
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Phyllosilicate Frequency (cm-1) Assignment
Clinochlore 420 (Fe, Mg)-O-Si or Al-O-Si bending

445 ∥ Si–O bending
470 metal-OH translation
492 (Fe, Mg)-O-Si or Al-O-Si bending
521 (Fe, Mg)-O-Si or Al-O-Si bending
680 metal-OH libration
811 Al–O stretching
987 ∥ Si–O stretching
1023 ∥ Si–O stretching

Phlogopite 472 ∥ Si-O stretching
508 ∥ Si-O stretching
682 Si-O-Mg stretching
750 ∥ Si/Al-O-Si stretching
809 ∥ Si/Al-O-Si stretching
851 ⊥ Si/Al-O stretching
960 ∥ Si-O stretching
1001 ∥ Si-O stretching
1062 Si-O stretching

Table 5 – Summary of the IR-active vibrational modes of FL clinochlore and phlogopite
probed by SINS. ∥ and ⊥ symbols indicate in-plane and out-of-plane vibrational modes,
respectively.

Fig. 22a brings a high-resolution AFM topography image (top panel), together
with the broadband near-field image (center panel) acquired with sharp optical reflectivity
contrast for different numbers of stacked layers, as we can see in the AFM height profile.
The bottom panel of Fig. 22a plots the SINS point spectra acquired at the red and black
dot positions that correspond to 11 and 20 nm clinochlore thick regions, respectively. The
measured SINS spectra unveil a strong IR activity in the frequency range from 400 to
1150 cm-1 that matches their micro-FTIR counterparts for bulk clinochlore [110, 137]. The
Si–O in-plane stretching vibration bands have been observed at 1023 and 987 cm-1, while
the Si–O in-plane bending vibration has been observed at 445 cm-1. Al–O stretching is
associated with the weak band at 811 cm-1 and the two bands observed at 680 and 470
cm-1 are assigned to the metal-OH bond libration and translation, respectively. In the
400–550 cm-1 region, the IR spectra displayed three bands around 521, 492, and 420 cm-1.
These bands are assigned to (Fe,Mg)-O-Si or Al-O-Si bending modes [30].

Fig. 22b shows the topography and IR broadband image of a selected staircase-
like phlogopite flake. We also compare the amplitude |S2(ω)| and phase φ2(ω) of the
second harmonic point-spectra acquired at different phlogopite steps with 18 and 39 nm
thicknesses. The spectra revealed well-resolved IR absorption bands for FL-phlogopite
located approximately at 472, 508, 682, 750, 809, 851, 960, 1001 and 1062 cm-1. The
assessment of these IR absorption bands observed through SINS technique was done by
comparing them with previous micro-FTIR literature for bulk phlogopite [121,138–141].
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The bands at 472 and 508 cm-1 correspond to Si-O vibrations, while the band at 682 cm-1

correspond to Si-O-Mg vibration. The bands at 750, 809, and 851 cm-1 are related to
Al-O-Si stretching modes. The bands at 960, 1001 and 1062 cm-1 correspond to Si-O-Si
in-plane stretching modes.

By comparing the SINS spectral features of FL clinochlore and phlogopite with
their micro-FTIR vibrational modes reported in the literature for bulk crystals, we can
conclude that phyllosilicates preserve their vibrational assignment when reduced down to a
FLs. Moreover, they show a modulation of the intensity of vibrational modes according to
the number of layers. This information is summarized in Table 5. However, it is important
to point out that SINS can also acts as a directional probe by preferentially accessing
vibrational modes oriented parallel to the electromagnetic mode of the strongly polarized
near-field dipole at the SINS-tip. For phyllosilicates, this behavior was previously reported
in the literature for talc [32,63].

4.4 Discussions on the sample characterization

We start by discussing the structural and compositional aspects of clinochlore
and phlogopite to elucidate which mineralogical phases and chemical variations could
be present in the samples due to the fact that they are natural specimens from the
geological environment of Minas Gerais - Brazil. We confirmed that the main crystalline
phases of the samples are the expected phases of clinochlore and phlogopite, with a
minor contribution of vermiculite (9%) and biotite (2%), respectively. We also observed
a significant incorporation of iron and water in the minerals, about 7% and 6% of iron
and 14% and 6% of OH/H2O in clinochlore and phlogopite, respectively. The chemical
analysis of the samples justifies the presence of minor phases in the structural analysis.
Vermiculite is an direct alteration of clinochlore promoted by weathering processes in
which the hydroxide layer is dehydroxylated or the Fe2+ ions are oxidized [147]. Biotite
forms a solid-solution series with phlogopite with regard to iron content [141]. Therefore, it
is expected that regions of higher iron incorporation in the phlogopite sample correspond
to the biotite phase.

As we are interested in demonstrating phyllosilicates as suitable materials for
nanotechnology applications, we exfoliated the samples to a FLs and performed a morpho-
logical analysis of the obtained flakes. Both clinochlore and phlogopite can be exfoliated
down to a FLs presenting atomically flat surfaces over large areas, indicating that our
samples have mandatory topographic characteristics to be embedded into vdWHs in the
fabrication of nanodevices. However, if one intends to apply these phyllosilicates as an
insulating substrate or encapsulating media, it is also necessary to probe the insulating
character of the samples given by the value of their bandgap energy. We chose to evaluate
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the insulating character of the samples optically. We observed an effective optical bandgap
energy of 3.6 eV for both samples which is lower than the expected values for a pristine
clinochlore or phlogopite samples [30, 35,91], but still preserves their insulating character.
We associate this reduction mainly to the incorporation of iron, which introduces a defect
band in the middle of the bandgap of the materials [30, 35]. In this sense, for applications
that require larger bandgap values, it would be necessary to perform leaching processes on
the samples in order to remove iron impurities.

We also investigated the paramagnetic behavior of our samples, that arises from
the incorporation of iron impurities, by the EPR technique, which is a powerful tool in
the analysis of paramagnetic centers. We confirmed that Fe3+ is incorporated into both
minerals at distorted octahedral sites. Performing a complementary analysis using the
Mössbauer technique, we also demonstrated the presence of Fe3+ in tetrahedral sites in
phlogopite and the presence of Fe2+ in octahedral sites in both samples. However, EPR
and Mössbauer spectroscopy are volumetric techniques, and it is a challenge to use them
to study phyllosilicates in their FL form. As an alternative, this thesis presents XRF
and XANES techniques using synchrotron radiation as powerful tools for identifying and
mapping impurities in FL phyllosilicates with nanometric resolution. A detailed analysis
of the XANES spectra can also provide information about the local environment of the
impurities, such as their oxidation state and coordination. With this, it was possible to
probe the iron impurities in clinochlore and phlogopite in the FL form. In addition, we
also observed trace impurities by XRF, such as Mn, which was only identified in the
bulk clinochlore sample by EPR technique due to its high sensitivity to paramagnetic
centers. It is important to emphasize that the analysis of impurities using synchrotron
radiation presented in this thesis will be useful not only for characterization of impurities
in phyllosilicates, but for 2D materials in general.

Finally, the use of synchrotron radiation is important not only to study the presence
of impurity in phyllosilicates, but also to investigate their vibrational assignment. The
presence of substitucional impurities change the vibrational modes of materials due to
a relative difference in the bond lengths and effective mass. However, in the case of
phyllosilicate minerals, it was demonstrated that is challenge to obtain the vibrational
assignment of phyllosilicates in their FL form using conventional techniques like Raman
of FTIR [1]. The reasons behind this are not clear, but certainly one of the reasons
can be attributed to the low amount of material when they are in FL form. Using IR
synchrotron radiation, this thesis present SINS technique based on near-field interactions
as an alternative to overcome this issue. We obtained a broadband IR spectra of FL
phyllosilicates, enabling the analysis of its vibrational modes. For Raman scattering
analysis, tip-enhanced Raman spectroscopy could be an alternative route to explore
phyllosilicate vibrational properties in future studies.
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In future studies, it would also be interesting to carry out electrical measurements
to directly obtain the charge mobility and dielectric breakdown of both minerals. Likewise,
further measurements of magnetic susceptibility varying the temperature would also be
interesting to perform in an attempt to stress out the magnetic properties of clinochlore
and phlogopite that arise from iron impurities. With this, the applicability of these minerals
in memory devices or as substrates that can present strong magnetic proximity effects
with other 2D materials would be better pointed out.

This chapter was dedicated to analyzing the fundamental properties of clinochlore
and phlogopite regarding the incorporation of impurities, presenting synchrotron tech-
niques as robust solutions to study FL phyllosilicates. However, we also identified in our
chemical analysis the incorporation of water in both minerals. The hydration properties of
phyllosilicates in their FL form will be addressed separately in the next chapter.
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5 Nanoconfinement of water in phyllosilicates

As discussed in section 1, phyllosilicates emerge as an abundant class of hydrous
minerals with structural characteristics that act as natural nanocavities for water. They
present the unique ability to absorb water by confining water molecules in the interlamel-
lar space, being water-hybrid 2D systems of natural occurrence. However, besides its
importance in several fields, the properties and behaviors of water under nanoconfined
conditions are perplexing challenges for both theoretical and experimental understanding,
which includes the hydration process of phyllosilicates. In the forefront of advancing our
understanding of nanoconfined water in 2D systems, this section aims to elucidate how
variations in the atomic structure of barely explored non-swelling phyllosilicate specimens
- clinochlore and phlogopite - favors the geo-confinement of water during the mineral
formation. We also discuss the environmental, thermal and mechanical stability of nanocon-
fined water in clinochlore (mainly) and phlogopite, suggesting the formation of 2D ice-like
structures.

Early theoretical studies investigating the surface electrostatic potential of phyl-
losilicates consider each atom as a point charge [36,37]. In this model, the talc structure
corresponds to charge-neutral layer of a trioctahedral T-Oc-T phyllosilicate from which
we can derive a potential that decays rapidly with distance from the mineral surface.
An atomic substitution is considered a defect from which a distinct second potential of
long-range interaction can be derived [37]. Phlogopite is a direct alteration of talc, in
which one of the four Si4+ atoms in the tetrahedral layer is replaced by one Al3+ atom.
This substitution in the T-layer changes the electronegativity of the substitutional site and
localizes the negative charge on the basal O of the T-layer at the mineral surface, leading
to stronger H-bonds of adsorbed H2O molecules [37]. To recover the charge neutrality
of this negatively charged structure, a cationic layer of K+ atoms is formed between the
T-Oc-T stacking. The arrangement of interlayer cations of pillared phyllosilicates such as
phlogopite is determined by the atomic substitutions [78]. In micas, the hydration occurs
by the formation of a cationic shell by water molecules with the hydrogens pointing towards
the T-layers [148,149]. The interlamellar water is expected to mediate the ionic diffusion in
the highly confined space between the T-Oc-T stacking [79,80]. Like phlogopite, clinochlore
is also formed by T-layers with one Al substitution, but a further Al3+ substitution occurs
in one of the three Mg2+ sites in the Oc-layer of the clinochlore T-Oc-T stacking. Atomic
substitutions in the Oc-layer tend to localize the charge on the Al3+ site since Mg atomic
orbitals have little tendency to interact with O orbitals to form chemical bonds [37]. Unlike
talc and phlogopite, clinochlore presents an extra trioctahedral layer (brucite-like) formed
purely by Mg as central atoms intercalating the T-Oc-T stacking. The interest in studying
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the chlorite group lies in its complex structure with several atomic alterations that favor
higher hydration compared to talc. Although these compounds are non-swelling specimens
that contain a significant amount of water, little is known about how hydration occurs in
chlorites.

Not discussing structural intercalation by water but surface hydration, a recent
theoretical-experimental work investigating atomic-scale local hydration structures in
clinochlore surface shows different ion adsorption behaviors on oppositely charged surfaces
[6]. Regarding the water film formation on the surface of a cleaved mineral, another recent
theoretical-experimental work shows that water films grow anisotropically driven by defects
that capture water vapor at higher relative humidity (RH) environments (RH > 30%) [76].
Both works reinforce the idea proposed by early theoretical studies [36,37] that each atom
acts as a point charge generating a surface electrostatic potential pattern that modulates
how the water will interact with the phyllosilicate layer. Although the results of these
most recent articles [6, 76] are limited to surface interactions, similar hydration processes
may occur between clinochlore and phlogopite layers during the mineral formation and
determine the confinement of water in them. Here, we intend to expand our understanding
of phyllosilicate hydration beyond the water-mineral interface at the surface.

Water is a polar molecule with an electrical dipole moment associated [150]. The
literature has demonstrated that the confinement of water by a 2D material can modify the
overall electrical response of the material probed by electrostatic force microscopy (EFM)
[151]. In this sense, EFM measurements can provide insights regarding the nanoconfinement
of water between the layers of clinochlore. Within the EFM modes, the single-pass scan
KPFM can acquire both topography and surface potential images simultaneously [95,152].
Since the literature suggests that it is the surface electrostatic potential pattern in
phyllosilicates that modulates the nanoconfinement of water, it would be interesting to
probe the water in these minerals in its ultrathin form through the KPFM technique. Also,
KPFM has already been demonstrated as a powerful tool to study mineral wettability [153].
The KPFM operation principle is based in minimizing the electrostatic interactions between
the tip and the sample by applying an electric potential difference that corresponds to the
local contact potential difference (CPD) [95, 97, 152]. The CPD contains local information
about the surface potential and work function of the material.

Clinochlore measurements by KPFM technique have been reported in literature
[83,154]. However, such experiments were performed at high RH environments (RH > 30%).
In high RH conditions, water films can grow on the mineral surface [77], leading to a
misinterpretation of surface potential related to topography profiles. Here, we performed
KPFM measurements on mechanically exfoliated clinochlore and phlogopite flakes onto a
Si/SiO2 substrate in a controlled humidity environment, avoiding surface adsorption effects
on topography imaging. Fig. 23 shows selected clinochlore and phlogopite flakes observed
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by optical microscopy (Fig. 23a and d, respectively) and its respective topography (Fig.
23b and e) and surface potential (Fig. 23c and f) acquired simultaneously by single-pass
scan KPFM in a low RH environment (RH < 0.5%) provided by a hermetic chamber with
N2 gas flux. For clinochlore, we can clearly observe that topography and surface potential
images are not correlated. In fact, the surface potential reveals a striation pattern that
reflects distinct electrostatic interactions between the tip and clinochlore flake which does
not correspond to cleavage steps. For phlogopite, we did not observe the formation of
capillaries in a striated pattern as in clinochlore. Only a higher diffuse surface potential
and a few narrow channels are observed in thicker regions of the flake. The formation
of capillaries in a striated pattern for clinochlore and the diffuse surface potential for
phlogopite are reproducible behaviors for several flakes probed by KPFM.
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Figure 23 – Clinochlore and phlogopite surface potential. (a) Optical microscopy image
of a clinochlore flake and its respective images of (b) topography and (c) surface potential
acquired simultaneously by single-pass scan KPFM at < 0.5% RH. (d) Optical microscopy
image of a phlogopite flake and its respective images of (e) topography and (f) surface
potential acquired simultaneously by single-pass scan KPFM at < 0.5% RH.

We will focus on the formation of the well-defined capillaries in clinochlore as
demonstrated in Fig. 23c to understand electrostatic interactions due to interlamellar
water nanoconfinement that results in a striation pattern in the KPFM measurements.
We can essentially model the tip-sample-substrate system as a capacitor in a KPFM
measurement [97]. The CPD measured by the KPFM experiments corresponds to a local
voltage applied between the tip and the back-electrode (grounded substrate), which act as
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conductive plates of a capacitor, while the wide band gap insulating flake of clinochlore
acts as the dielectric [97]. The surface potential striation pattern of clinochlore in Fig. 23c
is composed of two regions, an A region (bright striations) that corresponds to a higher
applied potential difference ∆VA and a B region (dark striations) that corresponds to a lower
applied potential difference ∆VB. This indicates that the local capacitive system of region
A has a smaller capacitance CA than the capacitance CB of region B, since the potential
difference that must be applied between the plates of a capacitor is inversely proportional
to the capacitance of the system to store the same amount of energy [155]. Thus, for a
certain tip-sample distance, the difference between neighboring capacitive systems A and
B of the same thickness consists of the difference in local dielectric properties.
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Figure 24 – Modeling the nanoconfinement of water in clinochlore according to its
dielectric properties. The clinochlore flake measured by KPFM is depicted in in two
different visualizations according to c-axis in which regions A and B of the striation
pattern are specified. The right side shows the capacitive modeling of a system X and Y
formed by the stacking of clinochlore layers intercalated and non-intercalated with water
layers, respectively. The resulting capacitance of each system is a series association of
individual capacitors formed only by clinochlore, water or vacuum as dielectric media.

We propose a simplified capacitive model to analyze the local dielectric properties
of stacked clinochlore layers intercalated with water layers, depicted in Fig. 24. Atomic
variations in the structure of clinochlore modulate the formation of interlamellar layers of
water, which in turn form organized striated capillaries. Thus, variations may arise along
the plane. These variations correspond to regions with water intercalating the clinochlore
layers along the c-axis of stacking and other regions where there is no condensation of
water molecules in the interlamellar space, consisting of empty spaces channels (or fulfilled
with air). In terms of dielectric properties, the resulting capacitance of a capacitor formed
by stacking two different dielectrics along the axis of the conducting plates corresponds
to a series association of capacitors formed by each of the dielectrics individually [155].
Let us consider a system X as the stacking of clinochlore layers intercalated by layers
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of water and a system Y where the stacking of clinochlore layers is intercalated by
layers of air, which we will approximate by vacuum. The resulting capacitance CX of
the system X is 1/CX = 1/CC + 1/CW and the resulting capacitance CY of the system
Y is 1/CY = 1/CC + 1/CV , where CC , CW , and CV are the capacitance of individual
capacitors formed by clinochlore, water, and vacuum as dielectrics, respectively. The
capacitance is directly proportional to the dielectric constant of the dielectric material
between the capacitor plates [155]. The dielectric constant of a material is defined as
its electrical permittivity normalized by the permittivity of the vacuum. Typically, the
dielectric constant of phyllosilicate minerals in its FL form lies between 2-10 [22,53,156],
while the dielectric constant of water is around 80 (or 2 when nanoconfined [42]), such
that these dielectric media are always more insulating than vacuum. This implies that
CV < CC or CW , independent of exquisite properties of water in nanoconfined spaces that
can significantly change its dielectric properties. On the other hand, mathematically CX,Y

are necessarily inferior than the lower individual capacitance value of the association. So,
CX < CC or CW as well as CY < CC or CV . Consequently, CX > CY , which implies in
∆VY > ∆VX . Since ∆VY > ∆VX and ∆VA > ∆VB, our model leads us to associate the
system Y with region A and the system X with region B. In other words, our model suggests
that the dark striations in the surface potential striation pattern of clinochlore correspond
to regions with the stacking of clinochlore layers intercalated with water layers along the
c-axis, while the bright striations correspond to regions without formation of aqueous
capillaries. Similar modeling can be used to understand the phlogopite surface potential
probed by KPFM. Hydration of phlogopite occurs more diffusely without the formation
of well-defined channels. This may be related to the fact that the hydration of micas
occurs through the formation of a cationic water-shell that is, in principle, homogeneously
distributed in the ab plane of the material. This may be the reason for the probed diffuse
surface potential for phlogopite flakes. However, the dielectric response of the interlamellar
water layer in micas with the presence of several cations needs to be considered carefully
during the capacitive modeling in a more sophisticated approach, which is not the case for
clinochlore.

The capacitive modeling for clinochlore requires the existence of nanoconfinement
of water between the clinochlore layers with the formation of capillaries with the same
striation pattern observed in the clinochlore surface potential image, such that hydrated
capillaries correspond to the dark striations. Thus, the use of complementary imaging
techniques that directly probes the water in 2D systems is mandatory. The fingerprint of
water can be obtained by IR absorption since water molecule has three vibrational modes
active in the IR range [49]. However, we are looking for a very small amount of water
confined in a FL clinochlore flake about 50 nm thick and 30 µm wide. For this reason, we
are not able to investigate this system by conventional micro-FTIR technique, in which
we are limited by the diffraction limit. To access this information at the nanoscale, we can
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perform chemical contrast imaging by IR s-SNOM to obtain the absorption pattern of
clinochlore flake at specific frequencies. Our chemical contrast imaging must be performed
at a characteristic vibrational mode of clinochlore and also of water molecule in order to
observe an inversion of absorption behaviors to properly determine the clinochlore flake
regions that confine water layers. We choose the most intense vibrational mode of FL
clinochlore around 1050 cm-1 that corresponds to Si-O in plane stretching vibrations in the
tetrahedral layer [35] to perform the clinochlore chemical contrast imaging. For the water
contrast imaging, we choose the bending mode of water molecules around 1640 cm-1 in a
spectral region without clinochlore vibrational modes that may overlap the water response.
Fig. 25 shows the IR s-SNOM of the clinochlore flake. The topography image shown in
Fig. 25a is similar to the topography images acquired by KPFM in a low humidity (LH)
environment (Fig. 23b and 2b). This assures us that the s-SNOM measurements were
carried out in a low adsorption regime, such that the main contribution of the absorption
signal at the water bending frequency is from interlamellar water and not from water
molecules possibly adsorbed on the flake surface.
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Figure 25 – Nanoconfinement of water in clinochlore. (a) Topography, (b) mechanical
phase and IR s-SNOM 3rd-harmonic phase images acquired at (c) 1050 cm-1 and (d)
1640 cm-1 with their respective zoom images (e-h) from the region delimited by the white
dashed square. (i) Micro-FTIR spectrum in the transmission mode of a bulk clinochlore
sample (blue line) and a non-confined liquid water spectrum (grey line) for reference.
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Simultaneously with the topography image, we can obtain the mechanical phase
response of the material, which is related to its mechanical properties, corresponding to
a convolution of changes in its composition, adhesion, friction, or viscoelasticity. The
mechanical phase image of clinochlore shown in Fig. 25b reveals exactly the same striation
pattern observed in the surface potential image (Fig. 23c). In general, large values of
phase lags indicate that the material is locally less stiff and low phase angles correspond
to materials with lower viscoelastic properties. Since our model indicates that the water
confinement occurs at the dark striations in the surface potential image, and hence in
the dark striations of the mechanical phase image, thus the nanoconfinement of water in
clinochlore increases its local stiffness. It is well-know that water confined in nano-spaces
can condensate and form distinct ice-like structures even at room temperature, including
monolayer phases and a superionic phase with high electrical conductivity [39,41,43,51,157].
The literature reports an increase in stiffness when an integer number of water molecular
layers are confined between a phyllosilicate surface and an AFM tip, suggesting a solid-like
behavior for adsorbed water in this regime [38]. Other recent work reports the growth of
2D ice-like water on muscovite surface at high humidity (HH) by AFM [77]. They observed
the formation of atomically flat water plateaus of about 0.4 nm that also appear darker in
the phase image than the dry region of mica surface. We propose that the interlamellar
water in phyllosilicate minerals behaves in the same way as water molecules adsorbed on
their surface [77] forming solid-like water molecular layers. Thus, the increase in local
stiffness of clinochlore flake seen in Fig. 25b may be associated with a solid-like ordered
arrangement of water molecules confined between clinochlore layers.

The 3rd-harmonic demodulation of IR s-SNOM phase signal of the clinochlore
flake at laser excitation frequencies 1050 and 1640 cm-1 are shown in figures Fig. 25c and
Fig. 25d, respectively. We can observe three main features in Fig. 25c for the clinochlore
chemical contrast image due to absorption associated with in-plane stretching of Si-O
bonds in the tetrahedral layer around 1050 cm-1. The first is that the absorption of the
material is modulated according to the number of clinochlore layers, increasing as the flake
gets thicker and, therefore, following the material topography. Second, it is possible to
observe regions of high absorption. In particular, we can observe a thin flake uncoupled
from the main flake that saturates the absorption and corresponds to a saturated dark
region in the surface potential image (Fig. 23c). We suggest that this behavior occurs for
thin dehydrated clinochlore flakes whose exposed surface is the negatively charged silicon
tetrahedral layer due to atomic substitutions of clinochlore. Finally, it is also possible
to observe that there is a superposition of a striation absorption pattern with the other
features mentioned above. This striation pattern reproduces the surface potential pattern
of Fig. 23c, such that regions of higher absorption (bright striations) in Fig. 25c correspond
to regions of higher surface potential (bright striations) in Fig. 23c. This result is consistent
with our proposal that regions of bright striations in the clinochlore surface potential
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image (Fig. 23c) are associated with the stacking of clinochlore layers without water layers
intercalation. Furthermore, the chemical contrast image of water measured by IR s-SNOM
at 1640 cm-1 (Fig. 25d) reveals the exactly inverted striation pattern. At 1640 cm-1, only
the water bending vibrational mode is excited in our system. That is, the regions of higher
absorption (bright striations) in Fig. 25d indicate the presence of water molecules confined
in the clinochlore flake and those regions correspond to the dark striations in the surface
potential image (Fig. 23c). This agrees with our model that associates the dark striations
of clinochlore surface potential with the stacking of clinochlore layers intercalated by water
layers. Figs. 25e-h show zoom images of topography, mechanical phase, IR absorption at
1050 cm-1 and 1640 cm-1, respectively, from which we can observe details of morphology
and mechanical properties of the clinochlore flake in comparison with the absorption
striation pattern for the nanoconfined water in the material.

We also performed micro-FTIR measurements in transmittance mode on a clinochlore
sample in its bulk form (blue line Fig. 25i). We compared the spectrum of clinochlore in
the water absorption region (between 1200 and 4000 cm-1) with the expected spectrum
of “free” water in liquid form (gray line). We can observe that the absorption spectrum
of liquid water presents an absorption band at around 1640 cm-1 that corresponds to
the bending mode of water molecules and another band at around 3400 cm-1 that cor-
responds to a convolution of the symmetric and antisymmetric stretching modes. We
also observe a broad band around 2000 cm-1 due to overtone of bending and librational
modes (low-frequency modes below 1000 cm-1 that arises from intermolecular interactions
and most closely reflects the water structure [158]). However, the confinement of water
molecules in the clinochlore as interlamellar water or through hydroxyl groups incorporated
in its atomic structure changes the water IR absorption to a solid-like spectrum, shifting
and splitting the absorption bands. We can observe that the bending mode splits into
three main bands around 1590, 1695 and 1805 cm-1. In the case of bending motions, ice
is known to have a broader spectrum than liquid water due to the distribution of its
ordered hydrogen bonding environment, while liquid water possess a weaker hydrogen
bonding environment, and therefore a narrower band at around 1640 cm-1 [159]. In the
spectral region for stretching modes of OH groups, the absorption band for clinochlore
shifts towards high-frequencies and splits into three bands around 3415, 3550 and 3675
cm-1. Higher overall frequencies are related to more restricted vibrational motions [160],
which implies more hydrogen bonds for water nanoconfined in clinochlore than for free
water. In fact, under high pressure conditions, a recent theoretical work suggests the
formation of an ice-like hexagonal closest-packing water monolayer stably intercalated
in phyllosilicates [51]. The simulations indicated significantly low diffusion coefficients
for water intercalated in T-Oc-T trioctahedral phyllosilicates that correspond to water
molecules with a higher order of hydrogen bonding, causing it to be trapped in the same
site for long periods. This result reinforces the possibility that water molecules confined in
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clinochlore may form a 2D ice-like ordered arrangement in the interlamellar space.

5.1 Environment stability

The hermetic chamber with N2 gas flux in which the microscope is placed during
measurements enables the acquisition of topography and surface potential images by
KPFM in RH controlled environment. We performed KPFM measurements shown in Fig.
26 in LH (< 0.5% RH) and HH environments (> 30% RH) for clinochlore and phlogopite.
For clinochlore (Figs. 26a-d), we observe the preservation of the same features for both
surface potential images acquired in LH and HH environment, noting only a reduction in
the overall relative surface potential voltage range. However, we notice that the topography
acquired in the HH environment presents a superposition with the striation pattern
revealed by the surface potential image. This superposition indicates that the adsorption
in the HH environment is the result of surface electrostatic interactions, replicating a
higher adsorption on the regions where the surface potential is higher. This behavior will
be further explored later. For phlogopite (Figs. 26e-h), the topography images remain
reproducible in both LH and HH environments. This reproducibility indicates that the
adsorption on the phlogopite surface occurs homogeneously. However, the surface potential
changes dramatically. It is important to emphasize that the surface potential probed
by KPFM is a relative measure and generates a relative contrast. In LH, adsorption is
almost completely avoided, so the surface potential image contrast is due only to dielectric
differences in the flake itself. Since there is no formation of well-defined aqueous channels in
phlogopite and its hydration occurs in smaller amounts and homogeneously (following the
literature results that suggest the formation of a cationic shell by water molecules [148]),
the potential contrast surface of phlogopite can reveal other dielectric differences. We can
observe that, in the case of this flake, the higher surface potential signals correspond to a
diffuse pattern superposed with the bubble regions, which result in a dielectric difference
because they are most filled with air. Bubbles are common among exfoliated phyllosilicates
and may be related to the mechanical exfoliation process. They have heights of up to tens
of nanometers with diameters that reach micrometric sizes, while the lateral size of the
capillary channels is in the order of hundreds of nanometers, reaching micrometers only for
the wider channels. The bubbles are not filled mostly by water because they do not result
in high absorption at the water bending mode frequency shown in Fig. 25d for clinochlore.
The lack of absorption contrast for the bubbles suggests that, even though the bubbles
may have some water content in their interior, the hydrophilic character of the bubbles
is lower than in the regions where water condenses forming capillaries, In turn, capillary
regions may be related to the high hydrophilic character of surfaces that expose tetrahedral
layers [37]. In HH, the interpretation that surface adsorption in phlogopite occurs following
the flake hydration by water intercalation remains consistent. A homogeneous contrast
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between the surface of the phlogopite flake and the substrate is observed, indicating a
homogeneous adsorption on the entire surface of the flake, different from the adsorption
that occurs on the substrate. This is expected because the negative charge of the T-layer
at the mineral surface leads to stronger H-bonds of adsorbed H2O molecules [37]. This
adsorption behavior of phlogopite reduces its local surface potential similarly to that
described in the capacitive model for clinochlore to explain the dark striations.
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Figure 26 – Influence of environment RH on topography and surface potential of
clinochlore and phlogopite probed by KPFM. (a) Topography and (b) surface potential
images of a clinochlore flake exfoliated onto a Si/SiO2 (300 nm) substrate in a LH (< 0.5%
RH) and (c) and (d) in HH environment (> 30% RH), respectively. (e) Topography
and (f) surface potential images of a phlogopite flake also exfoliated onto a Si/SiO2 (300
nm) substrate in a LH (< 0.5% RH) and (g) and (h) in HH environment (> 30% RH),
respectively.

We will further stress the adsorption behavior of ions and water molecules on the
clinochlore surface to understand in detail the replication of the surface potential in the
topography image. Fig. 27a shows the topography image of a clinochlore flake measured
by KPFM as freshly exfoliated in a HH environment. The striation pattern observed in
Fig. 23c is superimposed with the topography features. A subsequent topography image
was acquired by KPFM in LH environment after 3 hours in N2 gas flux atmosphere (Fig.
27b). We can observe the correct clinochlore topography, without the superposition of
the striation pattern due to adsorption effects. Increasing again the environment RH by
leaving the hermetic chamber open for 30 minutes without N2 flux, the striation pattern
is reproduced again in the topography image (Fig. 27c). This procedure indicates that
the correct topography of clinochlore needs to be acquired in LH environments to avoid
adsorption effects. Furthermore, we can observe that adsorption at clinochlore surface is
not a homogeneous effect, but it is driven by electrostatic interactions. The growth of water
films and ionic adsorption at clinochlore surface is modulated by its surface potential.
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Figure 27 – Influence of RH on clinochlore topography. Topography images of a clinochlore
flake (a) freshly exfoliated onto a Si/SiO2 (300 nm) substrate in a HH environment (> 30%
RH) and (b) after 3h in LH environment (< 0.5% RH) with N2 gas flow. Sequentially,
the flake was left in a HH environment. The topography images were acquired after (c)
30 min and (d) 15h of exposure, revealing two different adsorption regimes. The height
profiles shown in (e-h) were extracted along the dashed black line at each topography
zoom rotated 63 degrees clockwise of the region delimited by the white dashed square in
(a-d) respectively.

We can also observe a second surface hydration state by maintaining the clinochlore
flake in a HH environment for 15 hours (Fig. 27d). In this second hydration regime,
the adsorption stabilizes in an inverted striation pattern – the higher adsorption in the
second regime occurs where the low adsorption occurs in the first hydration regime of
Fig. 27a and Fig. 27c. In fact, the behavior of two-phase adsorption regimes of water
on phyllosilicates as a function of RH and environment exposure time has already been
reported for mica surfaces [161, 162]. In micas, the formation of 2D adsorption islands
occurs with geometrical shapes in angular epitaxial relation with the underlaying mica
lattice [77, 161, 162], suggesting a solid character. It is particularly interesting to point
out that this epitaxial condensation of water molecules at mica-interface exhibits low
dielectric constant [161, 162], since water has an anomalously low dielectric constant
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when nanoconfined [42] and may also form ice-like structures [43–45]. The details of
adsorption effects on clinochlore topography for each case can be observed by the height
profile extracted in the same line position from each topography image (Figs. 27e-h). It is
important to note that the KPFM surface potential images acquired simultaneously with
topography images shown in Fig. 27 did not change during all processes. This indicates
that the variations in RH can only favor interactions of adsorption at the clinochlore
surface, not affecting the arrangement and amount of water confined in the mineral.

5.2 Thermal stability

In order to study the thermal stability of nanoconfined water in clinochlore and
phlogopite, thermal treatments were carried out using a hot plate in ambient conditions. All
KPFM measurements presented in this section were performed in LH environment. First,
the clinochlore and phlogopite flakes were exfoliated onto a Si/SiO2 (300 nm) substrate.
The corresponding topography and surface potential images were acquired by KPFM.
Both samples were then submitted to annealing at 150℃ for 3h. After the annealing,
the topography and surface potential images were again acquired by KPFM. A second
annealing at 300℃ for 3h was sequentially performed and the respective topography and
surface potential images were also acquired by KPFM. Thermal treatments at higher
temperatures were not performed to avoid the dehydroxylation that starts to occur around
500℃ in phyllosilicates [163]. Keeping the annealing temperature below 500℃ ensures
that the treatment is only accessing the interlamellar water, not OH groups of octahedral
layers.

Fig. 28 shows the topography and surface potential images of clinochlore acquired
before and after the two sequential annealings. After the first annealing, we can observe
that the clinochlore flake starts to recrystallize due to the disappearance of the folds in
the topography image, despite the appearance of small bubbles. However, the surface
potential becomes diffused due to the melting of the aqueous channels. After the second
annealing, the clinochlore topography is much flatter, without wrinkles and with less relief
of bubbles. The surface potential contrast begins to invert, as the interlamellar water is
being removed from the flake.

The annealing effects on phlogopite were similar to those of clinochlore. Fig. 29
shows the topography and surface potential images of phlogopite acquired before and
after the two sequential annealings. After the first annealing, we can also observe a
recrystallization of the phlogopite flake by the topography image that becomes more
effective after the second annealing. As in clinochlore, the surface potential of phlogopite
also becomes diffuse as compared to the substrate after the first treatment, which begins
to invert after the second treatment. It is interesting to note that, for both phlogopite and
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clinochlore, the inversion process of the surface potential contrast occurs from the flake
edges towards the interior. This behavior suggests that the innermost interlamellar water
evaporates with more difficulty than water closer to the edges.
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Figure 28 – Thermal stability of nanoconfined water in clinochlore. (a) Topography and
(b) surface potential images of a clinochlore flake freshly exfoliated onto a Si/SiO2 (300
nm) substrate in a LH environment (< 0.5% RH). (c,e) Topography and (d,f) surface
potential images of the same flake after 3h of annealing at 150℃ and 300℃, respectively.
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Figure 29 – Thermal stability of nanoconfined water in phlogopite. (a) Topography and
(b) surface potential images of a phlogopite flake freshly exfoliated onto a Si/SiO2 (300
nm) substrate in a LH environment (< 0.5% RH). (c,e) Topography and (d,f) surface
potential images of the same flake after 3h of annealing at 150℃ and 300℃, respectively.
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In summary, the nanoconfined water in clinochlore and phlogopite is not stable
to the increase in temperature of the flake. Since nanoconfined water determines the
fundamental properties of these systems, such as dielectric and mechanical properties,
thermal treatments act as a simple route capable of modifying such properties. Heat
treatments also proved to be excellent in making the topography of the flakesmore uniform.

5.3 Hydration

Since interlamellar water can be removed by thermal treatments, it is important
to understand whether the mineral can be rehydrated and how this process occurs. The
focus of this section will be on the particular case of clinochlore in order to understand the
formation of aqueous channels in a striation pattern. Assuming that it is the distribution of
electrostatic charge in each layer that modulates how water will confine in the interlamellar
space of clinochlore, it is expected that the rehydration process will occur following the
capillary pattern before dehydration. However, the annealing process used to remove
the interlamellar water also gives thermal mobility to the substitutional atoms and,
consequently, it can modify the electrostatic charge distribution locally. For this reason, a
complete reproduction of the aqueous capillaries in the rehydration process is not expected.

Three rehydration processes will be presented. In all of them, thermal treatments
were first performed to melt the interlamellar water in clinochlore and, eventually, evaporate
it. Then, the samples were submitted to rehydration processes by immersion in water under
different conditions. All KPFM measurements presented in this section were performed in
LH environment.

Fig. 30 shows a sequence of four KPFM measurements starting from a fresh
exfoliated flake in which two annealing processes were performed at 150℃, one for 1h and
the second for 3h. We can observe in the surface potential images that maintaining the
temperature and varying the annealing time is also an effective route to melt the aqueous
channels and start the evaporation of the interlamellar water. This is revealed by the
inversion of contrast in the surface potential images after the second treatment. After
that, the flake was rehydrated. This first hydration process consisted of immersing the
sample in successive water droplets of 0.5, 1, and 5 µL. The drying process of each droplet
lasted a few minutes (less than 3 minutes) and was carried out with the sample heated
to 150℃ in ambient atmosphere. Impressively, after the hydration procedure, the surface
potential image clearly reveals the formation of capillaries that follow the same contrast
and striated pattern as the fresh exfoliated flake. This is a clear demonstration that the
clinochlore acts as a natural nanocavity for water confinement in 2D systems, allowing
both dehydration and rehydration of its capillaries. In addition, this behavior reinforces
the theoretical model that the atomic structure of the material itself determines how the
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confinement of interlamellar water will occur. From the topography images, we did not
observe significant changes beyond the expected uniformity of the flake surface by thermal
treatments. The flake also maintained its thickness (about 43 nm).

e

f

a c

b d

Height (nm)
0 80

Height (nm)
0 80

Height (nm)
0 80

Surface Potential
��0.4 V

Fresh 150°C
1h

5 �m 5 �m5 �m Surface Potential
��0.4 V

Surface Potential
��0.4 V

150°C
3h

g

h

Height (nm)
0 80

5 �mSurface Potential
��0.4 V

Hydrated

43(2) nm
43(3) nm 44(3) nm

43(3) nm

Figure 30 – Rehydration process of clinochlore by immersion of heated sample in water
droplets. (a) Topography and (b) surface potential images of a clinochlore flake freshly
exfoliated onto a Si/SiO2 (300 nm) substrate in a LH environment (< 0.5% RH). (c,e)
Topography and (d,f) surface potential images of the same flake after 1h and 3h of annealing
at 150℃, respectively. (g) Topography and (h) surface potential images of the same flake
after the rehydration process by immersion in water droplets of 0.5, 1 and 5µL that dried
fast by heating the sample to 150℃.

To the second rehydration process depicted in the KPFM measurements of Fig. 31,
an annealing was first performed at 150℃ for 1h30. Then, the sample was immersed in
two successive water droplets of 10 µL. The water droplets were left to evaporate naturally
with the sample kept at room temperature but in a N2 atmosphere. From the surface
potential images, we can observe a contrast inversion after the annealing. However, after
the hydration process, we observed the formation of clusters and not the formation of
well-defined capillaries following the striation pattern of fresh exfoliated flake. We also
observed that the flake topography did not change during the procedure.

The third rehydration process was performed in order to stress the thermal treat-
ments parameters and hydration conditions. After an annealing at 350℃ for 5h, the
clinochlore was immersed in 1.5 mL of liquid water at 150℃ which completely evaporated
in 30-40 minutes at ambient conditions. Fig. 32 shows the topography and surface po-
tential images acquired for the fresh exfoliated flake, after the annealing and after the
third hydration process. Although the topography remains the same at each step of the
procedure, the surface potential changes significantly. After annealing, the flake appears
to be completely dry, presenting a dark contrast to the substrate. After the hydration
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procedure, the flake recovers its higher diffuse surface potential contrast in relation to the
substrate, in addition to presenting a partial formation of capillaries in the same direction
as those of the fresh exfoliated flake.
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Figure 31 – Rehydration process of clinochlore by immersion in water droplets at room
temperature and N2 atmosphere. (a) Topography and (b) surface potential images of a
clinochlore flake freshly exfoliated onto a Si/SiO2 (300 nm) substrate in a LH environment
(< 0.5% RH). (c) Topography and (d) surface potential images of the same flake after 1h30
of annealing at 150℃. (e) Topography and (f) surface potential images of the same flake
after the rehydration process by immersion in water droplets of 10µL that dried naturally
by keeping the sample at room temperature in N2 atmosphere.
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Figure 32 – Rehydration process of clinochlore by immersion in 1.5 mL of liquid water
at 150℃. (a) Topography and (b) surface potential images of a clinochlore flake freshly
exfoliated onto a Si/SiO2 (300 nm) substrate in a LH environment (< 0.5% RH). (c)
Topography and (d) surface potential images of the same flake after 5h of annealing
at 350℃. (e) Topography and (f) surface potential images of the same flake after the
rehydration process by immersion in 1.5 mL of liquid water at 150℃ which evaporated in
approximately 30 minutes.
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The seminal results of this thesis indicate that the most promising way to rehydrate
the clinochlore with the formation of aqueous channels is by sequentially combining
temperature and water action in ambient atmosphere, avoiding extreme parameters
and conditions. It is noteworthy that this procedure somewhat mimics the geological
environment in which the phyllosilicates are formed by hydrothermal alterations, which
may explain why this route seems to be the most appropriate.

5.4 Mechanical stability

We demonstrated that the interlamellar water in non-swelling phyllosilicates, in
particular in clinochlore, is stable to variations in environmental RH, but can be accessed
through thermal treatments. Furthermore, it was shown that it is possible to rehydrate
clinochlore with the reproduction of its aqueous channels. However, the methods applied
so far to manipulate the interlamellar water are not able to act only in a specific region of
interest of the sample. To achieve a controlled local manipulation of the confined water at
nanoscale, AFM in contact mode was used to mechanically manipulate a small region of
interest by applying pressure. The idea is to squeeze out the interlamellar water from the
scanned area under application of force with the AFM-tip to press one layer against the
other subsequent layer. This section describes and discusses the experiments of mechanical
nanomanipulation of interlamelar water in clinochlore at LH depicted in Fig. 33.

First, the topography and surface potential images (Figs. 33a,b) of a specific region
of a fresh exfoliated clinochlore flake were acquired by single-scan KPFM. A delimited area
by the white square of 2 x 2 µm2 was chosen to perform an AFM scanning in contact mode
with application of 1 µN of force. After this first step of mechanical nanomanipulation,
the topography and surface potential of the same region was acquired by KPFM (Figs.
33c,d). It was observed from the surface potential images that only the aqueous channels
at the bottom edges of the manipulated area were drained. The application of force
below 1 µN was not able to drain the aqueous channels in this area. A second step of
nanomanipulation was performed with the application of 1.5 µN of force in the same
area. Again, the topography and surface potential images (Fig. 33e,f) were acquired by
KPFM. From the surface potential images, it was observed that practically all aqueous
channels in the nanomanipulation area were drained. The mechanical nanomanipulation
method demonstrated here is capable of successfully draining aqueous channels of up to
hundreds of nanometers (about 400 nm) in flakes with thicknesses of up to 20 nm by
applying 1.5 µN of force. Larger channels are more difficult to be nanomanipulated by
this method, as well as thicker flake regions. Forces above 2 µN were unfeasible to explore
because they required extra adjustments in the AFM detection system. Extra adjustments
would make the nanomanipulation method more complex and less accessible, which is
not the intention. Recently, a molecular dynamics simulation study revealed an outflow
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behavior for confined water in a silica nanotube similar to that of solid metal nanowires
under uniaxial tension [164]. They associated this aqueous solid-like extrusion behavior
to the strong cohesion of water molecules, with hydrogen-bonding networks and dipole
alignments. The results presented in this thesis also suggest a solid-like behavior or large
viscosity for water nanoconfined in clinochlore. Thus, it is possible that the outflow of
nanoconfined water in clinochlore during the mechanical nanomanipulation experiments is
similar to that of a solid or a fluid with large viscosity.

It is important to emphasize that the contact mode scan modified the clinochlore
surface potential, but did not change the topography features of the analyzed area, as
we can observe in the topography images. The only noticeable change in the topography
images is a small accumulation of material on the edges of the nanomanipulation area that
follows the scanning direction (from left to right, top to bottom), which does not result in
a new contrast in the surface potential image. This is due to the fact that the surface of
the clinochlore flake is inevitably polished during contact scanning.
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Figure 33 – Mechanical nanomanipulation experiments. (a) Topography and (b) surface
potential images of clinochlore at LH before local force application of 1 µN by AFM in
contact mode in the region delimited by the white square. KPFM (c) topography and (d)
surface potential images of the same area after nanomanipulation. KPFM (e) topography
and (f) surface potential images of the same area after a second nanomanipulation with
force application of 1.5 µN.

As unique result, we demonstrated a controlled method to modify the electrostatic
interaction of the clinochlore surface by mechanical nanomanipulation of its interlamellar
water. This procedure allows the multifunctionalization of the clinochlore surface for several
applications such as catalysis, sensing, microfluidic devices, and patterning of biomolecules
in 2D systems.

5.5 Discussions on the nanoconfinement of water in phyllosilicates

We start by discussing how variations in the atomic structure of barely explored non-
swelling phyllosilicate specimens - clinochlore and phlogopite - favors the geo-confinement
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of water during the mineral formation. The hydration of micas, such as phlogopite, is
better understood in the literature due to studies on swelling specimens of micas [52], in
which the hydration occurs through the formation of a hydration shell of water molecules
around the interlayer cation. For clinochlore, we observed that the mineral is capable
of incorporating more water molecules than phlogopite with the formation of aqueous
capillaries in a striated pattern, which may be associated with its more complex structure
according to theoretical studies in the literature [37,165]. However, clinochlore hydration
is not a well-established process in the literature. The literature indicates that the mineral
may present mesocleavages, exposing sometimes the negatively charged tetrahedral layer,
sometimes the positively charged hydroxide layer [6,83]. They make this appointment based
on the fact that a height step of about 0.4 nm is observed in the clinochlore topography
images, which corresponds to the height of hydroxide layer. With the interpretation that the
height step of 0.4 nm is due to the exposure of a mesocleaved hydroxide layer, the literature
concludes that it is the mesocleavage difference that generates the surface potential contrast
in clinochlore [83], such that distinct water adsorption behaviors on the mineral surface
are observed depending on the surface termination [6]. However, the measurements were
performed at high humidity environments, in which the same height is expected for an
ice-like layer of water molecules adsorbed on the surface of phyllosilicates [77]. This makes
the correspondence of the surface potential contrast in clinochlore with the occurrence of
mesocleavages quite ambiguous. We performed KPFM experiments at low humidity and
as a function of relative humidity to elucidate the ambiguity of this interpretation. We
showed that the surface potential contrast in clinochlore, in fact, comes mainly from the
mineral hydration with the formation of capillaries in a striated pattern, i.e, the presence
of nanoconfined water in the mineral.

However, what has not yet been pointed out is whether the confinement of water
in clinochlore depends on the existence of mesocleavages exposing alternated surfaces with
different charges that drive different conformation of water molecules. To clarify this point,
it would be necessary to investigate whether mesocleavages actually occurs by performing
high-resolution KPFM measurements in a very low humidity environment or even in
vacuum. One possibility would be to try to perform quantitative KPFM measurements at
this stage. Once this is done, it would also be important to chemically determine which
surfaces are exposed when clinochlore is exfoliated. For this, it would be necessary to
perform chemical contrast nanoimaging measurements by IR s-SNOM, also in a controlled
humidity environment, at frequencies specifically associated only with vibrational modes
of the hydroxide layer and only with vibrational modes of the tetrahedral layer in the
same sample measured previously by KPFM. Although the origin of aqueous channels in
clinochlore is still unclear, as well as whether there is mesocleavage for clinochlore, the
formation and stability of aqueous channels is well addressed in this thesis.
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Figure 34 – Crystal truncation rod analysis of clinochlore. (a) X-ray diffractogram of 00l
crystal truncation rod (CTR) of clinochlore. The black circles are the experimental data
and the blue line represents the total contribution for CTR of each (b)-(g) clinochlore
truncations in which the presence of interlamellar water along the stack is mandatory to
accurately reproduce the experimental data.

This thesis goes a step further in the attempt to elucidate how clinochlore favors
the geo-confinement of water through the formation of aqueous channels and its properties.
We propose a simplified capacitive model for the interpretation of KPFM measurements
that is in agreement with the IR s-SNOM measurements and captures the main aspects
of the physical system. To endorse our model, it is desirable to show structural evidence
of the presence of interlamellar water confined between the clinochlore layers. This is
currently under investigation. We performed crystal truncation rod (CTR) analysis using
X-ray synchrotron radiation to perform 00l diffraction measurements in clinochlore, as
shown in Fig. 34. Our preliminary analysis demonstrates that the correct fit of Bragg
peak asymmetries due to truncation of the crystal is only accurately reproduced when we
consider the presence of water adsorbed at surface and confined in the interlamellar space
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of the clinochlore structure along the c-axis. Nevertheless, it is important to keep in mind
that both KPFM and IR s-SNOM techniques are based on the penetration of electric and
optical fields into the material. Therefore, they are also capable of penetrating into our
clinochlore sample several nanometers from the surface, beyond its first layer.

The results of this thesis also suggest that an ice-like structure may occur for the
nanoconfined water in clinochlore. Regarding the stability of the interlamellar water, we
observed that it is stable with respect to RH variations, but it can be modified through ther-
mal treatments. Furthermore, we demonstrated that it is possible to rehydrate clinochlore
with the reproduction of its aqueous channels after sample dehydration. This indicates
that the thermal treatments performed here were not able to close (or create) aqueous
channels by thermal expansion or crystalline reorganization. Otherwise, rehydration would
not happen following the same capillary pattern. Regarding the adsorption of water on the
clinochlore surface, we observed that there are two possible distinct regimes of adsorption
on the clinochlore surface with the variation of RH and the time of exposure of the surface
to ambient conditions. However, it was not possible to determine which type of adsorption
occurs in each regime. As a unique result, this thesis demonstrates a controlled method to
modify the electrostatic interaction of the clinochlore surface by mechanical nanomanipu-
lation of its interlamellar water using AFM in contact mode. These nanocapillary studies
are of high importance in nanofluidic devices in which water is the media of ionic transport
that can be controlled by applying a gate voltage to the capillary walls, taking advantage
of the high insulating character of phyllosilicate minerals as confining media [39,80].

This thesis also leaves interesting open questions to be addressed in the future.
To name a few of them, it would be important to perform IR s-SNOM measurements on
phlogopite as well. In this way, it would be possible to support a capacitive model capable
of correctly describing the diffuse contrast of its surface potential. Furthermore, supporting
theoretical investigations are needed to understand the dynamics of dehydration and
hydration of phyllosilicate minerals capable of confining layers of water in the interlamellar
space. To elucidate the possible formation of ice in the interlamellar space, absorption
measurements at the THz frequency could be performed to obtain the low-frequency
signature of water molecules that are related to librational modes and hydrogen bonds.
Another relevant issue is to investigate whether clinochlore can be rehydrated forming its
aqueous channels, but with other functionalized fluids than water. About the nanoma-
nipulation experiments, they could still be carried out with the application of a potential
difference between the tip and the sample to perform electrically driven water outflows. It
would be interesting to investigate if the mechanical nanomanipulation method can also
create aqueous channels. These are some of the possibilities for which this thesis opens
doors, from the understanding of the fundamental properties of phyllosilicates and its
role on Earth’s crust hydration by confining water molecules to several applications in 2D
nanotechnologies.



93

6 Conclusion

This thesis covers the lack of studies on phyllosilicate specimens from the chlorite
and triocatahedral mica groups through the characterization of clinochlore and phlogopite
from bulk to their few-layer form using several experimental techniques. Notably, this
thesis also presents a pioneering investigation on nanoconfined water between the layers of
non-swelling phyllosilicates in their few-layer forms using advanced nanoprobe techniques.

As clinochlore and phlogopite are naturally abundant minerals, the presence of
impurities is common. In this thesis, the impurities present in these minerals were identified,
quantified and analyzed. It was demonstrated that the incorporation of manganese and
chromium impurities occurs homogeneously in clinochlore, while iron ions can form
inclusions. Although iron is present in clinochlore in both Fe2+ and Fe3+ oxidation states,
the Fe2+ content is more than twice the Fe3+ content and the inclusions are attributed
mostly to Fe2+ segregation. For phlogopite, iron is also the main impurity, but there is
a balanced proportion of Fe2+ and Fe3+ ions. This is due to the fact that Fe3+ ions can
also occupy tetrahedral sites in phlogopite in addition to octahedral ones, which does not
occur for clinochlore.

The analyzes showed that iron impurities are mainly responsible for determining
the paramagnetic and optical properties of clinochlore and phlogopite. In particular, we
noticed a reduction of the effective optical bandgap to 3.6 eV due to the presence of iron
impurities, but which did not compromise the insulating character of the samples. It was
demonstrated that standard mechanical exfoliation technique can easily obtain few-layer
flakes of clinochlore and phlogopite with atomically flat surfaces over large areas (thousands
of µm2). Thus, we show that clinochlore and phlogopite have mandatory topographical and
insulating characteristics to be embedded into vdWHs in the fabrication of nanodevices.

Still regarding their few-layer characterization, we discussed the limitations of using
EPR and Mössbauer spectroscopy to obtain local information about impurities in FL
phyllosilicates as well as micro-FTIR and Raman spectroscopy to assess the vibrational
modes of both minerals in their ultrathin limit. As an alternative, this thesis presents XRF
and XANES techniques using synchrotron radiation as powerful tools for identifying and
mapping impurities in FL phyllosilicates with nanometric resolution. We also demonstrated
that sub-diffractional analytical techniques based on near-field interactions, such as SINS,
are powerful tools in the vibrational analysis of few-layer phyllosilicates. It is important to
emphasize that the study of phyllosilicates using synchrotron radiation presented in this
thesis will be useful not only for mineral characterizations, but for any 2D materials.

This thesis presents clinochlore and phlogopite not only as promising low-cost
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nanomaterials for applications as insulators in the fabrication of nanodevices, but also as
hydrated minerals that can be explored at the frontiers of nanotechnology. In geophysics,
hydrated minerals act as natural nanocavities for transporting water on Earth, but the
properties of water in nanoconfined environments can be quite exotic and little is known
about them. Theoretical studies suggest that the electrostatic charge distribution due to
the presence of substitutional ions in the structure of phyllosilicates modulates how water
confines between its layers. In this sense, clinochlore can incorporate a higher amount of
interlamellar water than phlogopite due to its more complex atomic structure without
swelling. In fact, the elementary analysis of this work demonstrated that clinochlore
has a higher water-related content than phlogopite. Different hydration patterns were
also observed for both minerals. The confinement of water in clinochlore is characterized
by the formation of striated aqueous channels, while the hydration of phlogopite has
a diffuse pattern. In micas, the hydration occurs by the formation of a cationic shell
by water molecules, so the hydration occurs homogeneously. However, the hydration
mechanisms in clinochlore are still not well described and the origin of the aqueous
channels is not established. The literature associates the origin of the surface potential
contrast in clinochlore with mesocleavages, exposing sometimes the negatively charged
tetrahedral layer, sometimes the positively charged hydroxide layer of 0.4 nm height which
is also expected for an water layer adsorbed on the mineral surface in high humidity
environments. This thesis elucidates the ambiguity of this interpretation by showing that
the contrast in clinochlore surface potential actually comes mainly from the presence of
water in the mineral through measurements carried out in low humidity conditions.

In summary, understanding the hydration of clinochlore with the formation of
ice-like structures for nanoconfined water will allow us to delineate its capillary and surface
properties for future 2D nanotechnology applications exploring sensing, filtering, and
patterning of bio-molecules in combination with its insulating capacity. In addition, the
results of this work can also give insights for understanding of fundamental geological
processes associated with water coming from the Earth’s interior, such as plate tectonics
that have been operational over 4.4 billion years shaping our planet as matrix of life.
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ANNEX A – Published Articles

• High throughput investigation of an emergent and naturally abundant
2D material: Clinochlore
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Abstract: Phyllosilicate minerals, which form a class of naturally occurring layered mate-
rials (LMs), have been recently considered as a low-cost source of two-dimensional (2D)
materials. Clinochlore [Mg5Al(AlSi3)O10(OH)8] is one of the most abundant phyllosilicate
minerals in nature, exhibiting the capability to be mechanically exfoliated down to a few
layers. An important characteristic of clinochlore is the natural occurrence of defects and
impurities which can strongly affect their optoelectronic properties, possibly in technologi-
cally interesting ways. In the present work, we carry out a thorough investigation of the
clinochlore structure on both bulk and 2D exfoliated forms, discussing its optical features
and the influence of the insertion of impurities on its macroscopic properties. Several
experimental techniques are employed, followed by theoretical first-principles calculations
considering several types of naturally-ocurring transition metal impurities in the mineral
lattice and their effect on electronic and optical properties. We demonstrate the existence
of requirements concerning surface quality and insulating properties of clinochlore that
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are mandatory for its suitable application in nanoelectronic devices. The results presented
in this work provide important informations for clinochlore potential applications and
establish a basis for further works that intend to optimize its properties to relevant 2D
technological applications through defect engineering.

• Exploring the structural and optoelectronic properties of natural insulat-
ing phlogopite in van der Waals heterostructures

Exploring the structural and optoelectronic properties of natural insulating phlogopite in van der Waals heterostructures
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Abstract: Naturally occurring van der Waals crystals have brought unprecedented interest
to nanomaterial researchers in recent years. So far, more than 1800 layered materials (LMs)
have been identified but only a few insulating and naturally occurring LMs were deeply
investigated. Phyllosilicate minerals, which are a class of natural and abundant LMs, have
been recently considered as a low-cost source of insulating nanomaterials. Within this
family an almost barely explored material emerges: phlogopite (KMg3(AlSi3)O10(OH)2).
Here we carry out a high throughput characterization of this LM by employing several
experimental techniques, corroborating the major findings with first-principles calculations.
We show that monolayers (1L) and few-layers of this material are air and temperature
stable, as well as easily obtained by the standard mechanical exfoliation technique, have
an atomically flat surface, and lower bandgap than its bulk counterpart, an unusual trend
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in LMs. We also systematically study the basic properties of ultrathin phlogopite and
demonstrate that natural phlogopite presents iron impurities in its crystal lattice, which
decreases its bandgap from about 7 eV to 3.6 eV. Finally, we combine phlogopite crystals
with 1L-WS2 in ultrathin van der Waals heterostructures and present a photoluminescence
study, revealing a significant enhancement on the 1L-WS2 optical quality (i.e. higher
recombination efficiency through neutral excitons) similarly to that obtained on 1L-
WS2/hexagonal boron nitride heterostructures. Our proof-of-concept study shows that
phlogopite should be regarded as a good and promising candidate for LM-based applications
as a low-cost layered nanomaterial.

• Review on infrared nanospectroscopy of natural 2D phyllosilicates

Raphaela de Oliveira, Alisson R. Cadore, Raul O. Freitas and Ingrid D. Barcelos.

Journal of the Optical Society of America 40, C157-C168 (2023).

https://doi.org/10.1364/JOSAA.482518

Abstract: Phyllosilicates have emerged as a promising class of large bandgap lamellar
insulators. Their applications have been explored from the fabrication of graphene-based
devices to 2D heterostructures based on transition metal dichalcogenides with enhanced
optical and polaritonics properties. In this review, we provide an overview of the use of
infrared (IR) scattering-type scanning near-field optical microscopy (s-SNOM) for studying
nano-optics and local chemistry of a variety of 2D natural phyllosilicates. Finally, we bring
a brief update on applications that combine natural lamellar minerals into multifunctional
nanophotonic devices driven by electrical control.
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• Phyllosilicates as earth-abundant layered materials for electronics and
optoelectronics: Prospects and challenges in their ultrathin limit

Tetrahedral layer (T)
Si4+/Al3+, O

O

Si Si2O5

1:1 2:1 

Dioctahedral

Dioctahedral layer (Oc)
gibbsite-like (Al3+, O/OH)

Trioctahedral layer (Oc)
brucite-like (Mg2+, O/OH)

Interlayer cation
K+, Na+, Li+...

Trioctahedral Dioctahedral

Mica MicaChlorite

Trioctahedral

Phyllosilicates

Talc
Mg3Si4O10(OH)2

Pyrophyllite
Al2Si4O10(OH)2

Muscovite
KAl2(Si3Al)O10(OH)2

Phlogopite
KMg3(Si3Al)O10(OH)2

Clinochlore
Mg5Al(Si3Al)O10(OH)8

1 cm 1 mm

Antigorite
Mg3Si2O5(OH)4

TalcPyrophyllite

Antigorite

Phlogopite

Clinochlore

Muscovite

Ingrid D. Barcelos, Raphaela de Oliveira, Gabriel R. Schleder, Matheus J. S. Matos,
Raphael Longuinhos, Jenaina Ribeiro-Soares, Ana Paula M. Barboza, Mariana C. Prado,
Elisângela S. Pinto, Yara Galvão Gobato, Hélio Chacham, Bernardo R. A. Neves and
Alisson R. Cadore.
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Abstract: Phyllosilicate minerals are an emerging class of naturally occurring layered
insulators with large bandgap energy that have gained attention from the scientific
community. This class of lamellar materials has been recently explored at the ultrathin two-
dimensional level due to their specific mechanical, electrical, magnetic, and optoelectronic
properties, which are crucial for engineering novel devices (including hetero-structures).
Due to these properties, phyllosilicate minerals can be considered promising low-cost
nanomaterials for future applications. In this Perspective article, we will present relevant
features of these materials for their use in potential 2D-based electronic and optoelectronic
applications, also discussing some of the major challenges in working with them.
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