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Abstract
In the increasing energy demand scenario, the development of renewable technologies is
considered the key solution to fulfil the energy request. The conversion of light energy in electricity
and chemical fuels through photovoltaic (PV) and photoelectrochemical (PEC) cells represents a
powerful strategy for sustainable fuel and chemical generation. In particular, aqueous PEC cells
and perovskite solar cells (PSCs) represent emerging energy conversion technologies. To provide
an eco-friendly footprint, these new systems must be realized using novel earth-abundant cheap
and environmentally friendly materials. In this context, two-dimensional (2D) materials are
attracting utmost interest for their unique and tunable optoelectronic properties. In this frame, the
aim of my research work is the synthesis and characterization of solution-processed 2D materials,
including graphene, transition metal dichalcogenides (TMDs) and group-III and group-IV metal
monochalcogenides (MMCs). In particular, thanks to their adjustable band gap, high carrier
mobility, large surface-to-volume ratio, I firstly studied in this thesis the GaSe, GaS, InSe and
GeSe nanoflakes, produced in form of inks, as potential photocatalyst. The PEC properties of these
materials were exploited to perform solar water splitting reactions i.e.: hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), as aiming for the design of PEC-type photodetectors
operating in aqueous media. Furthermore, I focused on the incorporation of 2D materials in PSCs
technology. In this context I developed a graphene-based electrically conductive pastes for the
fabrication of noble metal-free PSCs, the so-called carbon perovskite solar cells (C-PSCs). Lastly,
during my period abroad at École Politechnique Fédérale Lausanne (Lausanne, Switzerland) under
the supervision of Prof. M. Graetzel, I worked on a novel strategy to improve the performances
and stability of PSCs by incorporating solution-processed MoS2 nanoflakes into perovskite
photoactive layers.
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Introduction and thesis outline
The study of new photo(electro)catalytic materials is an ever-expanding research field, potentially
addressing the need of sustainable fuel and chemical production, environmental remediation,
advanced

analytical

sensing

systems,

as

well

as

novel

concept

of

self-powered

photoelectrochemical (PEC)-type photodetectors. Meanwhile, in the global scenario, the
consumption and demand of energy are continuously increasing, pushing the academic and
industrial worlds to develop innovative systems for energy conversion and storage, such as
rechargeable batteries, hydrogen-powered cells and solar cells, especially if they are based on
novel low-cost and sustainable materials. Despite the huge efforts, the main technologies currently
used to supply electrical energy still involve non-renewable sources, such as fossil fuels or
uranium, leading to a dramatic impact on global environment, climate, pollution and human health.
Therefore, a powerful solution to contrast the environmental problems and, at the same time, to
fulfil the global energy request is to design and develop technologies based on green and renewable
sources, namely solar, geothermal, windy and hydroelectric power. Among them, the solar energy
represents the most clean and abundant energy source (>173000 TW), which, if properly exploited,
could easily supply the energy requirement for the entire society. The researchers have already
developed several systems based on solar energy conversion processes, and the most promising
are the photovoltaic (PV) and solar fuels. The first converts the solar light into electricity, while
the second exploit the solar energy to produce chemical energy or fuels, such us molecular
hydrogen (H2).
In particular, H2 represents a clean energy carrier due to its exceptionally high energy density (120140 MJ kg-1), which is significantly larger than traditional fossil fuels derivate, such as gasoline
(44 MJ kg-1). Generally, the H2 production processes still depend on fossil fuels, including steam
methane reforming (SMR) or catalytic decomposition of natural gas. This means that other viable
and sustainable routes must be refined. In this context, (photo)electrochemical (PEC) water
splitting involves the decomposition of water in H2 and oxygen (O2), using the energy supplied by
the solar illumination, without generating undesired emission products. Nevertheless, this
fascinating technology suffers from low efficiencies (i.e., solar-to-hydrogen power conversion
efficiency− 𝜂𝑆𝑇𝐻 −) and insufficient long-term stability. In addition, the high cost of photoactive
1

materials have stressed the researcher to find alternative low-cost and earth-abundant materials,
aiming to solve the drawbacks and open issues for an industrial H2 production. In this context,
graphene and related two-dimensional (2D) materials represent an interesting nanomaterial class
and are emerging as promising candidates to drive the innovation of energy conversion and storage
technologies. These materials are characterized by a high surface active area and can be obtained
by the exfoliation of so-called layered materials, i.e., materials exhibiting a layered structure with
strong chemical bonds in plane and the layers that are hold together via weak van der Waals
interactions. The distinctive morphology of 2D materials strongly influences their electronic,
optoelectronic and mechanical properties, which often are different from those of their bulk
counterpart. Among 2D materials, metal monochalcogenides (MMCs) have recently attracted
interest for their applications in PEC applications using aqueous electrolyte. In particular, 2D
group-III and group-IV metal monochalcogenides (MMCs or MX, with MIII= Ga, In, Tl; MIV= Ge,
Sn, Pb, respectively and X= S, Se, Te), have been theoretically predicted to be low-cost and
environmentally friendly water splitting photocatalysts. More in detail, their 2D nature intrinsically
guarantees that the charge carriers are directly photogenerated at the interface with the electrolyte,
where redox reactions take place before they recombine. Even more, their electronic structure can
be tuned by controlling the number of the layers to fulfil the fundamental requirements for a water
splitting photocatalysts, i.e.: 1) conduction band minimum (CBM) energy (ECBM) > reduction
potential of H+/H2 (E(H+/H2)); 2) valence band maximum (VBM) energy (EVBM) < reduction
potential of O2/H2O (E(O2/H2O)). However, the evaluation of their photo(electro)catalytic
properties was almost unreported until last years, pointing out the need of experimental trials and
validation.
Among the solar-driven energy conversion technologies, the PVs has been at the center of an
ongoing research efforts, leading the market of renewables technologies, with application both on
industrial and domestic sectors. In this context, perovskite solar cells (PSCs) are considered the
promising solution alternative to Si solar cells to address the energy demand due to the high
efficiency (i.e., power conversion efficiency – PCE – with certified values >25%) and low-cost
production. However, despite the huge interest in PSCs, these devices still suffer from low stability
(i.e., structural degradation, perovskite decomposition, oxygen exposure) that impede their market
uptake. In this context, solution-processed 2D materials (i.e., graphene, MoS2, WS2, SnS2) have
been recently exploited (1) to engineer the device interface and (2) to dope the perovskite active
2

materials, aiming for the realization of highly efficient and stable PSCs. In addition, to boost the
future commercialization of PSCs, the research community is focusing on the search of low-cost
and viable materials replacing noble metals that are still used for the realization of current
collectors. Indeed, the replacement of the noble metal counter electrode (CE) with a carbon-based
back electrode in the so-called carbon perovskite solar cells (C-PSCs) represents a research hotspot.
Based on these considerations, the aim of this work was to explore the production of solutionprocessed 2D materials and to understand their PEC properties for the development of innovative
energy conversion systems, such as PEC water splitting, PEC-type photodetectors and PSCs. In
particular, 2D group-III and group-IV MMCs were produced in form of inks by liquid phase
exfoliation (LPE) technique and subsequently characterized and processed by spry coating
deposition, in order to fabricate (photo)electrodes used in a PEC three-electrode cell under
different illumination wavelengths. Meanwhile, the LPE-produced graphene and 2D MoS2 were
characterized and investigated as a functional components in PSCs. In particular, single-/few-layer
graphene was used to develop graphene-based electrically conductive pastes for the fabrication of
C-PSCs. This work was performed in collaboration with the University of Roma Tor Vergata
(Rome, Italy). In addition, during the PhD exchange program at École Politechnique Fédérale
Lausanne (Lausanne, Switzerland) under the supervision of Prof. M. Graetzel, solution-processed
2D MoS2 was incorporated into perovskite photoactive layers, in order to regulate the perovskite
crystallization, improving the efficiency and the stability of the overall devices.
The subject-matter discussed in this dissertation is divided in six chapters, where the first two
regard a general introduction on 2D materials, their production process and the working principles
of solar-driven technologies, in particular, PEC water splitting and PV devices. The second part of
this work is formed by four chapters, which illustrate the experimental results achieved for PECtype photodetectors and PSCs. The outline of this work follows the scheme reported below:
Chapter 1 gives an overview on 2D materials and their production methods.
Chapter 2 presents the fundamental mechanisms of PEC water splitting and PV applications,
describing the main figure of merit for the device’s performance evaluation.

3

Chapter 3 reports the morphological, structural and optical characterization of MMCs, in
particular gallium selenide, gallium sulfide, indium selenide and germanium selenide.
Chapter 4 describes the PEC properties of MMCs and their applications in water splitting and
PEC-type photodetectors.
Chapter 5 presents the development of graphene-based electrically conductive pastes for C-PSCs.
Chapter 6 shows the effect of the incorporation of 2D MoS2 in the perovskite active layers of
PSCs.
Finally, the Conclusion summarizes the results achieved in this work, the Appendix A reports a
brief description of the main experimental techniques used for the characterization of 2D materials
and the Appendix B shows a comparison between the performance of PEC devices discussed in
this work and the values reported in literature.
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1 Two-dimensional materials: properties and synthesis
During the last two decades, two-dimensional (2D) materials have become the focus of scientific
research due to their unique structure with high aspect ratio1 and their distinctive physical2 and
chemical proprieties.3,4 The elevate surface area,5 the optical transparency,6 and the tunable
optoelectronic properties with varying the material thinkness5,7 are just few evident features to
distinguish 2D materials from their bulk counterpart. In nature, there are almost an infinite number
of layered materials that can be exfoliated to get 2D materials with desired electronic, optical,
mechanical and electrochemical properties,8 depending on the targeted applications. The first
pioneering study on 2D materials dates back to 2004 when Novoselov and co-worker reported the
production of an atomically thin layer of graphite - known as graphene - by mechanical cleavage
exfoliation, so-known as “scotch tape technique”.2 More in detail, graphene is a single layer of
carbon atoms arranged in a two-dimensional honeycomb lattice structure. Therefore, in a graphene
sheet, each atom is connected to its three nearest neighbors by an σ-bond, and contributes one
electron to a conduction band that extends over the whole 2D plane. On the basis of these peculiar
properties of graphene, including high tensile strength, electrical conductivity and transparency,
many other 2D materials were discovered, each with its own peculiar properties that can even
complement those expressed by graphene. Generally, such 2D materials present a structure
composed by layers arranged in stacks characterized by strong chemical bonds in plane, while the
layers are hold together via weak van der Waals interactions, which enables their separation by
chemical and physical methods.9,10 Even though non-layered 2D materials have been also recently
reported, their exploitation in practical applications is still at an infancy stage compared to layered
2D materials. Therefore, the chapter will present a brief overview of the most established layered
2D materials, describing their morphological, structural and optoelectronic properties, together
with their production methods and potential applications.

1.1 Graphene
Graphene is a 2D layered material formed by pure carbon atoms sp2 hybridized and arranged in
hexagonal honeycomb single-layer structure with a thickness equivalent to an atom diameter.11
This 2D allotrope of carbon can be consider the fundamental building block for other carbon
materials such as the low-dimensional structures of fullerene (0D) and carbon nanotubes (1D) or
5

bulk graphite. The fullerene consists in a graphene sheet wrapped up into spherical structure, while
the carbon nanotubes are the result of flat rolled graphene nanosheets.12 In addition, the stacking
of many layers of graphite forms the graphite, which represents the most stable allotropic form of
carbon (Figure 1.1).

Figure 1.1: Allotropes of carbon formed by using graphene as building block. From left to right:
fullerene (0D), carbon nanotube (1D), graphite (3D).1

In the graphene structure, the carbon atoms are connected with covalent bonds in the same
plane while the van der Waal forces held together the sheets along the c-axis.13 The unique
properties of graphene depend on its crystal structure, in which the atoms of carbon present the
atomic orbital in the external shell 2s, 2px, 2py hybridized into sp2 orbitals, able to form a
molecular covalent σ bond, with a distance between the atoms of 1.42 Å.14 The remaining 2pz
orbital is perpendicularly oriented to the graphene plane and, from the overlap with the orbital
of other atoms, generates the weaker π bonds, responsible for the semi-metallic band structure
of graphene.15 In particular, the occupied π orbital meets the unoccupied π* molecular orbital
6

in the Brillouin zone K points, i.e., the so-called Dirac points (Figure 1.2a).16 The electrons in
proximity of the Fermi level (EF) obey a linear dispersion relation acting as massless fermions
Dirac (Figure 1.2b), making the graphene a zero-gap semiconductor material.14,17,18

Figure 1.2: a) Electronic band structure of graphene. b) Linear dispersion relation showing the vertically
mirrored Dirac cones intersecting at the EF.18

As a consequence of its band structure, graphene exhibits an high intrinsic electron mobility (~250
000 cm2 V-1 s-1 at room temperature),15,19,20 together with excellent thermal conductivity (between
4800 and 6000 W m-1 K-1).21 Notably, due to its 2D structure, the specific surface area is as high
as 2630 cm2 g-1.22 In addition, graphene shows distinctive mechanical properties, such as a high
Young modulus of ~1060 GPa and a mechanical strength of 42 N m-1, making graphene stronger
than steel.23,24 Thanks to its thickness, graphene absorbs only a reduced portion of visible light
(~2.3%).25 Therefore, graphene is a potential transparent conductor alternative to transparent
conductive oxides currently used in optoelectronic devices.26 Overall, graphene can easily find
application in a wide plethora of fields, such us photonics,27 thermal manangement,28 biosensing,29 composites,30 energy conversion31 and storage.32,33

1.2 Transition Metal Dichalcogenides
Two-dimensional transition metal dichalcogenides (TMDs) are a class of layered materials, with
chemical formula MX2, formed by covalently bonded X –M – X units, in which M is a transition
metal and X is a chalcogen atom i.e., S, Se, Te.34 Due to the different chemical properties and
different crystal configuration of the transition metal atoms, the TMDs can be arranged into several
crystalline structures, with semiconductor or metallic properties.35 Therefore, TMDs can present
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different structural polymorphs. The most common single-layer polymorphs for the most
established TMDs, i.e., the group-VI TMDs (MoS2, WS2, MoSe2, WSe2, just to cite a few) are the
trigonal-prismatic semiconducting 2H phase, corresponding to the multi-layer 1H polymorph, and
the octahedral metallic 1T phase (Figure 1.3a,b).36

Figure 1.3: Atomic structures of single-layers group-VI TMDs in their most established polymorphic
phases. Crystal structures, side-view and top-view of a) 1H and b) (1T phases. 36

Generally, the optoelectronic properties of TMDs strongly depend on the electronic structure and
the coordination number of their transition metal atoms.34 In the 1H and 1T phases, the nonbonding d bands are located between the molecular bands of bonding and the antibonding (σ and
σ*, respectively) of the M – X bonds, as reported in Figure 1.4.

Figure 1.4: Schematic illustration of progressive filling of d orbitals for TMDs based on group 4, 5, 6, 7,
10 species.34
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According to the progressive filling of the non-bonding d bands (from group 4 to group 10
elements), TMDs show a wide range of different electronic properties. For example, NbSe2 and
ReS2 exhibit metal-like behavior due to their partially filled d orbitals; HfS2, MoS2 and PtS2, that
present a fully occupied d orbitals, exhibit semiconductor behaviors; WTe2 and TiSe2 are instead
semimetals.34,37 In addition, the use of different chalcogenide atoms in the structure can also vary
the electronic properties of TMDs. In fact, the decrease of TMD electronic bandgap (Eg) is
typically associated to an increase of atomic number of chalcogenide atom. For example, for Mobased structures, the Eg is progressively reduced from 1.3 eV in MoS2 to 1.1 eV and 1.0 eV in
MoSe2 an MoTe2, respectively.34,36 Moreover, the optoelectronic properties of TMDs can be tuned
by varying the number of layers, showing features that are different from those of their bulk
counterparts. Such differences directly originate from the interlayer coupling and quantum
confinement effects, which can even lead to a modification of the type (direct or indirect) of the
electronic transitions, especially when the thickness is reduced drastically up to one layer. Most of
the semiconducting TMDs (i.e., MoS2, MoSe2, MoTe2, WS2, WSe2) present a direct Eg in the
monolayer form, whereas the corresponding bulk phases exhibit indirect Eg with smaller energies,
such as WS2 with an direct Eg of 2.03 eV and indirect Eg of 1.32eV for monolayer and bulk
structure, respectively.38,39 Lastly, some TMDs show a high carrier mobility (e.g., ~ 470 cm2 V-1
s-1 for MoS2)40,41 and excellent mechanical properties, with mechanical strength and flexibility
similar to graphene.42 These properties, combined with their large surface area, make 2D TMDs
promising candidates for a large variety of applications, such as photo-detectors, photovoltaic
devices and light-emitting diodes.38 The following section will describe the particular case of 2HMoS2, whose exfoliated form (i.e., 1H-MoS2) has been used during my PhD activity for the
interface engineering of perovskite solar cells (PSCs).

1.2.1 Molybdenum disulfide (MoS2)
The natural (i.e., thermodynamically stable) bulk phase of MoS2, i.e, 2H-MoS2 (space group
P63/mmc), is a layered crystal structure with Mo atoms between two S atoms, forming a covalent
bonding S-Mo-S in each layer, while the van der Waals interaction held together the layers along
the c-direction.36 According to this structure, the Mo atom of each layer are surrounded by six S
atoms, resulting in a single-layer structure composed by three atoms. Like other TMDs, 2H-MoS2
shows thickness-dependent electronic properties, as reported in Figure 1.5. The calculated band
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structures describe an indirect-to-direct Eg evolution from 0.88 eV for the bulk case to 1.9 eV for
the monolayer structure.34

Figure 1.5: Electronic band structure calculated for 2H-MoS2 as a function of number of layers.34

The band structure and the bandgap strongly influence the optoelectronic characteristics of 2HMoS2, whose 2D form presents a giant photoluminescent (PL),43 high current on/off ratio of ~ 107
– 108 in FET monolayer devices, a good electron mobility (up to 470 cm2 V-1 s-1)44 and a large
optical absorption coefficient (~ 106 cm-1).45 These features make MoS2 one of the most studied
2D material for (opto)electronic applications.46 Moreover, a good elasticity and a high Young’s
modulus (~ 0.33±0.07 TPa) have been experimentally measured for few-layer MoS2, leading to
mechanical properties outperforming those of stainless steel.47 The combination of
(opto)electronic and mechanical properties of 2H-MoS2 makes the latter a suitable semiconductor
candidate for the realization of composite films and advanced optoelectronic devices, such as
(flexible) solar cells.48 Even more, MoS2 have found applications in field effect transistors (FET)49,
solid lubricants,50 bio-sensors,51 gas sensors,52 as well as in catalysis (i.e., hydrogen
generation)53,54 and energy storage devices55

1.3 Metal Monochalcogenides
Metal monochalcogenides (MMCs or MX) are an emerging class of layered materials with
interesting physical and chemical properties,56 together with low-cost, earth-abundant and
environmentally friendly features.57 Metal monochalcogenides are formed by group–III or group
–IV metal elements (i.e., group-III M= Ga, In, Tl; group-IV M= Ge, Sn, Pb) and a chalcogenide
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atom (i.e., X = S, Se, Te). These materials were theoretically predicted to be suitable for electronic,
optical and energy conversion applications, because they present an energy band gap ranging from
1.1 to 2.6 eV, that can potentially satisfy common (photo)catalysis requirements.58,59 However, in
their bulk form, the low carrier mobility (e.g. ~ 80 cm2 V-1 s-1, for GaS) can limit their direct
exploitation, while arising a special interest for the 2D couterparts.60 Similar to TMDs, the MMCs
present thickness-dependent Eg able to regulate the optoelectronic properties. Therefore a size
reduction can be tailored to perform functional nanomaterials, as described in the following
sections for the particular cases of gallium selenide, gallium sulfide, indium selenide and
germanium selenide.61

1.3.1 Layered group-III MMCs: gallium selenide, gallium sulfide and indium
selenide
Group-III metal MMCs present a huge variety of properties and features, depending on their metal
and chalcogen atoms. Gallium selenide (GaSe) is a layered pseudo-direct optical Eg (direct
transition positioned just above the indirect one) binary chalcogenide composed of vertically
stacked Se–Ga–Ga–Se tetralayers held together by van der Waals forces.62 Several stacking of
tetralayered blocks (i.e., GaSe monolayers) are possible and form various polytypes (β, γ, δ, and
ε) of the crystal. However, the most stable GaSe polymorph is the hexagonal ε-GaSe (space
′
symmetry group: P6̅m-𝐷3ℎ
).63 Figure 1.6a shows the side-view and the top-view of ε-GaSe

crystal, whose most relevant properties are: photoresponse in UV–vis spectral range (from 1.8 to
5 eV),64 nonlinear optical behavior65 and a spin-orbit coupling effect.66 According to these
features, GaSe founds application in several fields, such as photodetectors,67 nonlinear optics (e.g.,
second harmonic generation),68 light-emitting devices.69 Moreover, the number of layers strongly
affect the GaSe optoelectronic properties,61 which can be adjusted to satisfy the requirements of
the final application. In particular, similar to TMDs, a Eg blueshift is observed with reducing the
GaSe thickness.70 Theoretical and experimental results confirm that the GaSe has a pseudo-direct
optical Eg, varying from ~ 1.8 eV in the bulk to ~ 2.6 eV in the single-layer, with an energy
difference between direct and indirect transition of only 25 meV.59,71 Moreover, GaSe nanoflakes
fulfills the fundamental requirements for a water splitting photo(electro)catalysts, i.e.: 1)
conduction band minimum (CBM) energy (ECBM) > reduction potential of H+/H2 (E(H+/H2)); 2)
valence band maximum (VBM) energy (EVBM) < reduction potential of O2/H2O (E(O2/H2O)),
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maximizing, at the same time, the surface area available for water splitting reactions due to its 2D
structure.61 Such energetics characteristics have been therefore used for photoelectrochemical
(PEC) water splitting and (PEC)-type photodetectors as discussed in Section 4.2.
Gallium sulfide (GaS) is another binary IIIA−VIA group compound, which has gained increasing
attention among the plethora of layered semiconductors due to its distinctive optoelectronic and
anisotropic structural properties. Depending on the stacking of layers, GaS forms four different
polytypes (β, ε, γ, and δ). However, the most energetically favorable crystal arrangement is the
hexagonal (2H phase) β-polytype.72 A single layer of β-GaS is composed of S−Ga−Ga−S
repeating units, with different layers kept together along the c-axis by weak van der Waals forces
(Figure 1.6b).73 Differently from other metal monochalcogenides (e.g., GaSe,74 InSe,75 GeSe,76),
the bulk form of GaS has a large optical Eg (at 300 K: indirect Eg ∼2.5 eV; direct Eg ∼ 3.0 eV).77
By reducing the thickness from the bulk to single-layer form, the Eg exceeds 3 eV due to quantum
confinement effects.61 Moreover, contrary to several 2D materials, which are reactive to air, GaS
is oxidation-resistant under both laser/strong UV illumination78 and mechanical stress,60 becoming
a suitable material for photodetectors that sense light in the ultraviolet (UV) range.79 Additionally,
2D GaS has emerged as a potential photo(electro)catalyst for both water splitting reactions, i.e.,
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),61 allowing the design
of new types of photoelectrochemical (PEC)-type photodetectors.76 Lastly, 2D GaS also emerged
as a material candidate for hydrogen storage,80 energy storage81 gas sensing, and nonlinear optics.82

Figure 1.6: Top-view and side-view of the schematic crystal structures of a) GaSe, b) GaS, c) InSe crystals.
74,83,84

12

Similar to GaSe and GaS, indium selenide (InSe) crystal is a layered material of group-III MMCs
with stacked quaternary layers of Se–In–In–Se atoms held together by van de Waals interaction
(Figure 1.6c).84,85 This material has been already used in electronic and optoelectronic devices,86
such as transistors87 and photodetectors,75 thank to its fascinating properties. In particular, InSe is
a promising material with a direct Eg in few-layers flakes form. Such direct Eg is tunable in a
spectral range from visible to near-infrared (NIR) by varying the crystal thickness.75 InSe, likewise
to other group-III MMCs, shows a thickness-dependent Eg. in fact, the bulk crystal presents an
indirect bandgap of 1.26 eV, that increases up to 2.11 eV for the monolayer at room temperature.88
The implementation of exfoliated 2D InSe, produced from its β polymorph bulk counterpart, in
optoelectronic and electrochemical applications, relies on theoretical density functional theory
(DFT) calculations, which reported that 2D InSe fulfils the fundamental requirements for a water
splitting photo(electro)catalyst.85 In addition, pioneering studies demonstrated n-type FETs based
on 2D InSe, with an electron mobility (µe) at room temperature on the order of 103 cm2 V-1 s-1,89
which is substantially higher than those expressed by other high-mobility 2D semiconducting
materials (e.g., TMDs, such as MoS2 or elemental materials, such as black phosphorous).90
Previous

experimental

studies

demonstrated

solution-processed

InSe-based

PEC-type

photodetectors with responsivities on the order of few µA W-1 (corresponding to external quantum
efficiency (EQE) < 10-2%) which lag behind the values (> 1 A W-1) reached by other solutionprocessed solid-state photodetectors that exploit photoconductive effect (PCE) to achieve EQE
above 100%.75

1.3.2 Layered group-IV MMCs: germanium selenide
Recently, 2D group-IVA MMCsmetal monochalcogenides (MX, M= Si, Ge, Sn, Pb; X = S, Se,
Te), namely SiS, SiSe, SiTe, GeS, GeSe, GeTe, SnS, and SnSe, have been theoretically predicted
to be low-cost and environmentally friendly water splitting photocatalysts.91 Among them, GeSe
polymorphs have been investigated for application in several fields, such as photovoltaics,92
photodetectors,93 (tunnel) FET,94 piezoelectric actuators,95 ferroelectric devices,96 and energy
storage systems,97 beyond to be proposed as water splitting photo(electro)catalysts.91 The most
common allotropic form is β-GeSe that crystallizes in the orthorhombic space group Pnma (Figure
1.7). Density functional theory calculations revealed that the cleavage energy of its orthorhombic
bulk structure is around 0.45 J m−2,98 which is similar or slightly superior to those calculated for
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other 2D materials, including graphene, TMDs and several group-IIIA MMCs.74,99 These results
suggest that 2D GeSe can be easily produced through the exfoliation of its bulk counterpart, as
previously discussed for GaSe, GaS and InSe. Moreover, the charge carriers of GeSe have high
charge carrier mobility with theoretical values between 102 and 104 cm2 V−1 s−1 for electrons and
between 1 and 103 cm2 V−1 s−1 for holes.98 In comparison to its phosphorene analogue, the 2D
GeSe structure shows a superior oxidation resistance, with activation energies for the
chemisorption of O2 on its surface of 1.44 eV (more than twice of the value calculated for
phosphorene).100 In addition, the optoelectronic properties of the exfoliated GeSe can be tuned by
varying the number of layers. In fact, theoretical calculations demonstrated a c-axis confinementinduced Eg blue-shift, showing an indirect bandgap (between 1.1 and 1.2eV) in the bulk and a
direct bandgap (>1.9eV) in the monolayer.98 Additionally, the Eg of single-/few-layer GeSe flakes
is larger than the minimum energy required for the water splitting reaction (i.e., 1.23 eV), satisfying
the fundamental requirements for a water splitting photo(electro)catalysts.91

Figure 1.7: Top-view and side-view of the schematic crystal structures of GeSe crystals.76

In conclusion, the validation of (photo)electrochemical properties of GaSe, GaS, InSe , GeSe and
other group-III and group-IV MMCs as novel (photo)electrochemically active 2D materials, can
provide robust understanding on their use as efficient photocatalysts or photoactive materials in
optoelectronic devices.101
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1.4 Synthesis methods for 2D materials production
The implementation of 2D materials in nanotechnology and industrial fields is strictly related to
their production methods, which can lead to substantial differences in terms of quality of the
products, as well as production rate and yield. Many methods have been developed for the
production of 2D materials, forming two distinct general categories: the button-up and top-down
approaches.102 The technologies based on bottom-up procedures allow complex nanostructures to
be created starting from individual constituents by exploiting the physical and chemical processes
to promote the aggregation of atoms or molecules precursors.103 Typical examples of bottom-up
techniques are chemical vapor deposition (CVD) or molecular beam epitaxy (MBE) (Figure
1.8a,b), which produce high-quality nanosheets, with a small number of defects. On the other
hand, the top-down methods consist in a break-down of the layered precursor, by peeling-off them
from their bulk layered counterparts.104 The rational of this approaches is that layered crystals can
be peeled in single-/few-layers by overcoming the van der Waals interactions between adjacent
planes.104 For example, micromechanical cleavage (MC) allows a size reduction (i.e., thickness
and lateral size) of the materials until to creation of nanostructures (Figure1.8c).102,103 In general,
among the exfoliation techniques, the liquid phase exfoliation (LPE) has emerged as a promising
tools to supply large quantities of 2D crystals with high-throughput production (Figure1.8d).102,105

Figure1.8: Schematic sketches of 2D materials production methods. Bottom-up approaches: a) chemical
vapor deposition; molecular beam epitaxy. Top-down exfoliation approaches: c) micromechanical
cleavage; d) liquid phase exfoliation.102
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1.4.1 Chemical vapor deposition
Chemical vapor deposition (CVD) is a bottom-up technique, mainly used for the production of
high-quality 2D materials.106,107 The method enables growth directly on a heated substrate starting
from the solid, liquid or gaseous precursor of materials.102 Generally, the initial precursors are
vaporized or sublimated and then transported by inert gasses into the deposition chamber.13 Inside
the deposition chamber is located a substrate (e.g., metals: Ni,108 Co,109 Cu110; or insulator:
Si3N4,111 ZrO2,112 MgO,113 SiC114) heated at high temperature (600 – 1000°C) under low-pressure
(10-7 mPa).102 For the synthesis of single-layer graphene, gas (e.g., methane, ethylene, acetylene),
liquid (e.g., benzene, methanol, ethanol) or solid (e.g., polyethylene-, polystyrene-based polymers)
are used as carbon sources (i.e., precursors).13 Notably, the growth mechanism of graphene
depends on the selected substrate, the precursor’s reactivity and the possible use of catalyst, which
can facilitate the decomposition process of starting carbon sources in atoms or molecules. These
products diffuse on the substrate surface and, together with the temperature drop, start the
nucleation and the growth processes, forming a thin-film of graphene.102,103 The techniques can be
used also for the production of other 2D materials by varying the starting precursors and process
parameters. In general, the key parameters for the realization of high quality 2D crystal are the
temperature of the substrate, the heating ramp and the growth time process, which can be properly
tuned to attain desired properties of the resulting 2D materials.115 However, CVD technique is
typicallyis used to produce low-defect and high-quality 2D materials.102 In fact, the main drawback
of CVD is the high production cost due to the expensive and energy-consuming equipment,
hindering massive production of 2D materials.116 Even more, the removal of the catalyst and the
transfer of the growth material to another substrate117 can restrict the use of this techniques in some
massive applications.118,119

1.4.2 Molecular beam epitaxy
Among the bottom-up techniques for the production of graphene and 2D materials, molecular
beam epitaxy (MBE) represents a powerful deposition approach for the growth of thin-films,
widely used for the production of high-quality epitaxial structures, including the IIII-V or II-VI
semiconductors.120 Similar to CVD process, the MBE is a physical evaporation method, that, for
the graphene production, exploit the sublimation of carbon precursor by electron beam evaporator
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with the formation of high-quality single-layer graphene, as well asother products.121 However,
MBE is based on a generation of atomic beam of elements (i.e., carbon for graphene) directed onto
a substrate, producing an irregular coverage of the surface, because it is possible to deposit on area
where graphene has already formed.102 Therefore, with this thermal process, the carbon is mostly
deposited in its amorphous or nanocrystalline phase. Consequently, the layered materials produced
by MBE, such us few-layer graphene, present a large-domain size distribution of defective crystals
due to a poor growth control.122 On the basis of these consideration, despite the conceptual
simplicity, a great technological effort is required to produce systems that yield the desired quality
in terms of materials purity, uniformity and interface control.123 The control on the vacuum
environment and on the quality of the source materials should allow higher crystal quality
compared to non-ultra high vacuum (UHV)-based techniques.123 The optimization of MBE
technique could lead to a production of large-area single 2D crystalsonto different substrate. The
other advantage of MBE is the possibility to be coupled with vacuum characterization process, in
order to monitor the growth by in-situ surface investigation techniques, such us, XPS or STM.103,123

1.4.3 Micromechanical cleavage
Micromechanical cleavage (MC), also known as mechanical exfoliation, is the peeling off of 2D
materials with a variable thickness from their corresponding bulk crystals. Micromechanical
cleavage has been used since the 1960’s by crystallographers and crystal growers,124 but in 2004
allowed graphene to be isolated from graphite by Nobel price K. Geim and K.S. Novoselov.2 To
succeed in this, they used the scotch tape as cleavage agent ,104 cleaving a monolayer graphene
from an oriented pyrolytic graphite.

Figure1.9: Photographs of illustrative procedure of mechanical exfoliation.104

As presented in Figure 1.9, the procedure to obtain a single-layer nanoflake consists in applying
the adhesive tape onto the bulk crystal surface, by exerting a normal force. By repeating the peel17

off procedure, flakes with different thickness can be obtained as a consequence of the delamination
of the bulk crystal.104 Following this approach, several 2D materials can be produced in reliable
way. Although MC generates high-quality (defectless) 2D materials and is the preferable method
for the investigation of the fundamental properties of materials, it is impractical for large-scale
applications due to a low production yield, remaining an ideal tool only for the realization of proofof-concept devices.123

1.4.4 Liquid-phase exfoliation
Among the top-down strategies developed for the production of graphene and other layered 2D
materials in liquid environment, the liquid-phase exfoliation (LPE) represents the most simple and
versatile tool to obtain a colloidal stable dispersion of exfoliated materials. In this technique, 2D
materials are produced and formulated in form of inks, which can be directly processable within
industrial facilities.10 The LPE process generally involves three steps: 1) the dispersion of bulk
crystal in a solvent; 2) the exfoliation; 3) the purification, which is needed to separate exfoliated
material from un-exfoliated flakes (Figure 1.10).105,125

Figure 1.10: Schematic representation of the different steps involved in the LPE process.125

To overcome the attractive van der Waals forces in the bulk, energy in form of sonication or shear
must be applied.10,126 Moreover, to prevent the reaggregation of the flakes at the end of the process,
the selection of a suitable solvent is crucial. In particular, the ideal solvents for the exfoliation of
the bulk crystal, as well as the stabilization of exfoliated materials, are those that minimize the
interfacial tension between the liquid and the produced flakes. Therefore, the surface energy of the
bulk material should match with the surface tension of the liquid (γ), otherwise the exfoliated
materials will suffer of poor dispersibility, i.e., the flakes will adhere each other, beyond to impede
an the exfoliation itself.105 For the exfoliation of graphite into graphene, the solvents with surface
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energy of 70-80 mJ m-2 or surface tension of 40-50 mN m-1 are the optimal ones because they
minimize the interfacial tension between the graphene flakes and the liquid.127 Moreover, the
solubility parameters are also important factors in the choice of solvent. In fact, the matching of
the Hildebrand or Hansen solubility parameters of the layered materials with the ones of the solvent
promotes the exfoliation processes.128 In particular, the Hildebrand parameter (δHild) is defined as
the square root of the cohesive energy density, i.e.: δ = [(ΔHv – RT)/ Vm]0.5, in which ΔHv is the
enthalpy of vaporization, R is the ideal gas constant, and Vm is the molar volume.128 However,
δHild-matching condition does not account for hydrogen bonding and polar interactions, which can
drastically affect the material solubility/dispersibility in a solvent.128 Contrary to the Hildebrand
model, the Hansen model predicts the solubility/dispersibility of material by referring to three
parameters, which are the dispersion, polar and hydrogen bonding components (δD, δP, and δH,
respectively) of the δ, as expressed by: δHild2 = δD2 + δP2 + δH2.128 Therefore, to assess the efficiency
of solvent, many parameters and many factors must to be taken into account. The solvents widely
used for the exfoliation of graphene are N-Methyl-2-pyrrolidone (NMP) and Dimethylformamide
(DMF) that present suitable values for γ (40 - 50 mN m-1) and for Hansen solubility parameters
(δD ~ 18 MPa1/2, δP ~ 10 MPa1/2, δH ~ 7 MPa1/2), becoming the best candidate for the production
of stable graphene dispersion.105,123 The main disadvantages of these solvents are related to their
toxicity and their high boiling point,129 making difficult the processability of graphene for the
fabrication of practical devices. For this reason, much efforts are currently pursued to perform the
exfoliation of layered crystals in non-toxic and low-boiling point solvents (e.g., isopropanol128 or
acetone130), for example, by tuning their rheological parameters with stabilizing agents.123
The LPE process can be carried out through different methods, the most common ones are:
ultrasonication-assisted exfoliation,128 the shear exfoliation,126 the microfluidization,131 as well as
the
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WO2017/089987A1).132 The ultrasonication-assisted exfoliation can be performed using a bath
sonicator or a tip, in which the energy needed for the exfoliation is supplied by mechanical forces
through ultrasound vibrations. In the tip sonication, the energy is directly applied to the solution,
while in the bath sonicator the ultrasound vibration are applied to a tank of water in which the
vials, containing s crystal dispersions, are immersed.103 Although to the tip sonication is an
exfoliation approach with an high production rate, a short processing time together with an high
initial material concentration, the high cost for maintenance of the equipment and the heating of
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the sample during the process, make the bath sonication a low-cost and preferable lab-scale
approach for the production of 2D materials with a low concentration of defects.103,133 The
physical-chemical phenomena behind the ultrasonicated-assisted exfoliation are the cavitation
process and shear effect. In particular, due to the ultrasound vibrations, thermolytic centers, called
“hot spots” are generated, producing cavitation bubbles. As shown in Figure 1.11a, the cavitation
bubbles collapse producing compressive stress to bulk material, inducing a subsequent exfoliation.
The shear effect also participates to the exfoliation process, improving an effective separation of
the exfoliated flakes. (Figure 1.11b).

Figure 1.11: schematic mechanisms involved in the exfoliation by ultrasonication-assisted exfoliation: a)
collapsing cavitation bubbles and b) shear forces.104

At the end of the exfoliation process, the purification process is essential to separate the exfoliated
flakes from unexfoliated bulk, because the as-prepared dispersion presents flakes with a broad
range of thickness. The mainly strategy to remove thick flakes is the sedimentation basedseparation (SBS) performed by ultracentrifugation in a uniform medium. Moreover, by tuning the
parameters it is possible to control the size selection of the exfoliated flakes by subsequent
ultracentrifugation processes, with a method called liquid cascade centrifugation (Figure 1.12).134
The nanomaterials are separated according to the difference of their sedimentation rate, as a
consequence of centrifugal force that act on them.135 The sedimentation coefficient (s) is described
by the Svedberg equation,136 which describe the time needed for flakes to sediment:
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𝑠=

𝑚(1 − 𝜗 ′ 𝜌)
𝑓

(𝐸𝑞. 1.1)

where 𝑚 is the mass of 2D flakes, 𝜗 ′ is the partial specific volume, 𝜌 is is the density of the solvent
and 𝑓 is the frictional coefficient between the solvent and the flakes. Therefore, larger and thicker
flakes, with an associated higher mass, tend to sediment faster than thinner ones, characterized by
a lower mass.135

Figure 1.12: Schematic illustration of SBS together with the liquid cascade centrifugation for a size
selecting of exfoliated flakes.134

The possibility to obtain single-layer/few-layer of 2D materials dispersed in liquid media
represents a powerful advantage to produce functional inks that can be deposited through solution
processing/printing techniques (e.g., spray coating, spin-coating, ink-jet printing)137,138 for
applications such as energy storage,139 energy conversion,74,76 flexible electronics140 and
composites.141 Among the benefits, the simplicity of the production and experimental settings
together with low-production costs are the major advantages of LPE compared to other crystal
growth methods. Moreover, the high versatility of the LPE process allows to create a large
quantities of exfoliated 2D materials from different bulk powders.103 On the other hand, the LPE
methods often present some drawbacks that can influence the applicability of the as-produced 2D
materials; in fact, the LPE flakes have a limited size due to the exfoliation and purification
processes.142 More in detail, 2D materials obtained through LPE have a broad distribution in sizes
and thicknesses due to the fragmentation process occurred during the exfoliation.143 The crystal
thickness may range from the single layer to un-exfoliated crystals and the lateral dimensions from
few nanometers to several micrometres.144 In addition, the crystal fragmentation depends on the
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LPE processing time: the larger processing leads more fragmentation and more number of defects,
which are located on the border/edge of the flake and also on the basal plane.145
Among the LPE approaches for the exfoliation of layered materials, an innovative technique based
on high-pressure homogenizers, named wet-jet milling, overcomes the main drawback of the
prototypical ultrasonication-assisted LPE.132 The physical phenomena involved in the WJM
exfoliation are a combination of cavitation and shear-rate effects.132,146 Experimentally, the
exfoliation is carried out in a processor chamber, consisting in a series of interconnected channels
with different diameters or geometries. In general, the pressure is supplied by a hydraulic piston,
injecting the solvent-layered material towards the processor (Figure 1.13).

Figure 1.13: Representation of schematic setup of high –pressure homogenizers, wet-jet mill.132

Thus, the WJM exfoliation process exploits a high pressure (between 180 and 250MPa) to force
the passage of the solvent/graphite mixture through perforated disks, with adjustable hole
diameters in the processor (0.3− 0.1 mm, named nozzle), generating shear forces which exfoliate
the graphite. In particular, by reducing the size of the nozzle it is possible to create thinner flakes
with a smaller lateral size.132 Such an exfoliation method provides a production rate of graphene
flakes of ∼0.4 g min

−1

(on a single WJM apparatus) and an exfoliation yield of 100%.132 For

instance, WJM allows a final concentration of single-/few-layer graphene dispersion of 10 g L-1 to
be obtained. Therefore, WJM exfoliation is suitable for an industrial production of high-quality
graphene and other 2D materials.147 It is important to notice that, differently from other chemical
exfoliation and chemical/thermal reduction methods used for the production of graphene
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derivatives (e.g., reduced graphene oxides),103 the WJM exfoliation process preserves the chemical
purity of the starting graphite, while hindering the emergence of structural defects in the basal
plane of the exfoliated material. Therefore, WJM-produced graphene well preserves the ideal
graphene properties, such as high electrical conductivity and mechanical strenght.132,148 Beyond
graphene, other layered crystal can be exfoliated through WJM method in form of single-/fewlayer flakes dispersion (e.g., hexagonal boron nitride, TMDs, MMCs). In addition, contrary to the
ultrasonication-assisted exfoliation, in the high-pressure homogenizers, the layered crystals are
exposed to the exfoliation forces for short periods (form ms to µs), letting in a second phase the
flakes stabilization process. This fact could expand the possibilities for using solvents with
different surface tensions, Hansen or Hildebrand parameters, enabling the exfoliation in lowboiling point, non-toxic and environmentally friendly solvents.
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2 Fundamentals of photoelectrochemical and photovoltaic
applications
The continuous advancement of technology and the growing world economy have the objective to
improve the society standard living.149 However, the backside of this growth is associated to a
rapid deterioration of environmental conditions in term of air pollutions and global warming.150
Chemists, physicists and material scientists are currently involved in the design and development
of highly efficient and low-cost energy sources. In this context, the development of novel and
renewable technologies is one of the key solution to fulfil the ever increasing energy request.150 In
particular, the technologies that convert the sunlight energy into usable energy forms can strongly
support the growth of environmentally friendly energy conversion and storage systems, including
the hydrogen generation by water photoelectrolysis151 and the photovoltaics (PVs).152,153
Moreover, to provide an eco-friendly footprint, these new systems must be realized using novel
earth-abundant and cost-effective materials. In this scenario, 2D materials are attracting utmost
interest for their unique and tunable optoelectronic properties coupled with high surface area.154 In
this chapter, a brief overview on (photo)electrochemical (PEC) water splitting and PV processes
will be presented, pointing out the attention on the reaction mechanisms and Figures of Merit
(FoM) of the corresponding devices.

2.1 Hydrogen and oxygen generation by photoelectrochemical
(PEC) water splitting
Hydrogen is one of the most promising clean energy carriers, and it has consequently attracted an
increasing amount of interest for both energy production and storage. It is not directly available in
nature but it can be produced from water using renewable energy sources i.e., solar radiation
(photons) in the so-called PEC water splitting process.155 The latter is a water electrolysis aided by
the electronic charges photogenerated into photoactive materials (photocatalysts) under solar
illumination. This approach represents one of the most efficient renewable one for the hydrogen
production. More generally, a PEC process takes place in a PEC cell and consists in a conversion
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of the light into electrical current that is used for the transformation of chemical reagents (i.e. H2O)
in chemical energy products (i.e. H2).156 Generally, the PEC cell is formed by two electrodes
system with a working semiconductor electrode (WE) and counter electrode (CE), immersed in an
aqueous electrolyte and connected through a back contact and an external circuit. In addition, to
accurate study the PEC properties of a single electrode, the three electrodes configuration is
preferable, in which the electrochemical reactions of WE are referred to a reference electrode (RE).
The WE generally is a photoactive semiconductor material that drive the reactions through the
photovoltaic effect.157 According to the reactions that occur on its surface, the WE is called
photoanode or photocathode; in particular, for the PEC water splitting process, a n-type
semiconductor is used as a photoanode for the water oxidation (oxygen evolution), while a p-type
semiconductor acts as a photocathode for the reduction of H+ to H2.157 When the light hits the
semiconductor, the photons having energy hv equal or higher then semiconductor bandgap are
aboserbed by the materials, exciting the electrons in the conduction band (CB) and holes in the
valence band (VB). These photogenerated carries are transferred to the interface between the
semiconductor and the electrolyte, where the redox reactions occurs. Thus, the holes react with the
aqueous electrolyte to produce oxygen and ions H+, which migrate to the cathodes trough the
electrolyte. Meanwhile, the photogenerated electrons are transferred to the cathode by an external
circuit where recombine with the hydrogen ions producing gaseous hydrogen.158 Therefore, the
electrons in the CB drive the hydrogen evolution reaction (HER), while the holes in the VB
participate in the oxygen evolution reaction (OER).158 A schematic illustration of the overall water
splitting mechanism for a semiconductor is reported in Figure 2.1.

Figure 2.1: Basic mechanisms of overall water splitting reaction on a photocatalyst.158
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Under standard condition, the water electrolysis occurs at 1.23V vs. normal hydrogen electrode
(NHE), a value obtained from the relationship:
∆𝐺 0 = −𝑛𝐹 ∙ ∆𝐸 0

(𝐸𝑞. 2.1)

where, ∆𝐺 0 is the standard Gibbs free energy of the reaction, ∆𝐸 0 is the standard electric potential
of the reaction, 𝐹 is the Faraday constant (𝐹 = 96485 𝐶 𝑚𝑜𝑙 −1 ) and 𝑛 is the number of transferred
electrons for the reaction.
The overall water splitting reaction in a PEC cell can be expressed as:
𝐻2 𝑂(𝑙𝑖𝑞) + ℎ𝑣 → 𝐻2(𝑔𝑎𝑠) +

1
𝑂
2 2(𝑔𝑎𝑠)

(𝐸𝑞. 2.2)

Clearly, the fundamental requirement for carrying out this reaction is that the photon energy must
be higher than the water splitting energy of 1.23 eV. The overall water splitting reaction can be
further divided in the two half-cell reactions, i.e.,:156

Hydrogen evolution reaction (HER):

+
2𝐻(𝑎𝑞)
+ 2𝑒 − → 𝐻2(𝑔𝑎𝑠)

Oxygen evolution reaction (OER):

+
2𝐻2 𝑂(𝑙𝑖𝑞) → 4𝑒 − + 4𝐻(𝑎𝑞)
+ 𝑂2(𝑔𝑎𝑠)

(𝐸𝑞. 2.3)
(𝐸𝑞. 2.4)

The standard redox potentials for HER and OER, expressed when the electrolyte pH is 0, are
0
0
𝐸𝑟𝑒𝑑
= 0 𝑉 𝑣𝑠. 𝑁𝐻𝐸 and 𝐸𝑜𝑥
= 1.23 𝑉 𝑣𝑠. 𝑁𝐻𝐸, respectively.159

The mechanism for the HER process involves several steps. The process starts with the Volmer
reaction, in which the proton sources (i.e., H3O+ for the acid media and water molecules for
alkaline media) interact with the electrons on the surface of photocatalyst, forming a hydrogen
atom adsorbed (Hads). The electrochemical hydrogen adsorption of the Volmer reaction can be
expressed as:159
𝑉𝑜𝑙𝑚𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑎𝑐𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ∶ 𝐻3 𝑂+ + 𝑒 − ⇋ 𝐻𝑎𝑑𝑠 + 𝐻2 𝑂
𝑉𝑜𝑙𝑚𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ∶ 𝐻2 𝑂 + 𝑒 − ⇋ 𝐻𝑎𝑑𝑠 + 𝑂𝐻 −

(𝐸𝑞. 2.5)
(𝐸𝑞. 2.6)
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The subsequent step involves the formation of hydrogen molecules and can occurs by
electrochemical desorption or chemical recombination. In the first pathway, named Heyrovsky
reaction, the adsorbed hydrogen atom reacts with an electron and with a proton or water molecule
(depending on the solution pH), leading to the H2 formation.159
𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑎𝑐𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ∶ 𝐻𝑎𝑑𝑠 + 𝐻3 𝑂+ + 𝑒 − ⇋ 𝐻2 + 𝐻2 𝑂

(𝐸𝑞. 2.7)

𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ∶ 𝐻𝑎𝑑𝑠 + 𝐻2 𝑂 + 𝑒 − ⇋ 𝐻2 + 𝑂𝐻 −

(𝐸𝑞. 2.8)

In the second pathway, the formation of hydrogen is performed through mechanism called Tafel
reaction. Thus, two adjacent adsorbed hydrogen atom recombine on the (photo)catalyst surface
into H2.156
𝑇𝑎𝑓𝑒𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑎𝑐𝑖𝑑 𝑜𝑟 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ∶ 2𝐻𝑎𝑑𝑠 ⇋ 𝐻2

(𝐸𝑞. 2.9)

The kinetics of the HER process strongly depends on the nature of (photo)catalyst and the potential
range applied. If the Volmer step, or “discharge” reaction, is the rate limiting, the electron transfer
and consequent desorption process will be faster; contrary, desorption and diffusion of molecular
H2 can also become the rate limiting process. Typically, at low reaction overpotentials, the ratedetermining step is the hydrogen adsorption, while at high overpotential, the rate of hydrogen
adsorption is higher and the desorption reaction become the rate-determining step.159 In general,
an optimal (photo)catalyst for HER process should easily perform the adsorption and the
desorption of atomic hydrogen, proton, water molecules on its surface, making the chemical
recombination as the rate-determining step at low reaction overpotential.160 In addition, a key
parameter for the evaluation of (photo)catalyst is the electrochemical stability in both acidic and
alkaline media under a wide range of applied potentials. The noble metals present the best stability
and catalytic activity for the HER, but their massive use is limited due to the high production cost,
boosting the development of novel and low-cost (photo)catalyst, including 2D materials.161
Thermodynamically, if the interaction between the active material and the reactive intermediates
is strong, a poor quantity of reaction products is formed; on the other hand, if the interaction is
weak, just few intermediates bind the surfaces, making the adsorption the limiting reaction rate.159
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Therefore, a suitable balance between the absorption and desorption processes is needed to design
an efficient (photo)catalyst. Based on the materials affinity for the hydrogen bonding, the
“Volcano-type plot” predicts the trends of electrocatalytic properties.159,161,162 As reported in
Figure 2.2a, this plot relates the exchange current density based on logarithm (log j0) as a function
of Gibbs free energy of hydrogen adsorption (∆𝐺𝐻 + ) in eV, with a peak at ∆𝐺𝐻 + = 0. In fact, when
∆𝐺𝐻 + is close to zero, the (photo)catalyst presents an ideal binding of hydrogen to the electrode
surface.160 Contrary, for ∆𝐺𝐻 + < 0 the adsorption is very strong, while for ∆𝐺𝐻 + > 0 the
interaction is weak, leading in the both case to a reduction of j0.159 The volcano plot reported in
Figure 2.2b shows the ∆𝐺𝐻 + calculated for several catalysts. In particular, Mo, W, Nb, Ni show a
negative ∆𝐺𝐻 + , indicating a poor catalytic activity, in which the rate-limiting step is the
dissociation of the adsorbed hydrogen.163 Metals like Ag, Au, Cu present a positive ∆𝐺𝐻 + , in which
the rate-limiting step is the Volmer reaction. Finally, Pt, Pd, Ir, MoS2 present a value of ∆𝐺𝐻 +
close to zero, which means they are the most effective electrocatalyst for the HER.163
Unfortunately, due to their low availability and high-cost, their massive application is not possible.
In this scenario, 2D materials-based semiconductors recently emerged as promising
(photo)catalysts for the development of next-generation environmentally friendly PEC water
splitting systems.151,164,165

Figure 2.2: a) Schematic representation of theoretical Volcano plot (i.e., relationship between j0 and ∆𝐺𝐻+ );
b) exchange current density as a function of ∆𝐺𝐻+ for several HER catalyst.165
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Besides the hydrogen production, the (photo)catalytic splitting of the water generates molecular
O2 g through the OER process. This reaction is not thermodynamically favored compared to HER,
because it requires the transfer of four protons coupled with electrons to create an oxygen-oxygen
bond.166 Therefore, the efficiency of overall water splitting reaction is generally limited by the
OER step.163 As discussed for the Eq. 2.2, the fundamental requirement for the water splitting
reaction is that the standard equilibrium potential of the water electrolysis is equal or larger than
1.23V, that correspond to the redox potential for the OER process (Eq.2.4). More in detail, the
electrochemical reaction in acidic and alkaline electrolyte for the OER are, respectively:
𝐴𝑐𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

+
2𝐻2 𝑂(𝑙𝑖𝑞) → 4𝑒 − + 4𝐻(𝑎𝑞)
+ 𝑂2(𝑔𝑎𝑠)

(𝐸𝑞. 2.10)

−
4𝑂𝐻(𝑎𝑞)
→ 4𝑒 − + 𝑂2(𝑔𝑎𝑠) + 2𝐻2 𝑂(𝑙𝑖𝑞)

(𝐸𝑞. 2.11)

In acidic media, two water molecules are oxidizes to generate O2 and four protons; in alkaline
media, the O2 and H2O formation is due to the reaction of four hydroxyl group 𝑂𝐻 − . Generally,
the OER involves many steps, associated to the formation and stabilization of high energy
intermediates, which slower the kinetics of the process. Since the energies of the reaction steps
depend on the nature of the active material, it is important to develop (photo)catalyst with the band
edges that properly match with the redox potential of water splitting.163,166 The most efficient
catalysts for the OER are ruthenium dioxide (RuO2)167 and iridium dioxide (IrO2).168,169 The
electrochemical behavior of these materials was theoretically predicted by a volcano plot in which
the overpotential is correlated to the standard enthalpy change (Figure 2.3).
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Figure 2.3: Volcano plot for several OER catalyst in acidic (with square) and alkaline (black square)
condition.163

In general, the PEC reactions are enabled by the use of sunlight and, to guarantee the HER and
OER processes. Thus an ideal (photo)catalyst must satisfy two necessary requirements.170 First,
the semiconductor energy bandgap (Eg) must exceed the Gibbs free energy of water splitting
reaction (i.e., 1.23 eV). Second, the band edge positions of the conduction band minimum (CBM)
and valence band maximum (VBM) should match with the redox potential of the hydrogen and
oxygen evolution to promote the water splitting. In particular, the energy of CBM (ECBM) must be
higher than reduction potential of hydrogen H+/H2 (-4.44 eV), i.e., ECBM > E(H+/H2); on the other
side, the energy of VBM (EVBM) must be lower than oxidation potential of water O2/H2O (-5.67
eV) i.e., EVBM < E(O2/H2O).59,170 The sunlight consists of several components: 5% UV radiation (300400 nm), 43% visible wavelengths (400-700 nm) and 52% of infrared (IR) radiation (700-2500
nm). To be effective, a (photo)catalyst should present a good light absorption, especially in the
visible spectral range, and an Eg between 1.6 and 3.2 eV.170 The bandgap and the edge band
position of several semiconductors is reported in Figure 2.4 together with the redox potential of
the HER and OER processes. In addition, an efficient (photo)catalyst must also present high
electron and hole mobilities in order to promote an efficient carrier separation and transport,
avoiding the charge recombination. In addition, the catalytic activity and the stability of the
(photo)catalysts in aqueous electrolytes are key factors for their use in PEC systems. Moreover, to
perform an economical scale-up of the solar-based technology, low-cost and earth-abundant
(photo)catalyst must be designed.
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Figure 2.4: Band gap positions (expressed in eV) of common semiconductor materials, together with the
redox potentials of the water splitting reaction.170

In this context, thanks to their intrinsic optoelectronic properties and to their large surface volume
ratio, 2D materials represent suitable candidates for electrochemical and PEC water splitting
applications.61,91 In particular, the HER and OER processes occurs to the surface of
(photo)catalyst, thus the high specific surface area improve the catalytic activity, reducing at the
same time the carriers recombination. Notably, due to their 2D structure, these materials present a
short migration distance between the (photo)generated electron-hole pairs and the interface
electrolyte/(photo)catalyst where the water splitting redox reactions take place. Moreover, the high
carrier mobility makes 2D materials promising (photo)catalyst for PEC applications.59,61,91

2.2 Photoelectrochemical cell
As mentioned in Section 2.1, the PEC properties of semiconductors materials are investigated in
a three electrodes PEC cell, formed by working electrode (WE), counter electrode (CE) and
reference electrode (RE) immersed in an aqueous electrolyte. The (photo)electrochemical
processes between the semiconductor (WE) and the electrolytes, lead to an electron transfer on the
(photo)catalyst surface. The electrochemical potential (Fermi level (EF)) of (photo)catalyst must
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be balanced and equilibrated with the redox potential of electrolyte. If the EF of (photo)catalyst is
more positive of the reduction potential of electrolyte, the semiconductor receives the electrons
donates from electrolyte; vice versa, if the EF of (photo)catalyst is more negative of the reduction
potential of electrolyte, the semiconductor transfers the electrons to the electrolyte solution.156 This
electrochemical equilibrium generates band bending within the semiconductor, leading to a space
charge layer, which induce an electric filed that drive the charge separation effect. Moreover, in
the PEC process, the redox reactions involve the photogenerated minority carriers on the
photoelectrodes.156,171 Typically, in a photoanode (n-type semiconductor) the photogenerated hole
are located onto the electrode surface and take part to the oxidation reactions, while the electrons
reach the CE trough an external circuit (Figure 2.5a). Moreover, the EVBM < E(O2/H2O) condition
must be satisfy for the oxygen generation. In a photocathode (p-type semiconductor) the electrons
on the electrode surface participate to the hydrogen reduction, only if the ECBM > E(H+/H2) condition
is satisfied (Figure 2.5b).

Figure 2.5: Schematic energy diagrams for PEC water splitting system using a) photoanode and b)
photocathode.156

Experimentally, the PEC analyses are performed in a three-electrode system, where a potentiostat
controls the applied potential to the WE, measuring the corresponding (photo)current density,
under the light and in the dark mode. Depending on the presence of H+ and 𝑂𝐻 − ions in the
electrolyte, the potential is related to the pH solution by shifting 0.059 V for each pH unit according
to the Nernst equation:166
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𝐸 = 𝐸0 −

𝑅𝑇 [𝑅𝑒𝑑]
ln
𝑛𝐹 [𝑂𝑥]

(𝐸𝑞. 2.12)

where 𝐸 and 𝐸 0 are the cell potential and the cell potential at standard condition, respectively, 𝑅
is the gas constant, 𝑇 is the temperature, 𝑛 is the number of moles of electrons in the reaction, 𝐹
is the Faraday constant, [Red] is the concentration of reduced species and [Ox] is the concentration
of oxidized species. In addition, to remove the impact of pH and to make the potential of WE
independent from the counter electrode, the WE potential, measured relatively to the potential of
the reference electrodes (e.g., Ag/AgCl; Hg/HgO; Hg/Hg2Cl2) is converted to the potential vs.
reversible hydrogen electrode (RHE):156,163
0
𝐸𝑅𝐻𝐸 = 𝐸𝑟𝑒𝑓 + 𝐸𝑟𝑒𝑓
+

𝑅𝑇
ln 𝑝𝐻
𝑛𝐹

(𝐸𝑞. 2.13)

where 𝐸𝑅𝐻𝐸 is the potential of WE referred to RHE, 𝐸𝑟𝑒𝑓 is the potential of WE referred to RE,
0
𝐸𝑟𝑒𝑓
is the potential of RE referred to NHE; 𝑅 is the gas constant, 𝑇 is the temperature, 𝑛 is the

number of moles of electrons in the reaction and 𝐹 is the Faraday constant.

2.3 Photoelectrochemical (PEC) – type photodetectors
The photodetectors are devices that convert an optical signal into electrical one. They found
application in many fields, from detection to video imaging,172 from bio-systems to
telecommunications.173 Traditional photodetectors utilize an external power source to move and
direct the photogenerated carriers, leading problems and limitations for packaging and
applications.173 In this frame, a new class of photodetectors has attracting huge interest for their
simple and low-cost fabrication process and the absence of an external power supply.173,174 These
devices are called self-powered photodetectors and, due to the small size and low weight, are easier
implemented in practical applications than traditional photodetectors.175 They are formed by a
semiconductor material able to generate hole-electron pairs under illumination by photovoltaic
effect. These hole-electron pairs, properly separated and directed, form the photocurrent.176 Three
type of different self-powered photodetectors can be defined: p-n junction photodetectors,177
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Schottky junction photodetectors178 and photoelectrochemical (PEC)-type photodetectrors.173,179
Clearly, these three kind of devices present different working mechanisms. More in detail, in p-n
junction photodetectors and Schottky junction photodetectors, the charges separation occurs
thanks to an internal electric field generated near the junction; in PEC-type photodetectors, the
charges separation is promoted at the interface of semiconductor/electrolyte, where the electron
and hole photogenerated take part in the (photo)electrochemical reactions (see Section 2.1).173
Moreover, the photoresponse of PEC-type photodetectors is generally higher than those of other
self-powered photodetectors categories.174 In this context, 2D semiconductor materials represent
optimal candidate for this application due to their unique optoelectronic properties and tunable
band gap. In addition, the high in-plane mobility, the good light detection and the high presence
of defects (i.e., active site for the electrochemical reaction with the electrolyte) could improve the
performance and the characteristic photoresponse of PEC-type photodetectors.76

2.4 Figures of Merit (FoM) of PEC devices
The evaluation of PEC performances of electrode and devices can be performed through different
parameters, taking into account the quantity of electricity (i.e. current density) and fuels (e.g.,
hydrogen or oxygen) produced at the end of the solar-driven process. A first general approach can
be to consider the ratio between the total output power and the total input power, defining the
system efficiency 𝜂:180
𝜂=

𝑃𝑓,𝑜 + 𝑃𝑒,𝑜
𝑃𝑠 + 𝑃𝑒,𝑖

(𝐸𝑞. 2.14)

where 𝑃𝑓,𝑜 is the output power related to the fuel produced, 𝑃𝑒,𝑜 is the output electrical power, 𝑃𝑠
is the solar incident power, measured under broadband solar Air Mass 1.5 Global (AM 1.5 G,
irradiance = 1000 W m−2) illumination and 𝑃𝑒,𝑖 is the input electrical power. Obviously, a complete
evaluation of the efficiencies depends on the specific systems and technology considered.
For the PEC system and for the overall water splitting process, the parameter used for the
comparison of the performance is the solar-to-hydrogen efficiency ηSTH . This parameters
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considers the fuel produced by using only the solar sunlight, together with the applied potential of
1.23 V needed to drive the hydrogen and oxygen evolution.164,180
𝜂𝑆𝑇𝐻 =

𝑃𝑓,𝑜 𝐽𝑠𝑐 ∙ 1.23 ∙ 𝜂𝐹
=
𝑃𝑠
𝑃𝑠

(𝐸𝑞. 2.15)

where, 𝐽𝑠𝑐 is the short-circuit current density (mA cm-2), 𝜂𝐹 is the faradaic efficiency for the
hydrogen evolution and 𝑃𝑠 is the solar incident power (mW cm-2).
To complete understand the efficiency results of PEC system, some considerations are needed
about the electrochemical features of the devices components. In fact, others Figures of Merit
(FoM) are generally used for the evaluation of photoactive materials under illumination conditions,
making possible the comparison between the (photo)catalyst and the design of new photoactive
electrodes. The common FoM used to compare the performance of photoelectrodes are: bias
photon-to-current metric (𝛷𝐴𝐵𝑃𝐸), the onset potential (𝑉OP), the cathodic photocurrent density at 0
V vs. RHE (𝐽0 V

𝑣𝑠. RHE);

the anodic photocurrent density at 1.23 V vs. RHE (𝐽1.23 V 𝑣𝑠. RHE), the

ratiometric power-saved metric for HER (𝛷saved,HER) and the ratiometric power-saved metric for
OER (𝛷saved,OER).74,76,164,180 The onset potential (VOP) measures the applied potential when the
electrochemical process start to evolve hydrogen (HER) or oxygen (OER). The applied-bias
photon-to-current (𝛷𝐴𝐵𝑃𝐸) metric is a parameter that describes the net chemical output power of a
photoelectrode as a function of the incident sunlight power. It is the ratio between the fuel output
and the solar power, excluding the electric input needed to drive the hall-cell reaction:180–182

𝛷𝐴𝐵𝐶𝑃 =

𝐽𝑠𝑐 (1.23 − 𝑉𝑒𝑥𝑡,𝑚𝑝 )
𝑃𝑠

(𝐸𝑞. 2.16)

where, 𝐽𝑠𝑐 is the short-circuit current density (mA cm-2), 𝑉𝑒𝑥𝑡,𝑚𝑝 is the applied voltage between the
WE and the CE at the maximum power point and 𝑃𝑠 is the solar incident power (mW cm-2). The
𝛷𝐴𝐵𝐶𝑃 is reduced to 𝜂𝑆𝑇𝐻 form when no bias is applied in the fuel forming process.
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A FoM widely used for the (photo)electrodes characterization is the power-saved metric (Psaved ),
that corresponds to the power saved at specific current, i.e., to the different of the external applied
voltage to perform the half-reaction under dark and illuminated conditions multiplied for the
current:180
𝑃𝑠𝑎𝑣𝑒𝑑 = 𝐼 ∙ (𝐸𝑑𝑎𝑟𝑘 − 𝐸𝑙𝑖𝑔ℎ𝑡 ) = 𝐼 ∙ 𝑉𝑠𝑎𝑣𝑒𝑑

(𝐸𝑞. 2.17)

where 𝐼 is the current, 𝐸𝑑𝑎𝑟𝑘 and 𝐸𝑙𝑖𝑔ℎ𝑡 are the potentials needed to drive the half-cell reactions
in the dark and under the light, respectively. From 𝑃𝑠𝑎𝑣𝑒𝑑 , it is possible to define another parameter,
the ratiometric power saved metric (Φsaved ), which is the ratio between the power saved metric
and the power of incident light:74,180,182
𝛷𝑠𝑎𝑣𝑒𝑑

𝐼 ∙ 𝑉𝑠𝑎𝑣𝑒𝑑 ∙ 𝜂𝐹
𝑃𝑠

(𝐸𝑞. 2.18)

with 𝜂𝐹 the current-to hydrogen (or oxygen) faradaic efficiency for the HER (or OER) halfreactions, assumed to be 100%.
To judge the photoresponse performance of PEC-type photodetectors, several parameters must to
be also considered. The responsivity (R) is the key factor to evaluate the PEC-type photodetector
behavior, and it is expressed as:76,83,173
𝑅=

𝐽𝑝ℎ
𝑃𝑠

(𝐸𝑞. 2.19)

where 𝐽𝑝ℎ is the photocurrent density (i.e., the difference between the current densities under light
illumination and in the dark) and 𝑃𝑠 is power of incident light. In addition, the photoresponse rate
is also used for the evaluation of the performances and it is related to the photoreponse time, which
is the rise time or fall time of the photocurrent when the system is illuminated or dark.173
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Also, the light on/off ratio (S), defined as:173
𝑆=

𝐽𝑝ℎ
𝐽𝑑𝑎𝑟𝑘

(𝐸𝑞. 2.20)

where 𝐽𝑝ℎ is the photocurrent density and 𝐽𝑑𝑎𝑟𝑘 is the dark current density, is an important
parameters evaluating the performance of PEC-type photodetectors. Lastly, the efficiency of solardriven devices can be reported as external quantum efficiency (EQE). It is defined as the ratio
between the number of carriers collected by photodetectors (or also solar cell) and the number of
photons that hit the devices with a specific wavelength, i.e.,:76,183,184

𝐸𝑄𝐸 (𝜆) =

𝐽𝑝ℎ
( )
𝑞
𝑃
(ℎ𝑐𝑠 )
⁄𝜆

= 1240

𝑅
𝜆

(𝐸𝑞. 2.21)

where 𝐽𝑝ℎ is the photocurrent density produced by the device, 𝑞 is the electronic elementary
charge, 𝑃𝑠 is the power of incident light, 𝜆 is the wavelength of the incident illumination light, ℎ
is the Plank’s constant, 𝑐 is the speed of the light and 𝑅 is the responsivity.

2.5 Solar technology and basic principle of PV cells
Since the 1950’s, PVs is considered one of the most powerful technology to supply the society
energy request, setting the bases for a global green economy. The SCs are devices able to convert
the solar energy into electricity. Consequently, the optoelectronic properties of the light absorber
are fundamental to determine the final performance of a SCs.185 The basic mechanism of SCs is
the PV effect, which involves the absorption of direct light (i.e., photons) by a semiconductor
photoactive material and the subsequent generation of electron-hole pairs. Of course, the energy
of incident photons must be higher than energy of semiconductor bandgap to properly promote
excite the electrons from VB to CB to form free charges (i.e. electron/hole pairs) or exciton.185 The
photogenerated carriers (which, depending on the nature of the semiconductor, can be also created
by separating the excitons by means of internal electric field) migrate in the cell structure until to
reach selective contacts, or recombine dissipating their energy as heat (energy loss).184 Ideally, the
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contacts must be designed with materials that collect only one of the charge carrier, blocking the
other one. In general, n-type semiconductors have a large conductivity for the electrons and small
conductivity for the holes, and can be used to select electron at the current collector interface;
contrary, p-type semiconductors can selectively control the hole collection (Figure 2.6).186

Figure 2.6: Schematic illustration of photovoltaic principle in solar cells.

Based on this general mechanism, many materials have been investigated as potential photoactive
components in the SCs, leading to different PV configurations.187 The first-generation
photovoltaics refer to the SCs based on doped Si (single- or polycrystalline). Nowadays, these cells
dominate PV market.188 The advantages of these SCs reside in their high efficiency (above
25%),189 the earth-abundant and no-toxicity of the Si element, together with the well-established
industrial methods for Si processing.188 However, the high production cost of Si-wafer with
chemical and thermal treatments, which can generate pollutants in the atmosphere,187 pushed the
researcher to find novel sustainable materials compatible with environmentally friendly processes.
In this context, “thin-film” SCs form the so-called second-generation photovoltaics.187 In these
cells, the semiconductor materials include microcrystalline Si,190 amorphous Si,190 gallium
arsenide (GaAs),191 cadmium telluride (CdTe), copper indium gallium diselenide (CIGS)192 and
CdS/PbS heterojunction.190 These materials are processed in form of thin-films with a thickness of
~1-2 μm. Moreover, these materials show interesting optoelectronic properties, such as high
absorption coefficients over a wide spectral range, resulting in an efficient absorption of the
incident sunlight within μm-thick layers.187,193 Thus, the amount of active materials used for the
thin-film SCs is significantly reduced compared to traditional single-crystalline Si SCs, lowering
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cell fabrication costs. Nevertheless, the SCs based on thin-film architectures need the use of an
additional supporting substrate, such us glass, polymer layers and stainless steel.193 Beyond the
first and second generation SCs, the third-generation photovoltaics have emerged as new low-cost
and high-efficiency PV technology,187 which includes organic solar cells (OSCs),194 dyesensitizing solar cell (DSSCs)195,196 and perovskite solar cells (PSCs).197 These systems are formed
by different semiconductors with different bandgap in form of thin-film, stacked together to collect
a bigger portion of incident photons while promoting the transport of the photogenerated carries
to the external circuit.187 The OSCs use small molecules or conjugated polymers.194 In DSSCs, a
sensitizing dye is deposited onto a mesoporous layer (typically TiO2), acting as light-harvester,
while electrolyte guarantees the charges transport to toward a catalysts (e.g., Pt)-coated current
collectors.195 Lastly, the most performant PSCs are based on organic-inorganic halide perovskites
as photoactive materials.197 In general, PV technologies based on thin-film make use of
semiconductor materials with direct bandgap in the range of ~1-2 eV to absorb a wide portion of
solar spectrum, high carrier mobility and good compatibility with the other layers of the SCs
architecture.184 The best research-cell efficiency achieved for different PV technologies are
reported in Figure 2.7, as traced by NREL.198

Figure 2.7: NREL efficiency chart of the best research-solar cells.198
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2.6 Perovskite solar cell (PSCs)
Among the SCs technologies, PSCs have emerged as innovative, low-cost and easy processable
PV systems with certified record-high efficiency above 25%.198,199 Perovskite semiconductors are
a huge class of materials with the crystal structure of calcium titanate oxide (CaTiO3). The generic
chemical formula of these compounds is ABX3, where A is a monovalent cation, B is divalent
metal cations and X is halide anion (i.e., 𝐹 − , 𝐶𝑙 − , 𝐵𝑟 −, 𝐼 − ).200,201 The A cation is coordinated
with 12 X halogen anions in octahedral site, forming a cube-octahedral structure, while the B
cation, in the center, has an octahedral geometry coordinated with 6 halogen anions (Figure
2.8).184,202 The particular structure of perovskite allows the insertion of large cations, such us
organic molecules, in the crystalline cell, leading to the organic-inorganic interaction. Notably, the
organic-inorganic hybrid perovskite based on organometallic halide material are the most used in
PSCs, where A is a large organic cation, such as methylamminium (MA) or formamidinium (FA),
B a small divalent metal cation like lead ion Pb2+, but also Sn, Ge, Bi and X is typically iodine
( 𝐵𝑟 − ) or bromide ( 𝐼 − ).184,201

Figure 2.8: Perovskite crystal structure. In PSCs A is a large organic cation, B is a small metallic cation
and X is a halogen ion.202

The interest for perovskite materials in SCs comes from their unique physical and chemical
properties. First of all, the precursor materials show a good solubility and can be easily dispersed
in a solvent due to their ionic nature, allowing for their low-temperature solution processing.203
This aspect makes the PSCs scalable into industrial manufacturing chains. Moreover, perovskite
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materials are characterized of absorption coefficient (above 104 cm-1) higher than silicon.203 In
fact, to fully adsorb the incident light, a thin film with a thickness in the range 300-600 nm, of
absorber material is required, limiting charge carrier recombination and positively affecting the
Voc and overall device performance of the cell.203,204 The most investigated organic-inorganic
perovskite for photovoltaic application is the MAPbI3, nevertheless, advanced design strategy
improved the device performances by mixing different cation or anion in the native
MAPbI3structure, reaching a certified efficiencies above 25%. In this context, the chemical
composition tuning of the perovskite structures permits the bandgap of perovskite to be easily
tuned, from 1.15 to 3.06 eV, making PSCs a versatile platform for developing efficient tandem
systems.205 For example, the basic form of MAPbI3 presents a bandgap of 1.55-1.62 eV, but
introducing a low amount of Sn the bandgap is reduced to 1.42eV, which is the ideal value for a
high light absorption; adding more Sn dopant can be reached a value of 1.2 eV that is similar to
the silicon bandgap. On the other hand, a mixture of halogen anions (i.e. Br/I) can increase the
bandgap of initial structure up to 1.7 eV, making the perovskites suitable for tandem solar cells
with silicon bottom cells.203,205 Clearly, there are infinite possibilities to modulate the
optoelectronic properties of these materials, but a careful consideration about the chemical features
changes must be done, especially in terms of quality of the crystallization, charges transport effects
and performances of the final devices. Therefore, the compositional engineering is of utmost
interest in the perovskite material research.205 In PV applications, perovskite materials are used as
photoactive layer for the photons absorption and the charges generation, which are subsequently
transferred to the charge transporting layers (CTLs). In particular, the electrons are transfer to the
electron transporting layer (ETL) and then they migrate to the anode collector (usually -FTOfluorine doped tin oxide), while the holes are injected to the hole transporting layer (HTL) and
directed to the cathode, generally a metal (e.g., Au, Ag) (Figure 2. 9).206
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Figure 2.9: Schematic representation of band diagram and working mechanism of PSCs.206

To assess the performance of PSCs, one of the most important factors is the device architecture.
There are many PSCs structures, which can be divided in two groups: regular (n-i-p) and inverted
(p-i-n), according to the position of the external layer hit first from incident light: the ETL for
regular structure or HTL for inverted one.184,206 Moreover, a further distinction can be identified
between the mesoporous structure and planar structure. The first is referred to a configuration with
mesoporous layer (typically the ETL) in which the perovskite is infiltrated. Contrary, the planar
structure consists of planar layer stacked together. (Figure 2.10 a-d). These structures differ from
each other for the processing methods, as well as the employed materials and performances.
Therefore, the selection of the materials (i.e., photoactive absorber, ETL, HTL), in conjunction
with an accurate material layer arrangement into specific structures, is fundamental to assess the
overall PSC performances.184,206

Figure 2.10: Different architecture of perovskite solar cells: a) regular mesoscopic, b) regular planar, c)
inverted planar, d) inverted mesoscopic.184
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Beyond their use in PVs, perovskites represent suitable photoactive materials for several
applications, such us sensing,207 photodetectors,208 light-emitting devices209 and lasing.210
Although the huge interest of researcher in perovskites is due to their distinctive and tunable
optoelectronic properties and low-cost production, these materials suffer from low thermal and
chemical stability, which have a strong impact on PSCs and make difficult their industrial-scale
commercialization. There are many factors that influence the stability of perovskite, including
oxygen and moisture exposure,211 temperature212 and UV exposure.213212 Therefore, many
approaches have been developed to reduce the degradation effects, and new ones are constantly
proposed.214 In this context, 2D materials can be exploited as dopants for both active layers and
charge-transporting layers, as well as buffer layer for interface engineering in order to stabilize the
perovskite structure and improve the efficiency of the PSCs devices.184,215

2.7 Figures of Merit (FoM) of PV devices
Similarly, to PEC devices, the performances of SCs can be evaluated by specific FoM. The 𝐽𝑆𝐶 , or
short-circuit photocurrent density, is generated under 1 sun illumination and it is the value of
photocurrent when the device is short-circuited (Figure 2.11). Thus, 𝐽𝑆𝐶 is related to the ability of
active material to absorb the light and to excite the electrons in the CB of the photoactive
semiconductor. The maximum open circuit voltage 𝑉𝑂𝐶 , is the electrical potential of the cell under
illumination when the flux current doesn’t pass through the device (Figure 2.11). From 𝐽𝑆𝐶 and
𝑉𝑂𝐶 parameters, it is possible to define the fill factor, FF, as:
𝐹𝐹 =

(𝑉𝑀𝑃𝑃 ∙ 𝐽𝑀𝑃𝑃 )
𝑃𝑚𝑎𝑥
=
(𝑉𝑂𝐶 ∙ 𝐽𝑆𝐶 )
(𝑉𝑂𝐶 ∙ 𝐽𝑆𝐶 )

(𝐸𝑞. 2.22)

where 𝑉𝑀𝑃𝑃 is the voltage at maximum power point (MPP), 𝐽𝑀𝑃𝑃 is the current at maximum power
point (MPP), 𝑃𝑚𝑎𝑥 is the maximum electrical power output of the device. MPP is the point in
which the condition d(IV)/dV = 0 is satisfied. The FF represent the “squareness” of the JV curve,
i.e., the ratio between the areas of the green to the yellow rectangles in the Figure 2.11, and give
a direct evaluation of a PV cell.
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Figure 2.11: Characteristic JV curve of SCs. The 𝑉𝑀𝑃𝑃 , 𝐽𝑀𝑃𝑃 , 𝐽𝑆𝐶 , 𝑉𝑂𝐶 and MPP are also indicated.

From the parameters above described, it is possible to define the overall efficiency of the device
𝜂, called also power conversion efficiency (PCE), that represents the ratio between the maximum
electrical output generated by the cell and the power of the incident light, according to:196
𝜂=

𝑃𝑚𝑎𝑥
= (𝑉𝑂𝐶 ∙ 𝐽𝑆𝐶 ∙ 𝐹𝐹)
𝑃𝑖𝑛

(𝐸𝑞. 2.23)

Another important FoM for the PV devices characterization is the external quantum efficiency
(EQE) or incident photon conversion efficiency (IPCE), which represents the quantum efficiency
of the cell. This parameter is directly correlated to the absorption properties of the (photo)active
material and quantifies the number of collected electrons relatively to the incident photons flux
that hit the cell with a specific excitation wavelength:196
𝐼𝑃𝐶𝐸(𝜆) = 1240

𝐽𝑆𝐶
𝜆 ∙ 𝛷𝑖𝑛

(𝐸𝑞. 2.24)

where 𝛷𝑖𝑛 is the photon flux at a specific excitation wavelength.
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3 Structural, morphological and optical characterization of
layered group-III and group-IV metal monochalcogenides

Layered group-III group-IV metal monochalcogenides (MMCs) are emergent classes of 2D
materials that in the last years have attracted huge interest in the research community, due to their
semiconductor properties together with their low-cost production, earth-abundant and
environmentally friendly features. Several theoretical and experimental studies have been
performed, but a complete characterization of exfoliated materials by LPE in form of inks is still
missing. This chapter provides, one at a time, the details on structural, morphological and optical
characterization of 2D gallium selende (GaSe), gallium sulfide (GaS), indium selenide (InSe) and
germanium selenide (GeSe) produced in no-toxic solvents, for their further implementation in
(photo)electrochemical and photovoltaic devices. The details of characterization techniques are
reported in Appendix A.

3.1 From bulk materials to two-dimensional nanoflakes
Theoretical studies have reported that the cleavage energy from the layered group- III and group
– IV MMCs bulk crystal is in the range between 0.29 J m-2 for GaSe61 and 0.45 J m-2 for GeSe,216
values that are similar or superior to those calculated for other 2D materials, including graphene
(0.3–0.4 J m-2)217, transition metal dichalcogenides (e.g. MoS2, 0.29 J m-2)218, group – V elemental
materials (e.g. phosphorene, 0.3 – 0.4 J m-2)219. These results suggest that 2D GaSe, GaS, InSe and
GeSe can be easily produced through the exfoliation of its bulk counterpart, including either
micromechanical cleavage‐based exfoliation102 or scalable liquid-phase exfoliation (LPE)
methods,85,102 (see section 1.4.4). The exfoliation of layered crystals, produced through direct
synthesis by Bridgman-Stockeberger method,220,221 were performed by LPE technique3,222 in
anhydrous 2-propanol (IPA - ACS Reagent, ≥ 99.8%, Sigma-Aldrich) followed by sedimentationbased separation (SBS)223,224 to remove the un-exfoliated crystals by an ultracentrifugation step.164
Experimentally, 50 mg of bulk crystals were added to 50 mL of anhydrous IPA and ultrasonicated
in a bath sonicator (Branson® 5800 cleaner, Branson Ultrasonics) for 15 h. The resulting
dispersions were ultracentrifuged at 700 g (Optima™ XE-90 with a SW32Ti rotor, Beckman
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Coulter) for 20 min at 15 °C in order to separate un-exfoliated bulk crystals (collected as sediment)
from the exfoliated materials that remained in the supernatant. Then, the 80% of the supernatant
was collected by pipetting, obtaining an exfoliated material dispersions. The use of IPA as the
exfoliating solvent, presents significant benefits and prevents the processability drawbacks related
to the use of high-boiling point and toxic solvents, often used for the exfoliation of other layered
materials,225 e.g., N-Methyl-2-Pyrrolidone (NMP) for graphene226 and several metal
chalcogenides.227,228 Moreover, IPA presents a low toxicity and low boiling point (82.5 °C),
allowing to process the obtained 2D materials at low-temperature (< 100 °C) without special
precautions (e.g., use of fume hood and/or controlled atmosphere).229 Moreover, as descripted in
section 1.4.4, by starting from cost-effective artificial crystals, the LPE method does not recur to
low-throughput micromechanical cleavage exfoliation102 or time-consuming and expensive
bottom-up synthesis (e.g., CVD).230,231

3.2 Gallium selenide (GaSe) nanoflakes characterization
Gallium selenide (GaSe) is a layered compound, which has been exploited in nonlinear optical
applications and photodetectors due to its anisotropic structure and pseudodirect optical gap.
Theoretical studies predict that its 2D form is a potential photocatalyst for water splitting reactions.
In particular, the thermodynamic requirements for a water splitting photo(electro)catalyst are ECBM
> E(H+/H2) and EVBM < E(O2/H2O) for HER and OER, respectively (see section 2.1). Therefore,
in order to understand and to evaluate the requirements for GaSe crystals and nanoflakes, the
electronic structure calculations were performed by the collaborators Daniel Bouša, David
Sedmidubský and Zdeněk Sofer from University of Chemistry and Technology of Prague. The
analyses were carried out using density functional theory (DFT) with generalized gradient
approximation (GGA-PBE96)230 and Heyd-Scuseria-Ernzerhof hybrid exchange-correlation
functional (HSE06)232 for bulk and 1-, 2-, 4- and 6-layer (denoted as B and 1L, 2L,..,6L)-GaSe.
The electronic structure of 6L-GaSe is similar to the one of bulk GaSe (B-GaSe), therefore, xLGaSe with x > 6 were not investigated. The calculations show that B-GaSe is a direct bandgap
semiconductor with VBM and CBM at the Γ-point of the first Brillouin zone. From Figure 3.1a
the Eg results of 1.91 eV, which is similar to experimental values reported in literature (between
1.9 and 2.0 eV).233–235 By reducing the number of layers in the GaSe, the Eg increases up to the
highest value in 1L-GaSe, i.e., 2.19 eV with the GGA-PBE96 and 3.14 eV with HSE06 (Figure
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3.1b). Notably, this trend is accompanied by a shift of the VBM from the Γ-point, leading to a
direct-to-indirect bandgap transition in single-/few-layer GaSe.

Figure 3.1 a,b) Band dispersion along the principal directions of the first Brillouin zone (blue lines) and
the projected density of states (DOS) (green lunes) for B-GaSe 1L-GaSe, respectively, calculated by DFT
using the HSE06 hybrid functionals.74

The progressive evolution of the bandgap of GaSe is shown in Figure 3.2 where Eg is plottesd as
a function of the number of layers236 for bulk and 1-, 2-, 4- and 6-layer (denoted as B and 1L,
2L,..,6L)-GaSe. By reducing the number of layers in the GaSe, the Eg increases up to the highest
value in 1L-GaSe (3.14 eV ).

Figure 3.2 Plot of the theoretically calculated GaSe Eg versus the number of layer. The Eg calculated for
the B-GaSe is also included.74
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Moreover, further calculation were performed to assess the compatibility of GaSe nanoflakes with
PEC applications. Figure 3.3 shows the ECBM and the EVBM as functions of the number of layers
including the bulk limits. The E(H+/H2) and E(O2/H2O) as functions of the pH are also shown. The
nanoflakes xL-GaSe with x ≤ 4 are predicted to be pH-universal photocatalysts for HER, since
they fulfil the hydrogen reduction requirement (i.e., ECBM > E(H+/H2)) independently by the pH.
Contrary, the nanoflakes xL-GaSe with x ≥ 4 are predicted to be pH-universal photocatalysts for
OER, according to the necessary requirement of the reaction (i.e., EVBM < E(O2/H2O)). These
results indicate that mixed nanoflakes with different number of layers should act as “local” tandem
water splitting systems. As representative cases, 3L-GaSe can perform the overall water splitting
(i.e., both HER and OER) at pH > 7, while the water splitting reactions are impossible for both
2L- and 1L-GaSe, since their EVBM is higher than E(O2/H2O), so they cannot perform OER.
However, in a solution with a population of flakes with different thickness, 2L- and 1L-GaSe could
operate in tandem configurations with other xL-GaSe, i.e., they can collect electron from the CB
of x-GaSe with ECBM > EVBM, meanwhile transferring their photoexcited electrons toward the
electrolyte by performing HER.

Figure 3.3 EVBM (lower solid curve ⸻ and ● symbols) and ECBM (upper solid curve ⸻ and ♦ symbols)
of GaSe as a function of its layer number (bulk limits is also denoted by dotted lines), compared with the
potentials of water splitting as a function of pH.74

Experimentally, GaSe crystals were synthesized by direct reaction from Ga and Se elements with
an exact elemental stoichiometry of 1:1.221,237 The synthesis products (Figure 3.4 a) were collected
and processed. The as-produced GaSe crystals were pulverized and characterized by scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). The high48

magnification SEM image of the GaSe edge (Figure 3.4 b) shows the layered structure of the
crystals. The SEM/EDS analysis (Figure 3.4 c) reveals a slight Ga enriched phases of the GaSe
crystals with a Ga-to-Se atomic ratio ≈1.4, (Table 3.1), which is in agreement with previous
studies.221 The stoichiometric excess of Ga is attributed to the formation oxides (i.e., Ga2O3), which
partially passivate the GaSe surface, preventing the underlying GaSe from further
oxidation.221,238,239

Figure 3.4: a) Photographs of the as-synthetized GaSe crystal. The crystal structure of the GaSe crystal (εGaSe) is also shown. b) SEM image of the GaSe crystals, evidencing the layered structure of its edge. c)
SEM image of GaSe crystals and the corresponding EDS maps for Ga (green) and Se (violet).74

Element

atomic %

Ga

59.1

Se

40.9

Table 3.1: Elemental composition of the as-synthetized GaSe crystals obtained from SEM-coupled EDS
analysis.74

The crystal structure of the GaSe crystals was evaluated by X-ray diffraction (XRD) measurements
and reported in Figure 3.5. The XRD pattern agrees with the JCPDS 37–931 card, indicating that
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the as-synthetized GaSe crystals are in the form of the hexagonal ε-GaSe64,240 (space symmetry
′
group: P6̅m-𝐷3ℎ
),241,242 in agreement with previous literature.221,243

Figure 3.5: XRD pattern of the as-synthetized GaSe crystals. The XRD peaks assigned to ε-GaSe are also
shown, according to the JCPDS 37-931 card.74

The 2D GaSe nanoflakes were produced from the ε-GaSe bulk crystal, through the LPE3,222of the
in anhydrous IPA followed by sedimentation-based separation process (SBS)223,224, as describe in
section 3.1.
The morphology of the as-produced GaSe flakes was first characterized by transmission electron
microscopy (TEM) and atomic force microscopy (AFM) in order to evaluate their lateral
dimension and thickness, respectively. Figure 3.6a shows the TEM image of representative GaSe
nanoflakes, displaying a surfaces with irregular shapes, but edges with sharp profiles. Figure 3.6b
shows an AFM image of a representative GaSe nanoflake, together with its height profile showing
a step of ≈3 nm at the edge. This height is attributed to a GaSe flake with less than four layers. In
fact, the AFM thickness of a GaSe monolayer generally lies between 0.8 and 1 nm, (depending on
the substrate/GaSe interaction and the AFM instrumentation,70,244,245and the GaSe interlayer
distance is ≈0.8 nm64,246,247). In Figure 3.6c and Figure 3.6d are reported the statistical TEM and
AFM analysis, respectively. From TEM analysis, the lateral size data of the flakes follows a lognormal distribution peaking at ≈45 nm, with most of the measured values below 500 nm. On the
other hand, the statistical AFM analysis shows that the sample is mainly composed of single/fewlayer GaSe nanoflakes. The estimated thickness values of the flakes are mainly between 1 nm
(monolayer GaSe) and 10 nm, and follow a lognormal distribution peaked at ≈2.4 nm.
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Figure 3.6: a) TEM image of the LPE-produced GaSe flakes. b) AFM image of a representative LPEproduced GaSe flake. The height profile of the indicated section (dashed line) is also shown. c) TEM
statistical analysis of the lateral dimension of the exfoliated GaSe flakes. d) AFM statistical analysis of the
thickness of the exfoliated GaSe flakes.74

Furthermore, the crystal structures of the GaSe crystals and the exfoliated nanoflakes were
analyzed by Raman spectroscopy. The Raman spectrum of GaSe crystals (Figure 3.7a) shows the
2
two out-of plane vibration modes 𝐴11𝑔 and 𝐴1𝑔
at ≈134 and 308 cm−1, respectively, and the two in1
2
plane vibration mode 𝐸2𝑔
and 𝐸1𝑔
at ≈212 and ≈251 cm−1, respectively, similar to previous
2
studies.221,248 For the exfoliated GaSe flakes (Figure 3.7a), the peak 𝐸1𝑔
is not distinguishable
1
from the background signal, while 𝐴11𝑔 is slightly red-shifted to lower wavelengths and 𝐸2𝑔
is

slightly blue-shifted to higher wavenumbers. Theoretical studies show that the softening of the
1
𝐴11𝑔 and the strengthening of the 𝐸2𝑔
with the decrease of the thickness are related to the reduced

inter-layer forces,249 similarly to other transition metal chalcogenides (e.g., MoS2).250 Moreover,
these results agree with experimental works investigating the thickness dependence of the Raman
2
spectrum of GaSe.248,249 Notably, the 𝐴1𝑔
shows a red-shifts similarly to 𝐴11𝑔 .248 However, it is

difficult to fully understand the behaviour of this mode due to the presence of the second order
mode of Si (i.e., the substrate) at 302 cm−1.249 Additionally, in the Raman spectra of GaSe crystals
and exfoliated flakes no extra peaks attributed to Ga2Se3, Ga2O3, and amorphous/crystalline Se (a/c-Se) modes (observed at ~155,85 ~200250 and between 135–160 cm–1,48,237 respectively) are
present. This indicates that the LPE of GaSe crystal in anhydrous IPA does not cause additional
surface oxidation of the pristine material.238,251 The ability to harvest solar light of the GaSe
nanoflakes was evaluated by performing diffusive reflectance spectroscopy (DRS) measurements.
Figure 3.7b shows the diffusive reflectance (R) spectrum of the GaSe nanoflakes film deposited
on quartz substrate. The Eg of the GaSe nanoflakes was extimated using Kubelka-Munk theory of
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R phenomenon.252 This theory relate the (F(R)hν)n versus hν (Tauc plot) (inset to Figure 3.7b)
using the Tauc relation (F(R)hν)n = Y(hν − Eg), where F(R) is the Kubelka-Munk function (defined
as F(R) = (1- R)2/2R, h is Planck’s constant, ν is the photon’s frequency, and Y is a proportionality
constant.253 The value of the exponent denotes the nature of the electronic transition,
discriminating between direct-allowed transition (n = 2) and indirect-allowed transition (n =
0.5).48,254 Due to the pseudo-direct gap behavior of GaSe,255,256 n was set equal to 2. The estimated
Eg is 1.9 eV, as the one measured for GaSe crystal.164,257

Figure 3.7: a) Raman spectra of the as-synthetized GaSe crystals and the LPE-produced GaSe flakes. The
Raman modes assigned to ε-GaSe are also shown. b) Spectrum of the diffusive reflectance (R) of the LPEproduced GaSe flakes. The inset shows the Tauc plot of the as-produced GaSe flakes.74

Ultraviolet photoelectron spectroscopy (UPS) measurements allowed the Fermi level energy (EF),
i.e., the WF, and the EVBM to be determined.48 Figure 3.8a shows that secondary electron cut-off
(threshold) energies of the He I (21.22 eV) UPS spectrum is ∼16.5 eV, corresponding to WFs of
4.7 eV. The shoulder observed in UPS spectrum can be attributed to the presence of surface oxides,
e.g., Ga2O3, which exhibits a n-type behaviour (corresponding to a WF < 4.5 eV) originated by
oxygen vacancies.258,259 The inset to Figure 3.8a shows the UPS spectra region near the EF, which
allows the EVBM to be estimated at ∼–5.6 eV. By considering the Eg values estimated by Tauc
analysis, the ECBM is estimated at ∼–3.7 eV. It is worth noticing that the as-produced GaSe
nanoflakes have polydisperse morphology characteristics (see TEM and AFM analysis, Figure
3.6a-d), which means that the electronic properties of the thinnest flakes could be experimentally
concealed by the thickest nanoflakes, which show the lowest Eg and the higher EVBM, both directly
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accessed by Tauc and UPS analysis.260 The evaluation of the concentration of the GaSe nanoflakes
dispersion was determined by the Beer–Lambert law: Ext(λ) = ε(λ)cL, where Ext(λ) is the spectral
extinction, ε(λ) is the extinction coefficient, c is the material concentration and L is the optical path
length.261 More in detail, absorbance measurements of controlled dilutions/concentrations of the
as-produced GaSe nanoflakes dispersion allow the extinction coefficient (ε(λ)) to be estimated
form the slope of Ext(λ) versus c plot, being the slope = ε(λ)L.85,262 The concentration value of the
as-produced dispersion was 0.20 ± 0.02 g L–1 and was measured by weighting the solid material
content in a known dispersion volume. Figure 3.8b reports the Ext(λ) of the as produced GaSe
nanoflakes dispersions. The slope of the linear fitting of the Ext(λ) versus c plot (inset to Figure
3.7d) provides: ε(455 nm) = 113.0 L g–1 m–1. By using the experimentally derived ε(λ) values, the
concentration of GaSe nanoflakes was fixed at 0.13 g L–1 during the experiments.

Figure 3.8: a) Secondary electron threshold region of He-I UPS spectrum of the LPE-produced GaSe
flakes. The inset shows the He-I UPS spectrum region near the EF of the GaSe flakes. b) Extinction spectrum
(Ext(λ)) of the LPE-produced GaSe flakes dispersion. The top-right inset shows the Ext(λ) versus c plot for
λ = 455 nm of the GaSe flakes dispersions. The inset shows a photograph of the LPE-produced GaSe flakes
dispersion.74

3.3 Gallium sulfide (GaS) nanoflakes characterization
Similarly to the GaSe, gallium sulfide (GaS) single-/few-layer flakes were produced through
ultrasonication-assisted LPE of bulk β-polytype in eco-friendly anhydrous IPA (section 3.1).263
Figure 3.9a shows a photograph of a representative GaS crystal, together with the representation
of top- and side-views of its hexagonal double-layered structure with the Ga-Ga and Ga-S
distances of 2.48 and 2.37 Å, respectively, as well as the interlayer distance approximating the
monolayer thickness of ~0.75 nm.264 The SEM image of a fragment of the GaS crystals that
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evidences their layered structure is shown in Figure 3.9b. The SEM-coupled EDS analysis (Figure
3.9c) indicates a nearly ideal stoichiometry of the GaS crystal (Ga‐to‐S atomic ratio ~1.05). The
morphological characterization of the material after the exfoliation process was carried out by
bright-field transmission electron microscopy (BF-TEM) and AFM analyses. In Figure 3.9d, the
BF-TEM image of a representative LPE-produced 2D GaS displays nanoflakes nearly rectangular
shape with regular edges. The lateral sizes data follow a log-normal distribution peaked at 67.5 nm
(Figure 3.9e). The AFM image of an exfoliated nanoflakes, together with its height profile that
correspond to a thickness of ~7 nm, is reported in Figure 3.9f. From the statistical analysis the
thickness of the flakes was found in the range between 1.5 to 12 nm, and the distribution data is
fitted by a log-normal curve peaked at 3.8 nm (Figure 3.9g). Being the experimental AFM
thickness of monolayer GaS between 0.85 nm and 1 nm,79 close to the theoretical value of 0.75
nm,265 our GaS flakes mainly consist of few (≤ 5)-layer flakes.

Figure 3.9: a) Photograph of a β-GaS crystal, synthesized through the direct reaction of Ga and S elements.
The 2H structure (P63/mmc) of the crystal polytype is also shown. b) SEM image of a fragment of the GaS
crystal, showing its layered structure. c) SEM image of fragments of GaS crystals and the corresponding
EDS maps for Ga (Kα = 9.3 keV, green) and S (Kα = 2.3 keV, violet). d) BF-TEM image of representative
GaS flakes produced by the LPE. e) BF-TEM statistical analysis of the lateral dimension of the GaS flakes.
f) AFM image of a representative GaS flake. The height profile of a flake section is also shown. g) AFM
statistical analysis of the thickness of the GaS flakes.83
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To evaluate the final concentration of GaS nanoflakes dispersion, optical extinction measurements
were carried out. In Figure 3.10a is reported the optical extinction spectrum of the LPE-produced
GaS flake dispersion. The plot monotonically increases with decreasing the wavelength until
reaching a narrow peak around ~280 nm. From the Lambert-Beer law: Ext(λ) = ε(λ)cl.105 the
extinction coefficient of GaSe nanoflakes was extimated. By measuring the optical extinction
spectra of the as‐produced GaS nanoflake dispersion with controlled concentrations, ε (285 nm) is
found to be ~199 L g-1 m-1. The concentration of the as-produced GaS flakes dispersion was first
measured by weighting the solid material content in a known volume of the dispersion, giving a
value of ~0.2 g L-1. The Eg of the GaS nanoflakes was determined by DRS analysis of a film of
GaS flakes deposited through spray-coating using the Kubelka-Munk theory of the diffuse
reflectance (R)266, as reported for GaSe nanoflakes (section 3.2). The Tauc plots of the GaS flake
film was performed for both n = 2 and n = 0.5, to distinguish the electronic direct or indirect
transitions (Figure 3.10b). The estimated direct Eg is ~2.9 eV, while the indirect Eg is ~2.6 eV,
respectively. These Eg values agree with those reported in literature for few-layer GaS flakes.69

Figure 3.10: a) Optical extinction spectrum of the LPE-produced GaS flake dispersion. The inset panel
shows the Ext(285 nm) versus c, together with a photograph of a GaS flake dispersion. b) Tauc plots
measured for the GaS flakes for direct (n = 2, red trace) and indirect interband transitions (n = 0.5, blue
trace).83

To assess the structural integrity of GaS nanoflakes after the LPE process, the XRD pattern of the
exfoliated material was compared with the one measured for GaS crystal powder. In Figure 3.11a
the XRD peaks of the GaSe nanoflakes were indicated. These peaks resemble the ones of the bulk
crystals, which are indexed to the 2H structure of β-GaS (ICSD-173940) with lattice parameters a
= b = 3.627 Å and c = 17.425 Å.262 The absence of characteristic peaks attributed to crystalline
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impurities, such as Ga2O3, indicates that both the synthesis and the subsequent LPE process on
GaS crystals generate products with marginal defects. The Raman spectroscopy measurements of
the material were further performed to evaluate the structural properties of the bulk and exfoliated
GaS crystals. The group theory predicts 6 non-degenerate Raman active optical modes for the
P63/mmc (D6h) space group of bulk β-GaS, i.e.: 2𝐴1𝑔 +2𝐸1𝑔 +2𝐸2𝑔 .267–269 Figure 3.11b shows the
Raman spectra of both bulk and exfoliated GaS crystals measured with an excitation wavelength
2
1 267,268
(λexc) of 514 nm. The most intense and investigated ones are 𝐴11𝑔 , 𝐴1𝑔
and 𝐸2𝑔
.
These modes

are also observed in the exfoliated GaS,269,270 and their intensities decrease with the reduction of
the number of layers.79 In particular, for the non-centrosymmetric monolayer GaS (space group:
1
D6h), 𝐸2𝑔
is typically indistinguishable from the Raman signal of the Si substrate.79,269 Moreover,

the position of the 𝐴11𝑔 peak is a trustworthy indicator for simple and fast determination of the
thickness of the GaS flakes, as described in recent studies.79,269 In fact, the 𝐴11𝑔 peak is softened
(red-shifted) following a decrease of the number of layers due to the reduced impact of the
interlayer interaction on phonon restoring forces. This phenomenon has been also demonstrated
for other layered group-III metal monochalcogenides such us GaSe74 and other transition metal
dichalcogenides (e.g., MoS2).250 In agreement with the above consideration, the 𝐴11𝑔 peak position
for the GaS flakes is slightly red-shifted compared to the bulk case, indicating the successful
exfoliation of the crystal through LPE method. In addition, Raman spectra of the GaS flakes do
not exhibit characteristic peaks attributed to other crystalline species beyond GaS (e.g., Ga2O3,
showing a pronounced Raman mode peak at ~200 cm-1).271 Therefore, these results further support
that the LPE process of GaS crystal carried out in IPA does not cause relevant oxidation effects.

Figure 3.11: a) XRD patterns and b) Raman spectra (λexc = 514 nm) of bulk (black curve) and exfoliated
(green curve) GaS crystals.83
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3.4 Indium selenide (InSe) nanoflakes characterization
The structural, morphological and optical characterization were also performed on another layered
group-III MMC, indium selenide (InSe). The choice to exfoliate InSe relies on theoretical density
functional theory (DFT) calculations that reported that 2D InSe fulfils the fundamental
requirements for a water splitting photo(electro)catalysts i.e.: 1) valence band maximum energy
(EVBM) lower than reduction potential of O2/H2O (E(O2/H2O)); 2) conduction band minimum
energy (ECBM) higher than reduction potential of H+/H2 (E(H+/H2).85 Therefore, 2D InSe were
produced from β-InSe crystal, synthesized through Bridgman–Stockbarger method.272,273 Figure
3.12a shows a representative SEM image of fragments of the InSe crystal, revealing their layered
edge structures. The SEM-coupled EDS analysis (Figure 3.12b) evidenced an almost ideal
elemental stoichiometry (In-to-Se atomic ratio ~1.07). Subsequently, β-InSe crystal was exfoliated
through ultrasonication-assisted LPE in anhydrous IPA,250 followed by SBS thecnique103 to
remove unexfoliated crystals from the exfoliated material (see the procedure in section 3.1). The
morphology of the exfoliated sample was evaluated through BF-TEM and AFM measurements.
Figure 3.12c shows a BF-TEM image of overlapped flakes, which exhibit non-regular shapes with
straight edges. Figure 3.12d reports an AFM image of a quasi-triangular few-layer flake with a
thickness of ~4.7 nm (monolayer thickness of ~0.84 nm).274 The statistical analysis of the BFTEM images (Figure 3.12e) indicates that lateral sizes of the flakes range from 50 to 710 nm,
following a log-normal distribution peaked at ~135 nm. Meanwhile, the statistical analysis of the
AFM thickness (Figure 3.12f) shows that the exfoliated sample is mainly composed by few-layer
InSe flakes, being the data fitted by a log-normal distribution peaked at 5.4 nm. Similar to the
behaviour observed for other layered group-III MMCs,74,83 β-InSe shows a thickness-dependent
bandgap that ranges from ~1.2 eV for the bulk275 to ~2.1 eV for the monolayer at room
temperature,88 evolving from a direct to a quasi-direct (weak indirect) semiconductor when the
crystal thickness is reduced to less than six layers.276 Therefore, the abundance of few-layer flakes
with a polydisperse thickness, is adequate for obtaining a (quasi-)direct bandgap photoactive
material for PEC devices. In fact, the mixing of flakes with different thickness can result in
nanoscale tandem systems, maximising the light energy utilization through photosynthetic-like
processes.76,277
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Figure 3.12: a) SEM image of fragments of β-InSe crystal, showing their layered edge structure. b) SEM
image of fragments of β-InSe crystals and the corresponding EDS maps for In (Lα = 3.286 eV, violet) and
Se (Lα = 1.4 eV, orange). c) BF-TEM image of the InSe flakes produced through LPE of InSe crystal. d)
AFM image of a representative InSe few-layer flake, showing the height profile along the section indicated
by the white dashed line. e) Statistical analysis of the lateral dimension of InSe flakes, as calculated from
the analysis of the BF-TEM images. f) Statistical analysis of the thickness of InSe flakes, as calculated from
the analysis of the AFM images.

The structural properties of the exfoliated InSe were evaluated through XRD analyses and Raman
spectroscopy measurements. Figure 3.13a shows the XRD patterns of the exfoliated samples, in
comparison with that of the native bulk crystals. The angular positions of diffraction peaks of both
the samples match those of the diffraction pattern of the hexagonal β-InSe structure (D46h
symmetry, P63/mmc space group, ICDD- card: 185172),85,272,278 whose crystallographic lattice
parameters are a = b = 4.005 ± 0.004 Å and c = 16.660 ± 0.004 Å.279 The absence of extra
diffraction peaks confirms the crystallinity purity of the as-grown β phase of InSe. The bulk sample
preferentially shows the diffraction peaks belonging to the {00l} family, indicating a preferential
placement of the crystal fragment perpendicular to the c axis. Contrary, the exfoliated sample
exhibits peaks associated to other planes (e.g., 010, 110, and 011), likely due to a disordered
arrangement of the flakes. Figure 3.13b shows the Raman spectra of the bulk and exfoliated InSe
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nanoflakes. According to the group theory, β-InSe has six active Raman modes, namely 2𝐴1𝑔 ,
1
2𝐸1𝑔 , 𝐸2𝑔
, 𝐴2𝑢 .280,281 Consistently with this theoretical consideration, bulk and exfoliated material
2
1
show these peaks at similar positions, i.e., 𝐴11𝑔 at ~117 cm-1, 𝐸1𝑔
at ~179 cm-1, 𝐸2𝑔
at ~201 cm-1,
2
𝐴2𝑢 at ~210 cm-1, 𝐴1𝑔
at ~227 cm-1, in accordance with previous experimental studies.85,282,283 The

absence of extra peaks in the exfoliated sample suggests that the LPE process effectively preserves
the chemical and crystalline integrity of the native InSe crystals.

Figure 3.13: a) XRD diffractograms and b) Raman spectra (excitation wavelength = 633 nm) of InSe bulk
and flakes. The panels respectively report the diffraction peaks and the Raman modes attributed to the
hexagonal β-InSe structure.

To further elucidate the structural properties of the exfoliated InSe, high-resolution TEM (HRTEM) measurements were performed. Figure 3.14a reports a HR-TEM image of a portion of flake,
whose lattice spacing and selected area electron diffraction (SAED) pattern match those of the
hexagonal β-InSe structure (ICSD card: 640503), in agreement with XRD data. The scanning TEM
coupled with EDS (STEM-EDS) characterization of InSe flakes is shown Figure 3.14b, whose
elemental analysis indicates a nearly ideal InSe stoichiometry (Se-to-In atomic ratio of ∼1.06),
together with a low oxygen atomic content (O-to-In atomic ratio ∼ 0.3). Since the oxygen signal
is originated also outside the material flakes, these results indicate marginal presence of oxide
domains that could form after the exposure of the sample to ambient conditions.85 The UPS and
UV/visible absorbance spectroscopy measurements were performed to gain information on the
optoelectronic properties of InSe flakes, in comparison to those of the as-growth bulk crystal.
Figure 3.14c shows the secondary electron cut-off region of He I (21.22 eV) UPS spectra
measured for the InSe bulk and flakes. The cut-off energies are ∼16.6 eV for InSe bulk and ∼16.9
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eV for InSe flakes, corresponding to work function (WF) values of 4.6 and 4.3 eV, respectively.
These values are similar to those predicted by DFT calculation.284 The region near the fermi level
(EF) of the UPS spectra indicates that EVBM values are −5.5 and−5.6 eV (vs. vacuum level) for the
InSe bulk and flakes, respectively.

Figure 3.14: a) HR-TEM image of a portion of InSe flake. The lattice spacing is also shown. The inset
shows the corresponding SAED pattern, matching the one of the hexagonal β-InSe structure (ICSD
collection code 640503). b) STEM-EDS analysis for a representative InSe flakes, showing the EDS maps
for In (Lα = 3.29 eV, violet), Se (Lα = 1.37 eV, orange) and O (Kα = 0.52, green). c) Normalized secondary
electron cut-off region (left panel) and region near the EF (i.e., VBM region) of the UPS spectra of InSe
bulk and flakes, showing the onset energies. d) Absorbance spectrum of the LPE-produced InSe flake
dispersion, the top-right inset panel reports the absorbance (@600 nm) vs. concentration plot, together with
its linear fitting from whose slope the molar extinction coefficient has been extrapolated.

Figure 3.14d shows the absorbance spectrum of the LPE-produced InSe dispersion, showing three
features at ~265, 330 and ~370 nm that are ascribed to the electronic direct transitions from deep
valence bands to the conduction band of InSe flakes.85,285 The long absorbance tail observed in the
green/red spectral region is instead associated to the bandgap transitions involving the valence
band maximum and the conduction band minimum in the vicinity of the Г point, in agreement with
previous studies.88,89 Since these bandgap transitions are forbidden or extremely weak for in-plane
polarized light allowed only for out-of-plane polarized light,89 the corresponding absorbance peaks
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are weaker compared to those observed in the UV/blue spectral region. Noteworthy, the peaks of
the absorbance spectrum are the results of the overlap between the optical features since our sample
consisting of flakes with polydisperse morphological characteristics (see Figure 3.12c-f). Lastly,
the molar extinction coefficient -ε(λ)- of the InSe flakes was estimated using the Lambert-Beer
law105 by measuring the absorbance spectra of controlled dilutions/concentrations of the LPEproduced InSe dispersion (Figure 3.14d), whose concentration (0.2 ± 0.02 g L–1) was first
measured by gravimetric method. The linear fitting of the absorbance (@600 nm) versus
concentration plot (inset of Figure 3.14d) provides an ε(600 nm) of the InSe flakes of 213.1 L g–
1

m–1. This parameter was used to control the concentration among different batches of InSe

dispersion, so that the amount of material deposited for the realization of the devices was properly
controlled.

3.5 Characterization of 2D germanium selenide (GeSe) nanoflakes
Among the layered group-IV MMCs, germanium selenide (GeSe) is one of the most promising
material for PEC applications. The interest for 2D GeSe as a photo(electro)catalyst arises from its
unusually strong visible-light absorbance and high carrier mobility. Moreover, theoretical studies
predict that GeSe in its 2D form is a potential photocatalyst for water splitting reactions, fulfil the
thermodynamic requirements for a HER and OER. In order to understand and to evaluate the
photocatalytic energetic requirements for GeSe crystals and single-/few layers nanoflakes,
similarly to GaSe (see section 3.2), the electronic structure calculation were performed by the
collaborators Tomáš Hartman, David Sedmidubský and Zdeněk Sofer from University of
Chemistry and Technology of Prague. The DFT analyses with generalized gradient approximation
(GGA-PBE96)257

and

Heyd-Scuseria-Ernzerhof

hybrid

exchange-correlation

functional

(HSE06)236 were used to estimate the electronic structure of both bulk (B-GeSe) and single-/fewlayer (xL-GeSe, x = 1; 2; 4 and 6). The ground state polymorph of B-GeSe (space group Pnma)
is isostructural and isoelectronic with black phosphorus.100,286 However, between B-GeSe and
black phosphorus there is a difference in electronegativity and hence in on-site energies of Ge- and
Se-4s and 4p valence orbitals that produces a larger and indirect bandgap (1.35 eV).287 On the
other hand by comparing the band dispersion of B-GeSe (Figure 3.15a) and the band dispersion
of 1L-GeSe (Figure 3.13b), a broadening bandgap with a decreasing number of layers is observed
(from 1.35 eV in B-GeSe to 1.80 eV in 1L-GeSe).
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Figure 3.15: (a,b) Band dispersion along principal directions of the first Brillouin zone and density of states
for B-GeSe and 1L-GeSe, respectively.76

The calculated of ECBM and EVBM of xL-GeSe are reported in Figure 3.16 as functions of the
number of layers. In the plot, the reduction potentials E(H+/H2) and E(O2/H2O) as functions of the
pH are also shown. The theoretical pH window satisfies the condition ECBM > E(H+/H2) and EVBM
< E(O2/H2O) for the HER and the OER, respectively, corresponding to the pH range ∼10.2−10.8
and number of layers ∼5−6. In particular, xL-GeSe with x < 6 fulfil the energy requirement for
HER independently of the pH. Vice versa, xL-GeSe with x ≥ 6 can satisfy the OER photocatalyst
requirement. Therefore, GeSe nanoflakes with different thickness can be interfaced to act as
nanoscale tandem systems, in which the thinner nanoflakes (e.g., x-GeSe with x ≤ 4) preferably
operate as HER-photocatalysts, while the thicker ones (e.g., x-GeSe with x > 4) can catalyze the
OER (depending on the pH of the medium).
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Figure 3.16: EVBM (lower solid curve ⸻ and ● symbols) and ECBM (upper solid curve ⸻ and ♦ symbols) of
GeSe as a function of its layer number (bulk limits is also denoted by dotted lines), compared with the
potentials of water splitting (i.e., E(H+/H2) and E(O2/H2O)) as a function of pH.76

Experimentally, the orthorhombic (Pnma) GeSe crystals were produced through Bridgman–
Stockbarger direct synthesis by using Ge and Se powders with an elemental stoichiometry of
1:1.221 A representative photograph of GeSe crystal is reported in Figure 3.17a, together with the
top-view and side-view of the crystal structure. The GeSe crystal is formed by a double-layer slabs
of Ge−Se in a zigzag configuration, separated from one another by a van der Waals gap.288 The
morphology of the GeSe crystals was evaluated by SEM coupled with EDS and from the image of
an edge of a fragment of the crystal the layered structure is observed (Figure 3.17b). The SEM/
EDS analysis (Figure 3.17c) shows a slight excess of Ge element of the GeSe crystals with a Geto-Se atomic ratio ∼1.2. The stoichiometric excess of Ge could be related to the presence of
corresponding germanium oxides (i.e., GeO2 and GeO), which were probably formed during the
air exposure of Ge reactant residuals. The GeSe nanoflakes were obtained through the LPE of
pulverized GeSe crystals in anhydrous IPA followed by SBS technique (see the procedure in
Section 3.1). The morphology of LPE-produced GeSe nanoflake dispersion was investigated by
BF-TEM and AFM characterization. In Figure 3.17d the BF-TEM of the GeSe dispersion, display
flakes with sharp edge and irregular shapes. The corresponding statistical analysis (Figure 3.17e)
shows lateral size values in the range between 15 and 180 nm, following a log-normal distribution
peaked at ∼36 nm. The AFM image (Figure 3.17f) shows various nanoflakes, with their height
profiles with values between 1.1 and 7.5 nm. The statistical analysis of the thickness of the
63

nanoflakes (Figure 3.17g) indicates that the values follow a log-normal distribution peaked at 2.8
nm. By considering an experimental AFM thickness of monolayer GeSe between 1 and 1.5 nm,289
close to calculated values,290 the obtained AFM data indicates that the dispersion is formed by
flakes with a number of layers (≤5). However, either single layer or multi (>5)-layer flakes are
present, giving a mixture of nanoflakes with different optoelectronic properties.

Figure 3.17: a) Photograph of a GeSe crystal. The orthorhombic (Pnma) structure of the GeSe crystal is
also shown. b) SEM image of a fragment of GeSe crystal, evidencing its layered structure. c) SEM image
of fragments of GeSe crystals and the corresponding EDS maps for Ge (K α = 9.9 eV, green) and Se (Lα =
1.4 eV, violet). d) TEM image of the GeSe nanoflakes produced through LPE. e) TEM statistical analysis
of the lateral dimension of representative GeSe nanoflakes. f) AFM image of representative GeSe
nanoflakes. The height profiles of two sections are also shown, exhibiting the presence of single-/few-layer
flakes. g) AFM statistical analysis of the thickness of the GeSe nanoflakes.76

Furthermore, the XRD patterns of GeSe bulk and nanoflakes is shown in Figure 3.18a. Both
diffratograms confirm the structure (orthorhombic, space group: Pnma) of bulk and exfoliated
GeSe with the following lattice parameters: a = 10.8200 Å, b = 3.8520 Å, c = 4.4030 Å (ICDD
card Nr. 33-582). Moreover, in the XRD pattern of exfoliated GeSe, no extra peaks attributed to
oxides appear, suggesting that the LPE in anhydrous IPA effectively preserve the native structural
properties of the GeSe bulk counterpart. The structural properties of the GeSe bulk and nanoflakes
were further evaluated through Raman spectroscopy. The group theory predicts 12 Raman active
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16
optical modes for the 𝐷2ℎ
space group of orthorhombic (Pnma) GeSe, i.e.: 4𝐴𝑔 + 2𝐵1𝑔 + 4𝐵2𝑔 +

2𝐵3𝑔 .291,292 The Raman spectra of the bulk and the exfoliated GeSe samples is reported in Figure
3.18b with a a focus on the spectral range of the most intense Raman peaks at ~152 cm-1, ~176
cm-1 and ~190 cm-1. These peaks are respectively attributed to the out-of-plane vibration mode
1
𝐵3𝑔
and two in-plane vibration modes 𝐴𝑔2 and 𝐴𝑔1 .291,292 Notably form these spectra, the ratio
1
between the intensity of 𝐵3𝑔
and 𝐴𝑔1 decreases with decreasing the thickness of the GeSe

nanoflakes, in agreement with previous studies.289 In addition, there is a slightly blue-shift of 𝐴𝑔2
1
peak with decreasing the thickness of the GeSe crystals, while 𝐵3𝑔
and 𝐴𝑔1 approximately retain

their peak positions. Moreover, no extra peaks attributed to Raman active modes of other species
beyond GeSe (e.g., GeO2 or crystalline Se
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) are present in the Raman spectrum of exfoliated

GeSe, supporting that the LPE in IPA does not cause oxidation effects to the layered group –IV
MMCs, in agreement with XRD data (Figure 3.18a). To evaluate the Eg of the GeSe nanoflakes,
DRS analyses were performed using the Kubelka-Munk theory of the diffusive reflectance (R).266
Figure 3.18c shows the Tauc plots, of a GeSe nanoflakes film deposited on a quartz substrate, for
both n = 2 and n = 0.5, from which an indirect Eg of 1.27 eV and a direct Eg of 1.60 eV are
estimated, respectively. The Eg values obtained are in agreement with those calculated through
DFT simulations.100

Figure 3.18: a) XRD and b) Raman spectra (excitation wavelength = 633 nm) of GeSe bulk and nanoflakes.
The panels respectively report the diffraction peaks and the Raman modes attributed to the orthorhombic
structure of the GeSe. c) Tauc plots for the GeSe nanoflakes for both direct (n = 2) and indirect inter-band
transitions (n = 0.5).76
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However, the films are made of GeSe nanoflakes with polydisperse morphological characteristics,
which means different optical properties, in particular with thinnest nanoflakes that show the
highest Eg.74 The WF and the EVBM of the bulk and exfoliated GeSe samples were determined
through UPS.48 Figure 3.19a reports the He I (21.22 eV) UPS spectra measured for the GeSe bulk
and nanoflakes. The secondary electron cutoff region of the spectra (inset panel (i)) shows that the
cutoff energies are ∼17.4 eV for GeSe bulk and ∼17.0 eV for GeSe nanoflakes, corresponding to
a WF of 3.8 eV for GeSe bulk and 4.2 eV for GeSe nanoflakes. The region near the EF (i.e., VBM
region) of the UPS spectra (inset panel (ii)) reveals that EVBM is −4.6 eV for the GeSe bulk and
−5.0 eV for the GeSe nanoflakes. Contrary to our DFT calculations, these results indicate that the
VBM of the nanoflakes is deeper than that of the bulk. Lastly, the concentration of the as-produced
GeSe flakes dispersion was first measured by weighing the solid material content in a known
volume of the dispersion, giving a value of 0.22 ± 0.02 g L−1. From the Lambert−Beer law: Ext(λ)
= ε(λ)cl, (see section 3.1),103 the extinction coefficient of the GeSe nanoflakes was determinated.
The optical extinction spectrum (Figure 3.19b) of the as produced GeSe nanoflakes highlight that
they are capable to absorb the solar radiation in broad spectral range (UV−visible and near infrared
(<1100 nm) wavelengths). The inset panel reports the Ext(625 nm) versus c plot, whose linear
fitting provides a slope corresponding to a ε(625 nm) of 136.0 L g−1 m−1.

Figure 3.19: a) UPS spectra for GeSe bulk and nanoflakes (the binding energy is relative to the EF, i.e., EF
= 0 eV). The inset panel i) shows the enlargement of the secondary electron cut-off region of the spectra,
while the inset panel ii) reports the region near the EF (i.e., VBM region) of the spectra. b) Optical extinction
spectrum Ext(λ) of the GeSe nanoflake dispersion, whose photograph is also shown in the panel. The topright inset panel reports the Ext(625 nm) versus c plot.76
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4 Metal monochalcogenides for photoelectrochemical water
splitting and PEC-type photodetectors
Based on the theoretical, morphological, structural and optical characterisation, 2D layered groupIII and group-IV MMCs (i.e., GaSe, GaS, InSe and GeSe) were investigated as potential
(photo)electrocatalyst in aqueous media. In fact, due to their 2D nature, these materials
intrinsically presents a tunable bandgap and guarantees that the charge carriers are directly
photogenerated at the interface with the electrolyte, where redox reactions take place before they
recombine. Therefore, to assess the PEC properties, the exfoliated materials were investigated, one
by one, as photoactive components for water splitting and environmentally friendly (PEC)-type
photodetectors, providing new insight into their feasible implementation in real PEC-type water
electrolysers. This chapter provides the experimental features for the (photo)electrodes fabrication
and for the evaluation of their PEC properties in various aqueous electrolytes to prove their pH
independent catalytic activity. The obtained performances were superior to those of several self‐
powered and low‐voltage solution‐processed photodetectors, approaching the ones of commercial
UV–Vis photodetectors, opening the way towards the use of 2D metal monochalcogenides in
innovative PEC systems. A comparison between the responsivity of our GaSe, GaS, InSe and GeSe
PEC-type photodetectors and the other relevant solution-processed photodetectors present in
literature is reported in Appendix B.

4.1 Photoelectrodes fabrication and experimental setup
The metal monochalcogenides-based inks, produced through LPE in anhydrous IPA, were
deposited onto graphite paper by spray coating approach through an airbrush, in order to create
(photo)active film (Figure 4.1a). The material mass loading for each (photo)electrode was
regulated at 0.1 mg cm-1. The substrate used for the PEC properties evaluation was pyrolytic
graphite paper, which acts as an inert current collector. The advantages of this cheap electrodes
substrate are related to its flexibility, low-cost, low contact resistance and high adhesive forces to
active mateials.294 On the other hand, the spray coating technique has a great potential for a fast
large-scale (photo)electrodes production, since it is compatible with a huge variety of substrates
(rigid or flexible), with different dimension, morphology and shape.295 Moreover, it is possible to
process a broad range of inks with various rheological properties and solvents.295 In detail, the
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printing dispersion is forced through a nozzle with a diameter between 0.1 and 0.3 μm, forming a
fine aerosol directed onto the substrate.296 To promote a rapid solvent evaporation, the substrate
is generally heated with a temperature that depends on the solvent boiling point. Experimentally,
we kept the temperature at 60°C, warming up the (photo)electrodes for 15 minutes. The key
parameters to obtain an uniform coating film by spry coating techniques are: the drying time of
the solvent, the substrate temperature, the distance between the nozzle and the samples, the flow
rate and the amount of material deposited.296 Figure 4.1b shows a photograph an as-produced
MMCs-based (photo)electrode, which was manually bent to show its flexibility. As shown by its
SEM image (Figure 4.1c), the (photo)electrode has a laminar structure, in which nanoflakes
preferentially orient horizontally to the terrace of the graphite paper.

Figure 4.1: a) Schematic illustration of the fabrication of monochalcogenides photoelectrodes produced by
spray coating of LPE-produced inks onto graphite paper. b) Photograph of the flexible photoelectrode and
c) its SEM image.74

The electrochemical and PEC characterization of the (photo)electrodes were carried out in a flatbottom fused silica cell using a three-electrode cell of the potentiostat/galvanostat station (VMP3,
Biologic), controlled via own software. A schematic diagram of the experimental setup for the
PEC characterization of (photo)electrodes is reported in Figure 4.2. In the three-electrode
configuration system, the working electrode (WE) is formed by the graphite paper with the MMCsbased inks spayed on top. Moreover, a platinum wire and a saturated Ag/AgCl were employed as
the counter-electrode (CE) and the reference electrode (RE), respectively. The measurements were
carried out at room temperature in 200 mL of solvents with different pH, ranging from acidic to
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alkaline solution, such us 0.5 M H2SO4, pH 0.3; 1 M Na2SO4, pH 6.5; 1 M KCl, pH 6.5; 1 M KOH,
pH 14.

Figure 4.2: Schematic illustration of (photo)electrochemical three-electrode cell for photelectrodes
characterization

Before to start the measurements, the oxygen was purged from electrolyte solution by flowing N2
gas throughout the liquid volume using a porous frit. After the solution degassing, a constant slight
nitrogen flow is maintained for the whole duration of experiments, in order to avoid re-dissolution
of molecular oxygen in the electrolyte. The applied potential between the RE and WE can be
converted to reversible hydrogen electrode (RHE) according to the Nerst equation:
0
𝐸𝑅𝐻𝐸 = 𝐸𝑟𝑒𝑓 + 𝐸𝑟𝑒𝑓
+ 0.059𝑝𝐻

(𝐸𝑞. 4.1)

where 𝐸𝑅𝐻𝐸 is the converted potential vs. RHE, 𝐸𝑟𝑒𝑓 is the experimental potential measured
0
against the Ag/AgCl reference electrode, and 𝐸𝑟𝑒𝑓
is the standard potential of Ag/AgCl at 25 °C

(0.1976 V vs. RHE).156 The linear sweep voltammetry (LSV) curves were acquired at 5 mV s-1
scan rate, in both anodic and cathodic directions. To evaluate the response of (photo)electrodes
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both in dark and under simulated illumination, the measure were performed by using a 1 Sun solar
simulator (300 W Xenon light source LS0306, equipped with AM1.5G filters) and by the light
emitting diodes (LEDs) M455L3 (Thorlabs), M505L3 (Thorlabs) and M625L3 (Thorlabs) with a
monochromatic source for λ of 455 nm, 505 nm and 625 nm, respectively. The illumination
intensity of the LED was calibrated by using an optical power and energy meter (PM100D,
Thorlabs). The light intensity of the LEDs was adjusted through source meter (2612B DualChannel System SourceMeter, Keithley)-controlled LED driver (LEDD1B, Thorlabs).

4.2 Photoelectrochemical characterization of GaSe nanoflakes
The PEC water splitting activity of the GaSe-based photoelectrodes was evaluated in both 0.5 M
H2SO4 and 1M KOH electrolytes. Figure 4.3a,b show the cathodic and anodic linear sweep
voltammetry (LSV) scans for the as-produced GaSe photoelectrodes illuminated by chopped
simulated sunlight (i.e., AM 1.5G illumination) in acidic and alkaline solution, respectively. As
reported in section 2.4, the common FoM used to compare the performance of photoelectrodes
are:297 the positive onset potential (VOP), the cathodic photocurrent density at 0 V vs. RHE (J0V vs
RHE),

the anodic photocurrent density at +1.23 V vs. RHE (J0V vs RHE), the ratiometric power-saved

metric for HER (Φsaved,HER) and the ratiometric power-saved metric for OER (Φsaved,OER). In 0.5 M
H2SO4, the (photo)electrodes show a VOP of +0.14 V vs. RHE. The estimated value of J0 V vs RHE =
−9.3 µA cm–2 for HER and J1.23 V vs RHE = 83.4 µA cm–2 for OER reaction. The calculated
ratiometric power-saved values for HER and OER are Φsaved,HER = 0.09% and Φsaved,OER = 0.25%,
respectively. In 1 M KOH electrolyte, the photoelectrodes exhibit a clear photoanodic behavior,
while the cathodic LSV scan shows a negligible photocurrent density and a significant negative
dark current density (< –10 µA cm–2 for applied potential < +0.2 V vs. RHE). This effect during
the cathodic scan is probably related to the formation of promoted oxidized species which can
decompose in soluble products (e.g., GaO2–) during cathodic LSV scans.
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Figure 4.3: LSV curves measured for GaSe photoelectrodes for a) HER (cathodic scan) and b) OER (anodic
scan) under chopped simulated sunlight (i.e.,AM 1.5G illumination) in 0.5 M H2SO4 and 1 M KOH. The
redox potential for H+/H2 (0 V vs RHE) and O2/H2O (+1.23 V vs RHE) are also indicated.74

Figure 4.4 reports the absolute photocurrent density (defined as the difference between the current
under illumination and the current in the dark condition) of the photoelectrodes as a function of
the applied potential, showing the maximum values in 0.5 M H2SO4 of 78.9 µA cm-2 for the anodic
scan and 53.6 µA cm-2 for the catholic scan. These results suggest the medium for the subsequent
development of PEC-type photodetectors. Although the above data indicate a convenient use of
GaSe photoelectrodes for performing the PEC OER at potential significantly inferior to the redox
potential of O2/H2O (i.e., 1.23 vs. RHE), it is worth noticing that the evolved O2 could degrade the
photoelectrode surface by forming oxides.298,299 Actually, it has been shown that the concomitant
presence of O2, humidity and above-gap illumination further accelerates the oxidation of GaSe
nanoflakes into Ga2O3, SeO2 and a-Se via an intermediate stage of formation of gallium hydroxides
(i.e., Ga(OH)3) and selenium oxide-water complexes and selenic acid.300
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Figure 4.4: Absolute photocurrent density of the photoelectrodes as a function of the applied potential
measured in 0.5 M H2SO4 and 1 M KOH. The maximum absolute photocurrent density values obtained for
both cathodic and anodic scan are also shown.74

On the basis of the preliminary results achieved for PEC water splitting, the GaSe photoelectrodes
were investigated as PEC-type photodetectors in 0.5 M H2SO4 upon three different illuminations
with wavelengths in the visible spectral range, i.e., 455, 505 and 625 nm, whose energy is above
the Eg of the GaSe nanoflakes. (~1.9 eV (~653 nm), see Tauc analysis, Figure 3.7b). The applied
potentials were limited between –0.3 V and +0.8 V vs. RHE to avoid uncontrolled PEC degradation
of the (photo)electrodes, caused from high reductive and oxidative experimental conditions. The
performances of GaSe-based (PEC)-type photodetector are evaluated trough the responsivity (R)
and reported in Figure 4.5a, where the responsivity is plotted as a function of the applied potential
at each wavelength, with a light intensity of 63.5 µW cm–2. The responsivity values achieved for
the GaSe photodetectors show the maximum under 455nm illumination wavelength, in agreement
with absorbance spectrum of GaSe nanoflakes, and in detail the values obtained are: 157 mA W–1
at –0.3 V vs. RHE and 117 mA W–1 at +0.8 V vs. RHE. Moreover, the stability of the PEC response
was evaluated by measuring the responsivity over repeated LSV scans. In Figure 4.5b is shown
the responsivity retention during 20 subsequent scans measured at –0.3 V vs. RHE for the cathodic
regime and +0.4 V vs. RHE for the anodic one. Clearly, the GaSe photodetector shows a durable
responsivity (+35% after 20 LSV scans) under cathodic operation, while it progressively degrades
during OER (–80% after 20 LSV scans). In fact, the (photo)electrode degradation under anodic
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potential could be associated to the progressive oxidation of the GaSe nanoflakes caused by both
anodic potential and evolved O2.300

Figure 4.5: a) Responsivity of PEC-type GaSe photodetectors in 0.5 M H2SO4 as a function of the applied
potential upon three different illumination wavelengths in the visible spectral range: 455, blue; 505, green;
625 nm, red. Light intensity: 63.5 µW cm–2. b) Responsivity retention of the GaSe photodetecotors in 0.5
M H2SO4 at cathodic and anodic operations, i.e., applied potential of –0.3 V vs. RHE and +0.4 V vs. RHE,
respectively.74

Analogue degradation was observed for the (PEC)-type photodetectors under anodic condition in
1 M KOH (Figure 4.6a), where the devices also showed inferior performance compared to those
measured in 0.5 H2SO4. The maximum value of responsivity reached during this operation was of
41.9 mA W–1 at +1.3 V vs. RHE under illumination at 455 nm. Moreover, Figure 4.6b shows that
the GaSe-based photodetector progressively degrades over different LSV scans (–97% after 20
LSV scans). As for the GaSe photodetector in 1 M H2SO4, the degradation under anodic potential
could be originated by the progressive oxidation of the GaSe nanoflakes. Therefore, the GaSe
photodetectors were further characterized when working in cathodic regime.
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Figure 4.6: a) Responsivity of PEC-type GaSe photodetectors in 1 M KOH as a function of the applied
potential upon illumination wavelengths of 455, blue and 625 nm, red with a light intensity of 63.5 µW cm–
2
. b) Responsivity retention of the GaSe photodetectors in 1 M KOH at applied potential of +0.8 V vs. RHE,
respectively.74

The photocurrent density of the GaSe-based photodetectors was evaluated as function of the light
intensity at fixed potential of –0.3 V vs. RHE (Figure 4.7a). The photocurrent density increases
gradually with the light intensity increasing from 0.011 to 31.8 mW cm–2. The relationship between
the photocurrent density and the light intensity is typically expressed by a power law, i.e.:
photocurrent density ∝ (light intensity)γ

(Eq. 4.2)

where γ is a factor determining the response of the photocurrent to light intensity. For light intensity
≤ 56.7 µW cm–2, the power equation fits to the experimental data with γ equal to 0.97, indicating
an almost linear fit. Since a unity value for γ suggest negligible charge recombination and trapping
processes, it can be deduced that the two-dimensional morphology of GaSe nanoflakes maximizes
the surface area available for PEC reactions, suppressing the photocharge recombination
processes.301 Moreover, the responsivity (~0.16 A W–1) is retained with increasing the light
intensity (up to the tested values of 56.7 µW cm–2). Another important FoM of photodetectors is
the response time. The temporal response of the GaSe-based photoelectrodes is reported in Figure
4.7b, showing rise time (τR) and fall time (τF) of 855 and 720 ms, which are between one and two
order of magnitude larger than those of GaSe monolayer-based photodetectors (~20 ms)71 but
significantly inferior to solution processed PEC-type photodetectors (typically in the order of ten
seconds).302
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Figure 4.7: a) Photocurrent density (left y-axis) and responsivity (right y-axis) of the GaSe photodetectors
at –0.3 V vs. RHE as a function of the light intensity. The curve fitting the data measured at low-light
intensity is also shown (dashed black line). b) Normalized photocurrent the GaSe photodetector at applied
potential of –0.3 V vs. RHE measured over time after an illumination pulse of 30 s (wavelength = 405 nm,
light intensity = 63.5 µW cm–2). The rise and fall time of the photocurrent response are also indicated.74

4.3 GaS for UV-selective PEC-type photodetectors
The evaluation of PEC properties of GaS photoelectrodes, produced by spry coating deposition of
LPE-produced GaS ink in anhydrous IPA, was performed through PEC-type photodetector. These
devices were tested in three different electrolytes i.e.: 1 M H2SO4 (pH 1), 1 M Na2SO4 (pH 6) and
1 M KOH (pH 14), under 4 different illumination wavelengths in the UV/visible spectral range,
namely 275, 455, 505, and 625 nm. Noteworthy, only the illumination wavelength of 275 nm (hard
UV -UVC- region) corresponds to energy above the direct Eg estimated for the GaS flakes (~2.9
eV), while both 275 and 455 nm correspond to energy higher than the material indirect Eg (~2.6
eV). The anodic linear sweep voltammetry (LSV) measurements for the GaS photodetectors are
shown in Figure 4.8a-c under chopped illumination at excitation wavelengths of 275 and 455 nm.
The LEDs were calibrated with a light intensity of 1.3 mW cm−2. Meanwhile, the preliminary
cathodic LSV measurements of the GaS photoelectrode did not show any photocathodic response,
which were therefore analysed only as photoanodes. To avoid the electrochemically induced
degradation of the photoelectrode, the applied potentials were limited to regions with dark current
density inferior to the detected photocurrents. Notebly, zero- (or below-detection sensitivity-)
photoresponses were detected for the illumination wavelength of 505 and 625 nm. In all the
investigated media, the values of responsivity of the photoanodes obtained under UV light (275
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nm) are significantly higher than those measured for blue light (455 nm), indicating a UV-selective
photoresponse.

Figure 4.8: LSV scans of GaS PEC-type photodetectors in a) 1 M H2SO4, b) 1 M Na2SO4 and c) 1 M KOH
under UV (275 nm) and blue (455 nm) illumination with intensity of 1.3 mW cm-2.83

Figure 4.9a reports the responsivity of the GaS photoanodes as a function of the applied potential
in the three investigated media. The highest recorded responsivities for the 275 nm illumination
are 1.8 mA W-1 for 1 M H2SO4 at 0.8 V vs. RHE, 4.6 mA W-1 for 1 M Na2SO4 at 0.9 V vs. RHE,
and 6.8 mA W-1 for 1 M KOH at 1.1. V vs. RHE. Importantly, the highest photoresponse of GaS
flakes has been observed in alkaline conditions, since the energy offset between EVBM and
(E(O2/H2O)) is maximised compared to both the neutral and acidic media. Figure 4.9b shows the
wavelength-dependent responsivity of the GaS photodetectors, indicating UV-selective light
detection for UV-sensitive applications.

Figure 4.9: a) Potential dependence of the responsivity of the GaS PEC-type photodetectors under 275 nm
illumination with intensity of 1.3 mW cm-2 in the three investigated aqueous media. b) Wavelength
dependence of the device responsivity under the same illumination intensity of 1.3 mW cm-2 in the three
investigated aqueous media.83
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To assess the stability of GaS photodetectors, subsequent LSV scans were performed on the
(photo)electrodes. As show in Figure 4.10a, the Raman spectra of the tested GaS photoelectrodes
present similar features to the one measured for the as-produced GaS flakes. This means that the
GaS flakes maintain their structural properties during the PEC characterization. The devices
exhibit the most stable PEC performance in 1 M KOH, showing a progressive responsivity
stabilization over the first 10 LSV scans, with a final responsivity retention of 49.9% after 20
subsequent LSV scans (Figure 4.10b). The photoelectrode tested in 1 M H2SO4 and 1 M Na2SO4
show a responsivity retention of 89.6% and 95.1%, respectively. The degradation observed in the
initial scan could be related to the mechanical delamination induced by progressive gas evolution
(i.e., oxygen evolution due to OER), as previously reported for similar architectures based on
transition metal monochalcogenides (e.g., GaSe74 and GeSe76). Prospectively, the engineering of
devices by using polymeric (e.g., Nafion), or conductive (e.g., carbon nanotubes) binders could
improve the performances and the further stabilization of the GaS photoelectrodes.

Figure 4.10: a) Raman spectra of the GaS photoelectrode after PEC stability tests (20 LSV scans) in the
investigated electrolytes (1 M H2SO4, 1 M Na2SO4, and 1 M KOH), in comparison with the Raman spectrum
of the pristine GaS flakes. b) Responsivity of the GaS photodetectors in the investigated electrolytes as a
function of the number of the LSV scan.83

4.4 Solution processed InSe for PEC-type photodetectors
To produce the solution-processed PEC-type photodetectors, the dispersion of LPE-produced InSe
nanoflakes was deposited by spray coating onto a pyrolytic graphite substrate, the latter acting as
current collector, following protocols described in section 4.1. To study the PEC behavior of InSe
nanoflakes, the photoresponses of the (photo)electrodes were first evaluated for three different
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illumination wavelengths in the visible spectra range (i.e.: 455 nm, 505 nm and 625 nm). The
photon energies corresponding to these illumination wavelengths are above the Eg of few-layer
InSe flakes. Figure 4.11a reports the responsivity vs. applied potential plots for InSe
photoelectrodes (with a mass loading of InSe flakes of 0.2 mg cm-2), as calculated from LSV
measurements at illumination intensity of 0.5 mW cm–2 in 0.5 M H2SO4. The applied potentials
were constrained within values corresponding to dark current density inferior to 50 μA cm–2.
Clearly, the responsivity of the photodetectors increases with decreasing the wavelength,
indicating that the photons with the highest energy (e.g., ∼2.7 eV for illumination wavelength =
455 nm) can efficiently generate charge carriers.89,285 No photocathodic response was observed
for InSe (photo)electrodes at applied potential higher than 0 V vs. RHE. These results agree with
previous studies302, in which films of InSe flakes exhibited a photoanodic response in alkaline
media. In addition, the photoanodic response of the photoelectrodes in 0.5 M H2SO4 with a
responsivity of 20.2 mA W-1 at +0.8 V vs. RHE for 455 nm illumination, was one order of
magnitude higher than the one observed in 1 M KOH with a value of 3.7 mA W-1 at +1.2 V vs.
RHE for 455 nm illumination (Figure 4.11b). This result proves the potential of InSe nanoflakes
for PEC applications in acidic media.

Figure 4.11: a) Responsivity of the solution-processed PEC-type InSe photodetectors as a function of the
applied potential in 0.5 M H2SO4 under illumination wavelengths in the visible spectral range: 455, 505 and
625 nm (intensity: 0.5 mW cm–2). b) Responsivity of the InSe photodetectors as a function of the applied
potential in 1 M KOH, under 0.5 mW cm-2 455 and 625 nm illuminations.

To improve the performances of the devices, several strategies were adopted. First of all the mass
loading of active material was optimized. Figure 4.12a shows the responsivity of the
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(photo)electrodes as function of the InSe mass loading (MInSe). By fixing the applied potential at
+0.4 V vs. RHE, a maximum responsivity of 31.1 mA W-1 was reached at MInSe of 1 mg cm-2. This
means that this photoactive material mass loading guarantees an optimal absorption of the incident
light by InSe nanoflakes. By further increasing the mass loading of InSe, the photoelectrode
responsivity decreases because of the excessive thickness of the photoactive films, which are not
capable to transport efficiently the electron photogenerated nearby the film surface of the toward
the current collectors. To solve the dichotomy between absorption and charge transport
performance, electrically conductive ITO NPs were therefore hybridized with InSe flakes to create
an electron transport pathways, enabling the electron extraction toward the back CE. Figure 4.12b
shows the responsivity of the hybrid ITO/InSe photoelectrodes as a function of the weight content
of ITO NPs compared to the one of InSe flakes (MInSe fixed at 1 mg cm-2).

Figure 4.12: a) Responsivity of the InSe photodetectors as a function of MInSe in 0.5 M H2SO4 at +0.4 V
vs. RHE under 0.5 mW cm-2 455 nm illumination. b) Responsivity of the InSe photodetectors as a function
of ITO:InSe weight ratio (%) in in 0.5 M H2SO4 at +0.4 V vs. RHE under 0.5 mW cm-2 455 nm illumination
(MInSe = 1 mg cm-2). c) Responsivity of hybrid ITO/InSe photodetectors as a function of the applied potential
in 0.5 M H2SO4 under three different illumination wavelengths in the visible spectral range: 455, 505 and
625 nm (light intensity of 0.5mW cm-2).
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For ITO-to-InSe weight ratio of 50%, the hybrid (photo)electrodes reached a maximum
responsivity of 60.0 mA W-1 at +0.4 V vs. RHE, which corresponds to an external quantum
efficiency (EQE) of 16.4% and represents a +92.8% responsivity increase compared to the
photoelectrodes without ITO NPs. Noteworthy, the device based on only ITO NPs exhibited a nondetectable photocurrent density for all the investigated illumination wavelength, thus excluding
the participation of ITO NPs in charge photogeneration processes. In addition, the hybrid ITO/InSe
photoelectrodes did not exhibit any photoresponse in 1 M KOH, probably because of the
instability/dissolution of ITO NPs in alkaline media.303 Finally, the responsivity obtained for
hybrid ITO/InSe photodetectors is reported in Figure 4.12c as a function of the applied potential
in 0.5 M H2SO4 electrolyte under the three different illumination wavelengths.
More in detail, ITO NPs have been already coupled with other 2D materials to facilitate charge
carrier separation at the interface between the two materials,304,305 giving the opportunity to
implement innovative solutions in the field of optoelectronics and energy storage.306 Therefore,
ITO NPs were screened as ideal transparent conductive nanomaterials to be incorporated into films
made of InSe flakes, thus promoting the electrical connection between the latter. Figure 4.13
reports a sketch of the expected energy level diagram of the hybrid PEC-type ITO/InSe
photodetectors operating in aqueous media. The working mechanism of these photodetectors
proceeds through the following steps: 1) InSe flakes absorb UV/visible light, exciting electrons
from the VB to the CB; 2) the photogenerated electrons are favourably collected by ITO NPs,
while the holes are transferred to the electrolyte, driving an oxidation reaction, such as oxygen
evolution reaction (OER) or oxidation of other chemicals (e.g., sacrificial agents) at the
InSe/electrolyte interface (in absence of ITO NPs, the electrons are transported by InSe flakes to
the current collectors); 3) the electrons are collected by a current collector through the conductive
network formed by ITO NPs, and then transferred to a counter electrode (such as Pt), which close
the circuit.
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Figure 4.13: Energy level diagram of the PEC-type hybrid ITO/InSe photodetectors, whose working
mechanism is also illustrated.

To assess the stability of pure InSe and hybrid ITO/InSe (photo)electrodes, their responsivity was
evaluated over subsequent LSV scans. Regrettably, the pure InSe devices showed a poor stability
over subsequent LSV scans in both 0.5 M H2SO4 and 1 M KOH (Figure 4.14a). To solve this
important issue, two sacrificial agents, e.g., IPA and Na2SO3 were added in the electrolyte, since
they (or their anions, i.e., SO32- for Na2SO3) represent electron donors (i.e., hole scavengers) that
are easily oxidized, and they can in principles inhibit or limit the PEC degradation (e.g., corrosion)
of the (photo)electrodes under anodic operation.307,308 In 0.5 M H2SO4, the sacrificial agents
improve the stability of the devices, even though still degraded significantly (Figure 4.14b). In
particular, the photoelectrodes retained 50% of their initial responsivity after 20 LSV scans at 0.35
V vs. RHE in presence of 20% vol. of IPA. The Figure 4.14c shows that for hybrid ITO/InSe
electrodes, the use 0.35 M Na2SO3 as sacrificial agent leads to the best stability (-63.8%
responsivity after 20 LSV scans), indicating the need to implement more effective strategy to
stabilize the photoelectrodes. In addition, even though the sacrificial agents increased the stability
of the devices, their responsivity decreased from 31.1 mA W-1 (without sacrificial agents) to 5.2
and 1.98 mA W-1 in presence of 20% vol. IPA and 0.35 M Na2SO3, respectively. These data
indicate that the exploitation of PEC properties of InSe flakes in acidic media, in which they show
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the highest responsivity, is still challenging at the current stage because of their poor stability.
Contrary, in 1 M KOH with 0.35 M Na2SO3, the electrodes improved the performance over time
(+43.5% responsivity after 20 LSV scans) without significantly affecting the responsivity (1.3 mA
W-1 at +1 V vs. RHE), as reported in Figure 4.14d. Even though the origin of such performance
improvement is still to clarify, this observation remarks the potential of InSe flakes for PEC
applications in alkaline media, in agreement with previous studies,302 which however reported
three order of magnitude lower values of responsivity (on the order of few µA W-1) under alkaline
media.

Figure 4.14: a) Responsivity retention of the InSe photodetectors in: 0.5 M H2SO4 at +0.2 V vs. RHE and
1 M KOH at +1.0 V vs. RHE under 0.5 mW cm-2 455 nm illumination (MInSe = 1 mg cm-2). b) Responsivity
retention of the InSe photodetectors in: 0.5 M H2SO4 at +0.2 V vs. RHE, 0.5 M H2SO4 + 20% vol. IPA at
+0.2 V vs. RHE, and 0.5 M H2SO4 + 0.35 M Na2SO3 at +0.35 V vs. RHE, under 0.5 mW cm-2 455 nm
illumination (MInSe = 1 mg cm-2). c) Responsivity retention of the hybrid ITO/InSe photodetectors in: 0.5
M H2SO4 + 20% vol. IPA at +0.2 V vs. RHE, and 0.5 M H2SO4 + 0.35 M Na2SO3 at +0.35 V vs. RHE,
under 0.5 mW cm-2 455 nm illumination (MInSe = 1 mg cm-2). d) Responsivity retention of the InSe
photodetectors in: 1M KOH at +1.0 V vs. RHE, 1 M KOH + 20% vol. IPA at +1.0 V vs. RHE, and 1 M
KOH + 0.35 M Na2SO3 at +1.0 V vs. RHE, under 0.5 mW cm-2 455 nm illumination (MInSe = 1 mg cm-2).
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4.5 GeSe-based photoelectrodes for water splitting and PEC-type
photodetectors
The PEC properties of the single-/few-/multi-layer GeSe flakes, produced by LPE technique (see
Section 3.1) in anhydrous IPA were investigated for water splitting reactions (HER and OER) in
different aqueous media (i.e.: 0.5 M H2SO4, pH 0.3; 1 M KCl, pH 6.5; 1 M KOH, pH 14). The
(photo)electrodes were produced by spray coating the GeSe nanoflake dispersion on graphite
paper, following the procedure described in section 4.1, with a mass loading of nanoflakes of 0.1
mg cm-2. The GeSe-based devices were first evaluated as PEC-type photodetectors for three
different illumination wavelengths in the visible spectral range, namely 455, 505 and 625 nm.
These illumination wavelengths correspond to energies above the Eg of our GeSe nanoflakes, i.e.,
1.27 eV (Figure 3.18c). Regarding the characterization, Figure 4.15 shows the responsivity vs.
potential plots derived from LSV measurements for GeSe photodetectors in 0.5 M H2SO4, 1 M
KCl and 1 M KOH, using a calibrated LEDs light intensity of 63.5 µW cm−2. To avoid a possible
device degradation, the applied potentials for the cathodic and anodic operations were limited to a
suitable range with an absolute dark current density inferior to 50 µA cm-2. However, for the anodic
scans in 1 M KOH, the responsivity are observed only for high dark current. In all the investigated
media, the responsivity of the photodetectors increases with decreasing the illumination
wavelength. This behavior indicates that the photons with the highest energy (e.g., ~2.7 eV for
illumination wavelength = 455 nm) can efficiently excite the GeSe nanoflakes. In 0.5 M H2SO4
The highest values of responsivity are reported in acid solution with 316.6 at -0.5 V vs. RHE for
cathodic operation and 95.5 mA W-1 at +0.8 V vs. RHE for the anodic scan. In 1M KCl electrolyte
the responsivity reached was 234.5 and 248.3 mA W-1 at -0.1 and +0.9 V vs. RHE, respectively.
These values of GeSe-based devices are comparable with the commercial self‐powered UV–Vis
photodetectors. Moreover, the performances were also evaluated by external quantum efficiency
(EQE), and the highest responsivity value reported for GeSe-based device (i.e., 316.6 mA W-1)
corresponds to EQE of 86.3%. This result approaches the theoretical performance limit for PECtype photodetectors (i.e., 100%).309 In addition, the (PEC)-photodetectors test in alkaline solution
display a cathodic responsivity of 94.9 mA W-1 at +0.2 V vs. RHE.
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Figure 4.15: Responsivity of PEC‐type GeSe photodetectors as a function of the applied potential in the
investigated media (e.g., 0.5 M H2SO4, 1 M KCl, 1 M KOH) upon three different illumination wavelengths
in the visible spectral range: 455 nm, blue; 505 nm, green; 625 nm, red. Light intensity: 63.5 µW cm-2.76

To evaluate the stability of GeSe-based devices, were performed 20 subsequent LSV scan in 0.5
M H2SO4 and 1 M KCl solutions. During cathodic operation at fixed potential -0.05 V vs. RHE,
the photodetectors showed a stable responsivity in acid solution compared to 1M KCl. In detail,
Figure 4.16a reports the responsivity retention as a function of LSV scan with a performances
decrease of -14% for 0.5 M H2SO4 and -68% for 1 M KCl. Furthermore, to improve the PEC
activity and stability of the devices, a Nafion film (i.e., commercial name for sulfonated
tetrafluoroethylene based fluoropolymer-copolymer) was added above the photoactive GeSebased film in order to prevent a possible delamination of the nanoflakes, as a consequence of the
redox reaction.310 The Nafion-coated (photo)electrode did not exhibit any loss of responsivity, but
on the contrary it increases by +29%. A possible cause of this improvement consist to the hydration
of the Nafion film during subsequent 20 LVS scans.310 To verify the structural and the chemical
integrity of the (PEC)-type photodetectors after the stability test, were performed Raman analyses
on the GeSe-based (photo)electrodes (Figure 4.16b). The characterization showed that no
degradation occurred on fresh and tested GeSe-based (photo)electrode, with a maintaining of the
initial structural properties of the GeSe nanoflakes.
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Figure 4.16: a) Responsivity retention of the GeSe photodetectors in 0.5 M H2SO4 and 1 M KCl during
cathodic operation (applied potential = -0.05 V vs. RHE). b) Raman spectra (λexc = 633 nm) of the GeSe
nanoflakes deposited on Si substrate, fresh GeSe photoelectrodes, and tested Ge photoelectrodes (i.e.,
photoelectrodes measured after 20 cathodic LSV scans, as shown in panel b).76

The stability test of GeSe-based (PEC)-photodetector was also performed for the anodic operation.
As reported in Figure 4.17, the responsivity retention is plotted as a function of 20 anodic LSV.
The degradation of the devices is evident in all investigated electrolyte, with a loss of responsivity
of 79%, 98% and 100% for 0.5 M H2SO4, 1 M KCl and 1 M KOH, respectively, suggesting a
possible oxidation of the GeSe flakes under anodic potentials.

Figure 4.17: Responsivity retention of the GeSe photodetectors during anodic operation in 0.5 M H2SO4
(applied potential = +0.4 V vs. RHE), 1 M KCl (applied potential = 0.9 V vs. RHE) and 1 M KOH (applied
potential = 1.2 V vs. RHE).76
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Similarly to the GaSe-besed devices, the light intensity dependence of the cathodic responsivity
for GeSe (photo)electrode was studied in 0.5 M H2SO4 at fixed potential of 0 V vs. RHE and
reported in Figure 4.18a. From the power law between the photocurrent density and the light
intensity (see Eq. 4.2), the values of γ is 0.56, indicating significant charge recombination of the
photogenerated charges. Contrary, in 1 M KCl solution γ is 0.83, indicating a satisfactory
utilization of the photogenerated charges to carry out the redox reaction (Figure 4.18b).

Figure 4.18: Absolute photocurrent density (left y‐axis) and responsivity (right y-axis) of the GeSe
photodetectors as a function of the light intensity measured at a) 0 V vs. RHE in 0.5 M H2SO4 and b) 0 V
vs. RHE in 1 M KCl. The curves fitting the photocurrent density data is also shown (dashed black line).76

Based on the above PEC characterization as PEC-type photodetectors, GeSe-based
photoelectrodes were tested for the water splitting reactions. For the HER and OER processes were
produced photocathodes and photoanodes, respectively, and were tested in the previous three
electrolytes under chopped simulated sunlight (i.e., AM 1.5G standard spectra, irradiance = 1000
W m-2). The highest performances were found for 0.5 M H2SO4 and 1 M KCl. In detail, Figure
4.18a,b report the LSV curves for the cathodic operation in 0.5 M H2SO4 and the anodic scans in
1 M KCl. Noteworthy, the GeSe-based (photo)electrode displayed the highest photoresponse at 0
V vs. RHE in 0.5 M H2SO4 and at 1.23 V vs. RHE in 1 M KCl. According to the FoM for the water
splitting reactions (see section 2.4), in the cathodic LSV scan in 0.5 M H2SO4, the GeSe
photoelectrode showed: J0 V vs. RHE = -10.9 µA cm−2 and VOP = +0.30 V vs. RHE; while for the
anodic LSV scans in 1 M KOH, the photoelectrode shows: J1.23V vs. RHE = +31.0 µA cm-2 and VOP
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= +0.48 V vs. RHE. These results prove that the GeSe nanoflakes are promising material to be
used in water photoelectrolysis cells.

Figure 4.18: a,b) LSV curves measured for GeSe photoelectrodes for HER (cathodic scan) in 0.5 M H2SO4
and b) OER (anodic scan) in 1 M KCl, under chopped simulated sunlight (i.e., AM 1.5G illumination). The
redox potential for H+/H2 (0 V vs. RHE) and O2/H2O (+1.23 V vs. RHE) are also shown.76
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5 Low temperature graphene-based paste for carbon
perovskite solar cells
Carbon perovskite solar cells (C-PSCs) are PV devices, where the noble metal counter electrode
is replaced by carbon-based counter electrodes (C-CEs), in order to mitigate instability issues and
to prove a solution-processed and low-cost device configurations. This chapter will be focus on
the fabrication and characterization of efficient paintable C-PSCs obtained by depositing a lowtemperature-processed graphene-based carbon paste atop prototypical devices. Small-area (0.09
cm2) and large-area (1 cm2) reference (Au-based) and paintable C-PSCs were produced, using two
different architectures: mesoscopic and planar configuration, easily processed at low-temperature.
The C-CEs were realized by depositing innovative electrical pastes based on single-/few-layer
graphene, thermoplastic binders and a high vapour pressure alcoholic solvent, such as, isopropyl
alcohol, which does not damage the underlying layers.

5.1 Carbon perovskite solar cells (C-PSCs)
Perovskite solar cells (PSCs) are attracting extensive attention among the PV technologies due to
their low-cost solution processability311 and high performances, with a certified PCE values above
25% (record-high value of 25.5%).199 However, the commercialization of these devices suffers
from technical issues related to different factors,312 especially, the instability of the photoactive
perovskite313 and charge-transporting layers (CTLs),313 and the use of expensive, noble metalbased back counter electrodes (CEs) (e.g., Au or Ag), which are thermally evaporated in a high
vacuum system.314 In particular, the main cause of photoactive material instability is related to the
migration of iodine species or metal atoms between the perovskite layer and the CE that leads to a
general instability in assembled devices.211 Therefore, huge efforts are continually involved to
design and to produce efficient perovskites active material, CTLs, interlayers and metal-free CEs
in order to improve the stability of the devices. In particular, the creation on metal-free CEs
presents several advantages: on one side, they reduce the problems related to the migration of
species between the layers; on the other side, provide cost-effective, large-area processability.311
In this context, carbon-based CEs (C-CEs) has emerged as low-cost printable candidates to replace
Au- and Ag-based CE, leading to the so-called carbon-based PSCs (C-PSCs).315 The main benefits
of C-CEs are: first of all the low-cost production, which strictly depends on the type of the carbon
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materials used. In addition, since the C-CEs present hole-extraction properties, they can use to
replace also the expensive HTLs, which are required for noble metal-based CEs.316 Second,
differently from metal based CEs, the C-CEs does not show any corrosion issues thanks to their
chemical inertness to halide ions.313 Third, playing with the chemical composition, the C-CEs can
show hydrophobic behaviour, which limit the intake of moisture.317 Therefore, the engineering of
PSCs layers (i.e., perovskite, CE, and interlayer) is one of the most efficient and powerful
approaches to mitigate the current C-PSC limitations.318 Nevertheless, the paintable C-PSCs based
on low-temperature-processed CEs represents a powerful architecture in term of stability and lowcost effects.318 In fact, the deposition of low-temperature C-CEs directly onto the perovskite layers
or the CTLs is compatible with large-area perovskite devices. In addition, the C-CEs are suitable
for flexible configurations, enabling low-cost, highly scalable, roll-to-roll manufacturing
processes.

5.2 Carbon-based counter electrodes
The C-CEs for the PSCs were produced by printing low-temperature-processed carbon pastes. The
pastes have been formulated according to the following composition: 1) carbon black and
single/few layer graphene flakes as the electrically conductive components; 2) thermoplastic
polymers as the binder; 3) high vapour pressure alcohols, including IPA, as the solvent. The
graphene flakes are produced by scalable wet-jet milling (WJM) approach132 (see section 1.4.4).
By adjusting the concentration of their solid content, the pastes can show different rheological
properties and can be processed and deposited on several substrates, both rigid (e.g., glass) and
flexible (e.g., polyethylene terephthalate -PET- and paper), using common printing techniques,
such as doctor-blading, spray coating (Figure 5.1a-c), as well as spin coating. For all the cases,
the deposition temperature of the paste can be inferior to 100 °C and can be even ambient
temperature. Depending on the temperature, the curing time for tens of micrometres-thick films
ranges from seconds/tens of seconds (for temperature around 100 °C) to tens of minutes (for
ambient temperature).
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Figure 5.1: Photographs of graphene-based carbon paste deposited onto different substrates: a) glass; b)
PET; c) paper.319

The SEM cross section image of the produced carbon paste is reported in Figure 5.2a. The
graphene-based carbon paste film was deposited by doctor blading (films cured at 40 °C for ca. 5
minutes) showing a thickness of ~40 µm. The presence of graphene flakes is distinguishable within
the binder matrix. Notably, the use of graphene flakes improves the electrical performances of the
carbon paste, leading the C-CEs to reach resistivity as low as 0.07 ± 0.01 Ω cm, which correspond
to a Rsheet of ~17 Ω sq-1 for a thickness of 40 µm (Figure 5.2b). In particular, the value of Rsheet
obtained is similar or inferior to those reported in literature for common transparent conductive
oxide (TCO)-based CEs and C-CEs.320 Moreover, a reference paste without graphene shows an
increase about 6 times of the resistivity compared to the graphene-based paste (resistivity = 0.35
÷ 0.06 Ω cm). Thus, graphene-based C-CEs are expected to mitigate the drawback (e.g., low fill
factor -FF-) related to the high series resistance of current collectors in large-area solar cells.321 In
addition, the as-produced graphene-based films present optimal mechanical properties, which can
reduce the thermo-mechanical stresses due to the natural weathering (day/night cycles)322 and
metallization-encapsulation processes.323 In Figure 5.2c the mechanical properties of the films are
reported, where they withstand tensile strains before neat fracture >70% (fracture strain of PET),
while reference film without graphene breaks to tensile strain lower than 10%. Moreover, as shown
in Figure 5.2d, the graphene-based films optimally retain their electrical conductivity over 50
stretch-release (S-R) cycles at tensile strain of 3%, while the films without graphene did not
withstand the first release after stretching.
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Figure 5.2: a) Cross-sectional SEM image of a film obtained by depositing the graphene-based carbon
paste (thickness ca. 40 µm). b) Statistics for electrical resistivity of the films obtained by depositing
graphene-based pastes and reference pastes (w/o graphene). c) Resistance (R) of the films obtained by
depositing graphene-based pastes and reference pastes (w/o graphene) normalized on the initial value (strain
= 0%) (R0) as a function of the strain and d) as a function of the number of over S-R cycles at tensile strain
of 3%.319

5.3 Devices fabrication and characterization
The small-area (0.09 cm2) and large-area (1 cm2) PSCs devices were fabricated with Au-based
CEs, as reference devices, and with graphene-based carbon paste as paintable C-PSCs in two
different configurations: mesoscopic and low-temperature processed planar architectures. The
structure of the mesoscopic n-i-p devices was: glass/fluorine tin oxide (FTO)/cTiO2
/mTiO2/perovskite/spiro-OMeTAD/C-CE (or Au-based CE) (Figure 5.3a,b), in which the
perovskite is triple cation Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3.237 The compatibility of alcoholic
solvents with the spiro-OMeTAD is already reported in literature, where they can preserve the
integrity of the underlying perovskite/spiro-OMeTAD structure.215 Moreover, to improve the
charge transfer in the ETL, both cTiO2 and mTiO2 were subsequently doped with graphene flakes
(ETLs named cTiO2 + graphene and mTiO2 + graphene, respectively) (Figure 5.3c). The cTiO2+G
and mTiO2+G layers were obtained as resulting from the addition of 1 vol% WJM-produced
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graphene dispersion in the cTiO2 precursor solution or mTiO2 paste.324 The several benefits of
introduction of graphene in ETLs are related to the improving of the electrical conductivity of
cTiO2 /mTiO2, thus accelerating the electron extraction towards the front CE,325 and to the
regulation of perovskite crystal growth over mesoscopic m-TiO2 scaffolds, increasing the
reproducibility of the active layer deposition.
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Moreover the graphene flakes act as stabilizers

for perovskite, slowing down the charge thermalization processes.327 Alternatively to TiO2-based
ETLs, the planar structure SnO2-based ETLs were also produced through spin coating for largearea 1 cm2 low-temperature processed PSCs, according to the following configuration: glass/
FTO/SnO2/perovskite/spiro-OMeTAD/C-CE (or Au-based CE) (Figure 5.3d). The C-CEs were
deposited by spin coating directly onto spiro-OMeTAD.

Figure 5.3: Schematics of the investigated n-i-p device architectures: a) mesoscopic PSC (reference cell
using Au-based CE). b) mesoscopic C-PSCs based on graphene based C-CE. c) graphene-engineered
mesoscopic C-PSCs based on graphene-doped ETLs (cTiO2 + graphene and mTiO2 + graphene). d) planar
C-PSC based on low-temperature processed SnO2 ETL.319

The current-voltage (J-V) curve during reverse scan measured for the most efficient small-area
mesoscopic C-PSC under 1 sun illumination, is reported in Figure 5.4a. The J-V curves measured
for the best reference cell using Au-based CEs is also shown. The value of PCE obtained for the
mesoscopic C-PSCs was 15.81%, while the Au-based reference shows a PCE of 18.08%. The
value obtained for the C-PSCs was 12.5% lower than that reported for the reference device.
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Notably, the C-PSCs present a high Voc and FF of 1.04V and 70.44%, respectively. The plots of
power density vs. voltage for the champion devices is reported as inset of Figure 5.4a. The
maximum power density reached for C-PSCs was of 15.86 mW cm-2 and 18.10 mW cm-2 for Aubased reference cell. The statistical analyses of the FoM enable for the evaluation of the
performances of PSCs (i.e., open circuit voltage -Voc-, short circuit current density -Jsc-, fill factor
-FF-, and power conversion efficiency -PCE-, see section 2.7) are reported in Figure 5.4b-e, as
extracted by their corresponding J-V curves in reverse scans. From these characterizations, the
mesoscopic C-PSCs show reproducible values over different cells with PCE average of 15.15%.

Figure 5.4: a) J-V curves (reverse voltage scan) measured for the most efficient small-area (active area =
0.09 cm2) mesoscopic C-PSC using graphene-doped ETLs and Au-based reference. The inset panel shows
power density vs. voltage plots measured for the same devices. b-d) Statistics of the PV Figure of Merit
measured in reverse voltage scan mode for the small-area (active area = 0.09 cm2) mesoscopic C-PSCs
using graphene-doped ETLs and Au-based references: Voc (panel b), Jsc (panel c), FF (panel d), and PCE
(panel e).319

To assess the stability of the small-area cells, the ISOS-D-1 (shelf life at ambient temperature and
relative humidity) and ISOS-D-2 (shelf life at 85 °C and ambient relative humidity) protocols were
performed on encapsulated devices.328 Under ISOS-D-1 test, the C-PSCs and Au-based references
exhibited a similar stability, which was slightly better for C-PSCs (Figure 5.5a). In Figure 5.5b
is reported the ISOS-D-2 test, where the Au-based reference exhibited a T80 lifetime (defined as
the time span in which the device retains more than 80% of its initial PCE) of 51.9 h, which is
significantly lower than 173.1h reached by the C-PSC. Therefore, the thermal stability test of the
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non-encapsulated devices indicates that the C-CEs improve the stability of the devices compared
to the reference cells with Au-based CEs.

Figure 5.5: Stability test of small-area mesoscopic C-PSCs using graphene-doped ETLs according to the
a) ISOS-D-1 and b) ISOS-D-2 protocols. Each data point represent the average value obtained on three
different devices.319

Moreover, to prove the large-scale applicability and the potential of the graphene-based C-CEs,
large-area (1 cm2) mesoscopic and low temperature-processed planar C-PSCs were produced. The
J-V curves for the measured champion large-area devices for mesoscopic C-PSCs and Au-based
reference structures are reported in Figure 5.6a. The PCE values obtained for the cells were
13.85% and 16.61%, respectively. In addition, the J-V curve for the planar C-PSCs is shown in
Figure 5.6b together with the corresponding Au-based reference curve. The planar C-PSCs
reached a PCE as high as 14.06%, while Au-based reference device shows a PCE of 16.36%.
Notably, the value obtained for the C-PSCs is only 14.2% relatively lower than the reference cells.
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Figure 5.6: a) J-V curves (reverse voltage scan) measured for the most efficient large-area (active area = 1
cm2) mesoscopic C-PSC using graphene-doped ETLs and Au-based reference. The inset panel shows power
density vs. voltage plots measured for the same devices. b) J-V curves (reverse voltage scan) measured for
the most efficient large-area (active area = 1 cm2) low temperature-processed planar C-PSC and Au-based
reference. The inset panel shows power density vs. voltage plots measured for the same devices.319

Figure 5.7a-d summarizes the statistics for the Figures of Merit measured for the large mesoscopic
and planar devices.

Figure 5.7: a-d) Statistics of the PV Figures of Merit measured for the large-area (active area = 1 cm2)
mesoscopic (based on graphene-doped ETLs) and planar C-PSCs and Au-based references: open circuit
voltage (Voc) (panel a), short circuit current density (Jsc) (panel b), fill factor (FF) (panel c), and power
conversion efficiency (PCE) (panel d).319
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In conclusion, the PCEs obtained by large-area (1 cm2) C-PSCs are among the highest values
reported in literature329–333 in absence of back-contact metallization332,333 or additional conductive
components (see Figure 5.8).330,334

Figure 5.8: Statistics of PCEs of large-area C-PSCs reported in relevant literature. The C-PSCs are
classified according to the C-CE deposition/application method. The last C-PSC class refers to C-PSCs
with metallized C-CE or additional conductive components stacked on C-CE.319

The results achieved are related to the high conductivity of graphene-based C-CE and to the
compatibility with the underlying PSC layers, together with the devices fabrication process.
Meanwhile, these features make the electrically conductive graphene-based carbon pastes
promising components for the realization of noble metal-free CEs in PSCs, paving the way for
future low-cost industrial scale-up of PSC technology.
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6 Incorporation of 2D MoS2 in perovskite solar cells

A strategy for improving the stability and the overall performances of PSCs is the incorporation
of 2D materials in the devices. In this context, solution-processed 2D materials have been proposed
both in the device interfaces engineering of PSCs and as dopants of either perovskite layer or
charge-transporting layers (CTLs).184,335 For example, graphene has been introduced in
mesoporous and low-temperature processed planar PSCs to engineer the devices interfaces.336,337
By controlling the optoelectronic properties of 2D materials by means of chemical and thermal
treatments, it is possible to modulate the energy level alignment between the perovskite layer and
the CTLs, improving the charge collection efficiency, thus the PCE of PSCs.338 Furthermore, the
incorporation of a 2D material-based buffer layer has been shown to be an effective route to
passivate the interface, minimizing the carrier recombination process.339,340 In particular, this
incorporation of 2D materials can produce an improvement of the PSCs stability, reducing the
interfacial perovskite degradation.341,342 Meanwhile, the use of 2D materials as dopants in the
perovskite active layer can modify the optoelectronic properties, the morphology and the domain
size of the perovskite photoactive layers itself.343 For instance, 2D materials can affect the
perovskite crystallization process, as well as the perovskite crystal domains, determining the
charge transport and recombination phenomena.184,344 The main role of an accurate crystallization
process is to create larger domain size, in order to maximize the absorption of the light and the
subsequent charges generation.184 Beyond to enlarge the crystal domains of the perovskites, 2D
materials can be also effective to the dangling bonds of the perovskite domain boundaries, reducing
the electron traps together with a stabilization of the perovskite structure.345,346 On the basis of
these consideration, this chapter will be focus on production of 2D MoS2 and its incorporation in
the perovskite active layer. Small-area (0.156 cm2) devices were fabricated with n-i-p mesoporous
architecture, and the solution processed 2D MoS2 was include in the perovskite layer through a
“dynamic” approach, providing the benefits in term of efficiency and stability of the final devices.
This research activities were carried out during the PhD program exchange at Écolé Polytechnique
Fédérale de Lausanne (EPFL), in Laboratory of Photonics and Interfaces under the supervision of
prof. M. Greatzel. The results here presented are preliminary since the project is still ongoing.
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6.1 Synthesis and characterization of 2D MoS2
Molybdenum disulfide (MoS2) nanoflakes were produced in form of dispersion in anhydrous IPA
by ultrasonication-assisted LPE9 of a 2H-MoS2 crystal, followed by SBS technique (see section
1.4.4).103 During the integration of MoS2 in PSCs, the choice of the solvent is crucial to control
the crystallization of perovskite films.347 Therefore, the solvent used for the exfoliation of MoS2
was exchanged with a solvent compatible with perovskite layer deposition process.
Experimentally, IPA was removed by several ultracentrifugation steps and the exfoliated material
was subsequently re-dispersed in chlorobenzene (CB).348 Figure 6.1a shows a picture of the
artificial MoS2 crystal (2H-phase). The ultraviolet-violet (UV-vis) absorbance spectrum of the
LPE-produced MoS2 nanoflakes dispersion is shown in Figure 6.1b, which reveals four main
peaks around 673, 611 nm and around 444 and 403 nm, associated to the 2D MoS2 optical
transitions.349 More in detail, the peaks around 673 nm and 611 nm are associated to the direct
transitions from the valance band to the conduction band at the K-point of the Brillouin zone of
layered MoS2, known as A and B transition, respectively.349,350 The broad absorption bands
centered at 444 nm and 403 nm are attributed to the C and D inter-band transitions between the
density of state peaks in the valence and conduction bands of 2H (semiconducting) phase.349,350
The morphology of the LPE-produced MoS2 nanoflakes was evaluated through TEM and AFM
measurements (Figure 6.1c,d). The MoS2 nanoflakes have irregular flat shapes with straight
borders, as observed in previous studies.228,237,351 The TEM and AFM data statistical analyses
(Figure 6.1e,f) indicated that the lateral size and thickness values of the MoS2 nanoflakes follow
log-normal distributions peaking at 57.2 nm and 1.7 nm, respectively. Since the MoS 2 monolayer
thickness measured by AFM is in the range of 0.7-0.8 nm,352,353 these results indicate that the LPEproduced MoS2 nanoflakes mainly consist of single-/few-layer flakes.
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Figure 6.1: a) Photograph of the MoS2 crystal. b) Absorbance spectra of the MoS2 nanoflakes dispersion.
c) TEM and d) AFM images of MoS2 nanoflakes. Statistical analyses of e) the lateral size and f) the
thickness of the LPE processed MoS2.

Figure 6.2a reports the XRD pattern of both MoS2 bulk crystals and the MoS2 nanoflakes. The
samples shows the same diffraction peaks, which match those of the reference card of the 2Hphase of the MoS2 (JCPDS card No. 37-1492).48,137 These results prove that the LPE process do
not alter the crystallinity of the bulk materials. Compared to MoS2 bulk crystals, the intensity of
the (002) peak is significantly more pronounced than the intensity of the other peaks, indicating
that the exfoliated nanoflakes preferentially orient parallel to the substrate.137 The crystallinity of
the samples was further confirmed by Raman spectroscopy measurements (Figure 6.2b).
According to the symmetry space groups of MoS 2 bulk crystal (P3m1, point group: D6h)354 and
exfoliated MoS2 flakes (P3m1 for even number of layer, and P6m2- point group: D3h- for singlelayer and systems with odd number of layers), the samples show two main peaks, i.e., E2g1(Γ) and
A1g(Γ).355,356 As shown in Figure 6.2b, the E2g1(Γ) mode of the exfoliated MoS2 nanoflakes
exhibits a softening compared to the one of the bulk MoS2. The red-shift of the E2g1(Γ) mode is
attributed to the dielectric screening of long-range Coulomb MoS2 interlayer interactions.356 This
effect confirms the exfoliation of the MoS2 bulk crystals into nanoflakes, in agreement with
previous TEM and AFM analyses.
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Figure 6.2: a) XRD patterns and b) Raman spectra of MoS2 bulk crystals and LPE-produced nanoflakes.
The XRD peaks are named according to the reference card reported for 2H-MoS2 (JCPDS card No. 371492).

6.2 Devices configuration
Small-area (0.156 cm2) devices were produced with the following structure: glass/fluorine tin
oxide (FTO)/cTiO2/mTiO2/perovskite/spiro-OMeTAD/Au, in which the active layer is double
cation/double anion lead iodide perovskite, with composition: (FAPbI3)0.97(MAPbBr3)0.03.357 The
schematic structure of the pristine PSCs architecture (called “control”) is reported in Figure 6.3a.
Both spray-coating and spin-coating techniques were used to deposit the device layers as described
in procedures reported in previous literature.319 In the devices incorporating MoS2 nanoflakes
(called “target”, Figure 6.3b), the latter have been introduced into the co-solvent used for treating
the deposited perovskite precursors, as described in Figure 6.3c. This methodology effectively the
properties of the perovskite layer, improving its crystallization while modifying its surface
chemistry. After the integration of MoS2 nanoflakes, the formed perovskite film was heated on the
hot-plate following the standard procedure.358
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Figure 6.3: Devices structure for a) “Control” and b) “Target” with MoS2 modification. c) Schematic
approach of MoS2 nanoflakes deposition.

To assess the distinctive properties of MoS2-incorporating perovskite layers, the latter were
characterized by SEM measurements (Figure 6.4a,b). Both perovskite layer of control and target
devices exhibit a uniform morphology with irregular domain shapes. In addition, the absence of
pinholes is promising to avoid short-circuit of devices, improving the reproducibility of the PV by
enhancing the shunt resistance of the entire cells. Interestingly, the films with MoS2 presents larger
crystal domain compared to control films. The crystalline domain size data follow log-normal
distribution with average crystalline domain size increasing from 418 to 462 nm upon the
incorporation of MoS2 nanoflakes (Figure 6.4 c,d). These data demonstrate that the presence of
MoS2 during the perovskite layer deposition can regulate the crystallization process of the
perovskite, enabling the growth of large-size crystalline domains.

Figure 6.4: SEM images of a) Control and b) Target films and the statistical domain size distribution c)
and d), respectively.
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6.3 Device characterization and stability test
The PV performances of MoS2-treated PSCs (target samples) were evaluated in comparison to
those of the untreated control samples. The amount of 2D MoS2 introduced in the perovskite layer
was first optimized by using CB co-solvent with different MoS2 concentration, i.e., 0.01, 0.05, 0.1
and 0.3 mg ml-1. The J-V curves (reverse scan) were measured under 1 sun illumination and the
corresponding FoM for PV devices are reported in Figure 6.5a-d. To verify the reproducibility of
the performances, several devices were fabricated and analysed for each typology. The PSCs
fabricated using co-solvent with MoS2 concentration of 0.01, 0.05 and 0.1 mg ml-1 clearly present
higher values of PCE, FF, Voc and Jsc compared to the pristine devices. The best PV performances
were obtained for the cells treated with the co-solvent using 0.05 mg ml-1 MoS2 nanoflakes
concentration. By further increasing the MoS2 concentration in the co-solvent to 0.3 mg ml-1, the
PV performances of the cells decrease. We speculate that the presence of aggregates of MoS2
nanoflakes can be associated to centres for the carrier recombination.359

Figure 6.4: a-d) Statistics of the PV Figures of Merit measured in reverse voltage scan mode for the smallarea (active area = 0.156 cm2) mesoscopic devices: PCE (panel a), FF (panel b) Voc (panel c), Jsc (panel d).
The “Ctrl” is the control (i.e., w/o MoS2), while “0.01, 0.05, 0.1, 0.3” are referred to the devices treated
with CB co-solvent MoS2 concentration of 0.01, 0.05, 0.1, 0.3 mg ml-1, respectively.
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The J–V curves of the champion devices with and without MoS2 are reported in Figure 6.5a. The
target cell, produced with co-solvent with a 0.05 mg ml-1 concentration of MoS2 nanoflakes,
exhibited a VOC of 1.12 V, a JSC of 25.20 mA cm−2, a FF of 80.2%, and a PCE as high as 23.17%,
while the control device showed an overall PCE of 21.86% with a VOC of 1.11V, JSC of 24.42 mA
cm−2 and FF of 78.2%. Therefore, the target PSC showed performances significantly higher than
those measured for the control device, demonstrating the effectiveness of the MoS2-based
engineering of the perovskite layer in improving the PV characteristic of the PSCs. The origin of
enhancement of PV parameters is still under investigation, and it could be ascribe to several
factors. Generally, high FF values are associated to large crystalline domain size of the perovskite
layers, which improve the charges transfer/charges collection from CTLs because of the minimal
presence of grain boundaries. Large JSC are associated to the high conductivity of the photoactive
film, which promote the electron transfer process, while the VOC enhancement could be related to
a perovskite/HTL (i.e., spiro-OMeTAD) interface modification, likely reducing charge
recombination effects.204,360,361 Figure 6.5b reports the maximum power point (MPP) tracking data
for the champion cells, showing an optimal PCE stability for the target device, which retains more
than 98% of its initial PCE; contrary, the control cell presents a progressively decreasing of the
efficiency. The stable PCE of target devices could be associated to the chemical and structural
stability of the MoS2-incoporating perovskite layer and its interfaces with CTLs.362

Figure 6.5: a) J-V curves of the champion cells for control and target. The PV parameters obtained are also
reported. b) Maximum power point (MPP) tracking for the best control and target cells.
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Figure 6.6 reports the characteristic J-V curve, acquired in reverse and forward scan mode, for
both control and target devices, showing a clear hysteresis reduction upon the incorporation of the
MoS2 nanoflakes into the perovskite layer. The hysteresis index is the ratio between the efficiency
obtained in reverse scan and the efficiency calculated from forward scan.362 In particular, the target
cell shows a hysteresis index of 1.02 that is lower than one reported for the control 1.08.

Figure 6.6: J-V curves acquired with forward (dash line) and reverse scan (continue line) modes for the
champion control and target cells.

Finally, to assess the stability of the MoS2-treated device in comparison with the control cell, the
long-term operational stability and the thermal stability tests were performed. In the first test, the
encapsulated PSCs were kept under 1 sun illumination at their MPPT (Figure 6.7a). The target
device exhibited a high photostability, maintaining more than 98% of its initial PCE over 400 h of
illumination, whereas the PCE of the control device degraded to 80% of initial value in the first
250 h. The photostability enhancement for the target cell can be attributed to distinctive
morphological, structural and chemical properties of the MoS2-incorporating perovskite layer,
showing less amount of grain boundaries and interfacial defects compared to the MoS2-free film,
thereby favouring the charge transport from the perovskite layer to the HTL. During the thermal
stability test at elevated temperatures of 85 °C (ISOS-D2 protocol) (Figure 6.7b), the target cell
maintained more than 90% of the initial PCE over 1000 h. Contrary, the untreated device displays
an irreversible PCE decrease after 600 h, losing more than 40% of its initial operational PCE at
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the end of the test. The treatment of perovskite layer with MoS2-based co-solvent therefore
provides a versatile approach for enhancing both the PCE and stability of PSCs.

Figure 6.7: a) Operational stability of encapsulated control and target devices under 1 sun illumination. b)
Thermal stability test for control and target cells over 1000h in ambient condition at 85°C.
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Conclusions
The aim of this work was to study a scalable method to produce graphene and related 2D materials
for their application into solar energy conversion systems. Through liquid phase exfoliation (LPE)
and wet-jet milling (WJM) techniques, several 2D materials were produced by means of scalable
approach in non-toxic medium (i.e., 2-propanol). Moreover, the as-prepared dispersions were
compatible with large-area deposition methods (i.e., spray-coating, spin-coating, screen printing)
suitable for industrial environments.
The first part of this work focused on the production and characterization of layered metal
monochalcogenides (MMCs), i.e., GaSe, GaS, InSe and GeSe for their application in solar water
splitting and (photo)electrochemical (PEC)-type photodetectors. In particular, the nanoflake
dispersions were deposited onto graphite paper current collector by spray coating technique and
subsequently analysed in a PEC three-electrode cell. Density functional theory (DFT) calculations
for GaSe and GeSe nanoflakes, and previous theoretical studies reported in literature for GaS and
InSe, revealed that this class of 2D materials can optimally absorbs the solar light, while acting as
(photo)catalysts for water splitting reactions. I showed that, depending on the thickness and the
pH, the nanoflakes can fulfil one or both the water splitting reaction requirements, driving the
hydrogen evolution reaction (HER) and/or the oxygen evolution reaction (OER). Moreover,
nanoflakes with different thickness can be mixed in form of films to act as nanoscale tandem
systems, in which the thinner nanoflakes operate as HER-(photo)catalysts, while the thicker ones
perform the OER. Therefore, once coupled, 2D nanoflakes in nanoporous films can intrinsically
realize “all-solid-state Z-scheme water splitting pathways”, mimicking complex photosynthetic
systems. Based on these theoretical predictions, mixtures of 2D nanoflakes with different
thicknesses, including single-/few-/multilayer flakes, have been produced and then processed to
create photoelectrodes, operating in various aqueous electrolytes, with pH ranging from acidic to
alkaline values.
The GaSe nanoflakes were first tested as photocathode and photoanode for both water splitting
reactions. The GaSe photoelectrodes showed the best PEC performance in 0.5 M H2SO4, in which
they reached a cathodic photocurrent density at 0 V versus RHE (J0V versus RHE) of −9.3 μA cm−2, a
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ratiometric power-saved metric for HER (Φsaved,HER) of 0.09%, an anodic photocurrent density at
+1.23 V versus RHE (J1.23 V versus RHE) of 83.4 μA cm−2 and a ratiometric power-saved metric for
OER (Φsaved,OER) of 0.25%. When used as PEC-type photodetectors, GaSe photoelectrodes
displayed a responsivity up to ≈0.16 A W−1 upon 455 nm illumination at light intensity of 63.5 μW
cm−2. Moreover the stability analysis of the GaSe photodetectors evidences a durable operation in
0.5 M H2SO4 for PEC HER. Contrary, degradation effects have been observed in alkaline and
anodic operation (i.e., during OER) due to the highly oxidizing environment and the O2 evolvedinduced (photo) oxidation effects. These results represent the first PEC characterization of GaSe
single-/few-layer flakes in aqueous media. Further optimization of the PEC performance might be
achieved by engineering the photocathodes architecture and optimizing the electrolyte solutions.
In this thesis is also reported the first PEC characterization of 2D GaS nanoflakes produced by
ultrasonication-aided LPE methods, providing novel insights into the fundamental PEC properties
of 2D GaS flakes, regarding their use in innovative PEC-type UV-selective photodetectors for
medical diagnostics, air purification, chemical analysis (ozone sensing), and advanced optical
communication systems. In addition, the PEC-type GaS photodetectors display a relevant UV
selective PEC photoresponse, attaining responsivities of 1.8 mA W−1 in 1 M H2SO4 (at 0.8 V vs
RHE), 4.6 mA W−1 in 1 M Na2SO4 (at 0.9 V vs RHE), and 6.8 mA W−1 in 1 M KOH (at 1.1. V vs
RHE) under 275 nm illumination wavelength with an intensity of 1.3 mW cm −2. Beyond the
photodetector application, GaS-based PEC-type devices can find application in tandem solar PEC
cells in combination with other visible sensitive low-band-gap materials.
Among layered group-III MMCs, a PEC characterization of InSe nanoflakes was also carried out
for their application as solution-processed photoactive films in PEC-type photodetectors. To
provide new insights into the use of 2D InSe into practical devices, ITO NCs were evaluated to
electrically connect InSe flakes, providing efficient charge transport pathways in hybrid
photoactive ITO/InSe films. Marked photoanodic responses of InSe and hybrid ITO/InSe
photoelectrodes were observed both in 0.5 M H2SO4 and 1 M KOH. The highest photoresponse of
the InSe photoelectrodes was observed in acidic media (0.5 M H2SO4), reaching promising
responsivities up to 31.1 mA W-1 at 0.8 V vs. RHE under 0.5 mW cm-2 and 455 nm illumination.
By hybridizing the InSe flakes with ITO NCs and optimizing the thickness of the hybrid film films,
hybrid ITO/InSe photodetectors achieved a responsivity up to 60.0 mA W -1 (external quantum
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efficiency -EQE- = 16.3%) at +0.4 V vs. RHE under the same illumination condition. Regrettably,
both InSe and ITO/InSe-based photoelectrodes showed a progressive degradation of their
responsivity over subsequent LSV scans, indicating the need to implement adequate strategies for
practical development. To improve the stability of the photoelectrodes, were added prototypical
sacrificial agents in the electrolytes. In particular the InSe photoelectrodes showed +43.5% of
responsivity over subsequent LSV scans in 1 M KOH and 0.35 M Na2SO3.
The last MMCs presented in this thesis was 2D GeSe. As photoactive material in PEC-type
photodetectors, the GeSe nanoflakes enabled the achievement of responsivity up to 316.6 mA W−1
at −0.5 V vs RHE, corresponding to an EQE of 86.3%. This value approaches the theoretical limit
of 100% of PEC-type photodetectors. Importantly, the GeSe photocathodes also stably operated,
but by increasing the pH toward alkaline values, the GeSe photodetectors started to degrade during
operation. Lastly, the GeSe photoelectrodes were evaluated as photocathodes and photoanodes for
HER and OER under simulated sunlight. The GeSe photocathodes reach a photocurrent density at
0 V vs RHE (J0 V vs RHE) of −10.9 μA cm−2 in 0.5 M H2SO4, while GeSe photoanodes display a
photocurrent density at +1.23 V vs RHE (J1.23 V vs RHE) of 31.0 μA cm−2 in 1 M KCl. Overall, the
evaluation of the PEC properties of GeSe nanoflakes in aqueous media can further spark the
interest for novel type of water splitting photocatalysts based on group-IV metal
monochalcogenides.
The second part of this work focused on the integration of 2D materials, such as graphene and
MoS2, in perovskite solar cells (PSCs). In particular, novel electrically conductive graphene-based
pastes were formulated, to be compatible with different substrates and deposition methods, while
showing low resistivity (i.e., 0.07 ± 0.01 Ω cm) and optimal electromechanical properties till 70%
strain. Moreover, these pastes were used to fabricate efficient noble metal-free C-PSCs, where the
as-prepared graphene-pastes were directly deposited atop mesoscopic and planar n-i-p structure.
The small area (0.09 cm2) devices reached a maximum PCE of 15.81% with a thermal stability
(according to ISOS-D2 protocol) comparable with the reference cells. Based on these preliminary
results, large-area devices (1 cm2) were realized in both mesoscopic and planar configuration,
reaching the PCE values of 13.85 and 14.06%, respectively. The efficiencies achieved by our
devices were among the highest ones reported for large-area C-PSCs in absence of metallization
or additive components.
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Lastly, I investigated the incorporation of 2D MoS2 into the photoactive perovskite layer in PSCs.
The MoS2 nanoflakes dispersion was first produced from bulk crystal by LPE technique in nontoxic IPA and then re-dispersed in chlorobenzene, through exchange-solvent process. The
proposed “dynamic” integration allowed to regulate the crystallization of perovskite layer,
improving the domain size and the overall photovoltaic (PV) performances. In particular, the small
area devices (0.156 cm2) treated with 2D MoS2 reached power conversion efficiency (PCE) of
23.17% that is significantly higher than 21.86% of reference cell, approaching the highest values
reported in literature for PSCs processed with 2D materials. In addition, to verify the stability of
MoS2-treated PSCs, the operational stability and the thermal stability process were performed,
revealing the efficiency retention above 98 and 90%, over 400 and 1000 h, respectively. These
results confirm the benefits produced by the incorporation of MoS2 nanoflakes into the perovskite
layer and provides a versatile approach for enhancing the performance and stability of PSCs using
solution-processed 2D materials.

In spite of these significant results, the long-term stability is a critical issue for the large-scale
application of PSCs. The effect of environmental conditions, such as moisture, heat and light
(including UV radiation), can lead to a degradation of the device components. In particular, the
modification of morphological, structural and optoelectronic properties of functional materials
affect negatively the overall performances of the devices. In this context, the encapsulation of
PSCs has the potential to circumvent these issues, improving the devices stability and limiting the
devices degradation. Nevertheless, the development of encapsulant materials is challenging, since
they must be compatible with low-temperature processing to not degrade the PSC materials.
Several encapsulation approaches have been recently investigated, including glass and thermocurable sealants (e.g., ethylene vinyl acetate (EVA), and polyisobutylene (PIB)), thin-film glass
and thin-film barrier-coated polymer (e.g. poly(methyl methacrylate) (PMMA), polyethylene
terephthalate (PET), polytetrafluoroethylene (PTFE)). Prospectively, my future research activity
will focus on the implementation of these innovative strategies in our systems, aiming at stabilizing
the devices according to the requirements needed for PV commercialization.
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Appendix A
Characterization techniques of 2D materials
Optical absorption spectroscopy
Optical absorption spectroscopy is a technique based on the interaction of light with the sample
and it is widely used to study the optical features of 2D materials and also to evaluate the final
concentration of the exfoliated dispersions. In detail, the incident light can interact with the
samples in three different ways: it can be transmitted, scattered, when the incident photons change
directions, or absorbed, when the energy of the photon matches whit electronic transition of a
material within the sample.363 During the analysis, the incident light that passes through a quartz
cuvette containing the sample is collected and the irradiance difference between the input and
output beams is detected and measured. Clearly, the absorption and scattering phenomena cause
the reduction of the light intensity at the end of measurement, in a process called extinction.363 The
concentration of the dispersion can be obtained using the Beer-Lambert law that relates the
measured absorption to the concentration of material in the sample at a characteristic wavelength
using a constant known as the extinction coefficient.261 When a beam of monochromatic light
passes through a sample, an interaction between the sample and the light can be observed by
measuring the ratio of the transmitted light (I) to the incident light (I0). This is known simply as
the transmission (T):
𝑇=

𝐼
𝐼0

The transmitted intensity decreases as a function of path length (l), according to:
𝐼 = 𝐼0 10−𝜀𝑙
where ε is a proportionality constant known as the absorption coefficient (with units m-1).
Moreover, α, known as the extinction coefficient (with units mL mg-1m-1) can be also used in place
of the absorption coefficient where ε = αC.
Therefore, it is possible to extract the concentration according to:
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𝐼
𝛼𝐶𝑙 = −𝑙𝑜𝑔10 ( )
𝐼0
This can be further simplified by substituting in a term known as the absorbance, defined as 𝐴 =
−𝑙𝑜𝑔10 𝑇, leading a simplified equation:
𝐴 = 𝛼𝑙𝐶
where A is the measured absorbance, l is the sample path length, C is the sample concentration
and α is extinction coefficient.261

Raman spectroscopy
Raman spectroscopy has become one of the most important tools for the identification and
characterization of materials and compounds, studying their vibrational modes.364,365 The Raman
spectroscopy based on the scattering phenomena, which occur when the incident light is first
absorbed and then re-emitted by the sample. In particular, this technique exploits the inelastic
scattering (i.e., the emitted photons present different wavelengths than incident beam) when the
materials is irradiated by a monochromatic laser source.366 The Raman scattering is a weak process
(~10-5 % of the incident beam) and it is distinguished in two different scattering processes: Stokes
and anti-Stokes. In each case, the photon interaction excites the molecule to a virtual energy state.
In the Stokes scattering, the molecules, after the excitation from the ground state to the higher
energy level, relaxes emitting photon with energy lower then incident one.366 Contrary, in the antiStocks scattering process, the molecules are already in a phonon excited state due to the thermal
energy and, relaxing to the ground state, produce photon with an energy higher than incident
photon.366 Therefore, analysing the Raman scattering trough the characteristic Raman shift, it is
possible to assess the vibrational and rotational feature changes in the sample.367

Transmission electron microscopy (TEM)
The transmission electron microscopy (TEM) is a powerful and widely used technique to provide
the quality of produced 2D materials. The main difference with the optical spectroscopy analysis,
the Raman spectroscopy and the optical microscopy is that the TEM technique is based on the
interaction between the sample and the electrons, instead the light (i.e., photons). This interaction
allows to obtain high resolution images, in the order of nm, and to overcome the Abbe’s diffraction
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limit, which relates the resolution power of an optical microscope with the wavelength of incident
light (~250 nm in the visible spectral range).368 In particular, De Broglie demonstrated the electrons
present a wave-like behaviour with a wavelength related to their kinetic energy by the equation:
𝜆=

1.22
𝐸1/2

The TEM work by the emission of a coherent beam of electrons produced by heated filament
(generally tungsten or LaB6), which are accelerated through a voltage (from 60 to 200 kV) into a
column under high vacuum condition (up to 10-7 Pa).369 The beam is first focused as it passes
through magnetic lenses, called condenser lenses, before passing through the sample in the middle
of the microscope column. To obtain information the sample analysed must be very thin, that in
this context means electron transparent. In fact, thin specimen can transmits sufficient electrons
such that enough intensity falls on the screen to give an interpretable image. Moreover, to be
analysed by TEM, the sample should be also uniform and stable under the electron beam.
Generally the samples are deposited onto a support grid (diameter of 3 mm) in order to permit the
thin specimen are handled.369 The electrons, having interacted with the sample, are further focused
as they pass down the column by the objective lenses followed by projector lenses that focus the
beam onto a screen, where the image is created.369 The method of image formation is similar to an
optical microscope, however the source of contrast in the case of TEM is the various electron
scattering events that occur on passing through the sample. The electron beam interacts with the
sample producing different secondary interactions (i.e., backscattered electrons, Auger electrons,
secondary electrons, etc.), but also the electrons can be transmitted through the sample, while being
scattered or not.369 Moreover, the electron beam excites a core electron of sample material,
providing a fingerprint of the element involved. Generally, zero-loss and small angle scattered
electrons are used to produce a so called bright-field TEM (BF-TEM) image, while diffracted or
high-angle scattered electrons can be used to obtain the image called dark-field TEM (DF-TEM)
image. This technique also provides a diffraction pattern from the material due to the electron
wavelength being close to the lattice spacing and can reveal information about the crystal structure
of the sample.369
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Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is an high resolution technique similar to TEM, because
exploits the electrons-sample interaction. Like the TEM, the electrons are accelerated through a
voltage and focused on the sample using electro-magnetic lenses. This technique allows to
investigate the morphology, chemical composition of the samples together with the detection of
defects. In fact, SEM is a surface sensitive technique in which a focused beam of electrons is
scanned across the surface and back scattered electrons are then collected to work out an image of
the surface.370 As with TEM, the electrons are typically emitted from a tungsten filament or a LaB6
tip into a column under vacuum (up to 10-5 Pa). The electrons are accelerated through an applied
potential (between 5 and 20 kV), focused using an electromagnetic condenser lens and then passed
through an aperture.370 This beam is then passed through the scanning coils which control the
imaging formation process and is scanned line-by-line over the area producing the respective
image. In SEM, the electrons are directed into a thick sample and the incident beam penetrates the
sample surface and scatters inside the sample. This causes a drop shaped volume and the beam
interacts with the depth/width of this shape depending on the sample material properties and beam
energy.370 On interaction with the sample, the backscattered electrons and the secondary low
energy (< 5 eV) inelastic electrons are predominantly, thus are used to obtain an image of the
sample. The electrons-sample interaction can also produce characteristic X-rays and Auger
electrons, which can be collected to further characterise the sample, such as the elemental chemical
analysis by energy-dispersive X-ray spectroscopy (EDX).370,371 Backscattered electrons consist of
high energy electrons from the beam being scattered elastically by the sample and, due to their
high energy, are less surface sensitive, although they are used to study sample composition past
the surface. Contrary, the secondary electrons are electrons that have been ejected from the sample
by inelastic collisions with electrons from the beam. These are lower energy and so secondary
electrons can be used as a more surface sensitive imaging mode.370,371

Atomic force microscopy (AFM)
Atomic-force microscopy (AFM) is a high-resolution scanning probe technique and is an
important characterization tool for 2D materials. The main advantage of this technique is the ability
to obtain a sub-nanometer resolution, being more than 1000 times higher compared with optical
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microscopy by overcoming the problems of the diffraction limit.372 AFM gives information about
the sample geometry, morphology (i.e., highness and roughness) in addition to the quality of
sample. Unlike the TEM and SEM techniques, AFM does not use electron beams to create an
image, rather it measures, by a mechanical probe, the vertical displacement of a tip head, as it is
restored across the sample.372 This generates a topological profile with a sub-nanometer resolution.
The probe, called sharp-tipped cantilever, is moved across the sample and is deflected according
to the sample surface features. In particular, beyond the deflection, it is possible to measure the
amplitude of an imposed oscillation of the cantilever and its shift in the resonance frequency. These
variations are observed and amplified by the reflection of a laser on the back side of the cantilever.
This signal, which is proportional to the deflection of probe, is detected by a photodiode and
converted into an electrical signal to generate an image.372,373 Generally, the cantilever deflection
is used to quantify the interaction between the sample and the tip, and there are three AFM
operational modes: contact, non-contact and tapping.372,373 In the first mode, the tip is located close
to the sample surface and is “dragged” by the repulsive forces across the surface, leading to a tip
deflection. This approach allow high resolution images but carriers the risk for the sample and tip
damage. Contrary, in the non-contact mode the cantilever is held further away from the surface
(tens or hundreds of angstroms), and the interatomic attractive force cause the cantilever
deflection. The drawbacks of this approach are the resolution decreasing and the water molecules
present on the sample surface that could negatively affect the measurements. Finally, the tapping
mode (or intermitted contact mode) is a method that produce high resolution images without any
damages of the sample or tip. In this mode the cantilever is driven to oscillate up and down
according to its resonance frequency, alternating contact and non-contact mode.372,373
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Appendix B
Comparison between the responsivity of PEC-type photodetectors based on GaSe, GaS, InSe and
GeSe nanoflakes with the one of other solution-processed photodetectors reported in literature.

Measurement conditions
Materials

Device
configuration
Electrolyte

Applied
potential

Responsivity
(mA W-1)

Illumination
intensity
(mW cm-2)

Wavelength
(nm)

Reference

60.0

0.5

455

This thesis

6.8

1.3

275

This
thesis83

0.056

455

InSe nanoflakes/
ITO NPs

PEC-type

0.5 M H2SO4

0.4 V
RHE

vs.

GaS
nanoflakes

PEC-type

1 M KOH

1.1 V
RHE

vs.

0.5 M H2SO4

-0.5 V vs.
RHE

316.6

-0.1 V vs.
RHE

234.5

0.056

455

~160

< 0.0567

455

GeSe
nanoflakes

1 M KCl

GaSe
nanoflakes

InSe nanosheets

This
thesis76

PEC-type

PEC-type

PEC-type

0.5 M H2SO4

0.2 M KOH

-0.3 V vs.
RHE

This
thesis74
19.5

31.8

455

3.3 × 10-3

120

Simulated
sunlight

10-3

40

Simulated
sunlight

1.9 × 10-3

20

Simulated
sunlight

1 V vs. SCE
4.9 ×

Black
phosphorous
nanosheets

PEC-type

0.1 M KOH

374

0 V vs. SCE
100

Simulated
sunlight

118

Simulated
sunlight

0.076

26.2

Simulated
sunlight

2.2 × 10-3
0.044
GeSe
nanosheets

PEC-type

0.1 M KOH

302

0.3 V

375

SnS

PEC-type

0.1 Na2SO4

0.6 V

0.018

3.57

365

376

Perovskite
(CH3NH3PbI3)

Metalsemiconductor
-metal

-

5V

4.4

1

633

377

PBDTTffQx/PCBM
bulk
heterojunction

Metalsemiconductor
-metal

-

10 V

1.15 × 103

25

365

378

115

SnS/RGO
hybrid
nanosheets

FET

-

Perovskite
(CH3NH3PbI3)
PDPP3T

Metalsemiconductor
-metal

-

VDS =5V,
Vg = 0 V
1V

180

0.12

Visible light

379

10.7
25.5
5.5

0.5

365
650
937

380
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