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Transition Metal Dichalcogenides Interfacing Photoactive
Molecular Components for Managing Energy Conversion

Processes

Christina Stangel,* Eleni Nikoli, and Nikos Tagmatarchis

The remarkable properties of transition metal dichalcogenides (TMDs),
represented by molybdenum disulfide (MoS;), make them promising candidates
as active nanomaterials for optoelectronics, electronic, and electrochemical
applications. Different exfoliation methods can drastically alter the properties of
TMDs, changing the metallic—semiconducting polytype or creating defects, while
further chemical surface modification offers additional routes to tune the
properties of TMDs by adding new functions. In this timely review, a general
outlook on the most representative examples of TMD-based materials interfacing
photoactive components, such as porphyrins and phthalocyanines among
others, yielding electron donor—acceptor hybrids and nanoensembles for energy
conversion schemes, specifically for managing charge transfer events, is
presented. The covalent and noncovalent approaches for the coupling of the

reactivity due to chemical saturation by
bonding to the transition metal atoms.
These three-atom thick layers are held
together with multiple van der Waals
forces.!”) However, they can be easily exfo-
liated by splitting these weak interlayer
interactions upon use of a variety of techni-
ques, forming 2D nanosheets with extraor-
dinary physical and chemical properties. In
addition, TMDs exist in different lattice
structures, which influence the materials’
electronic character. Monolayer TMDs
have a trigonal prismatic phase (2H phase),
that belongs to the Ds, symmetry group
and corresponds to a trigonal prismatic

aforesaid photoactive species with TMDs and their photophysical characteri-
zation are highlighted. Moreover, the properties, preparation methods, and
characterization techniques of TMDs, mainly for MoS,, are also briefly discussed.
Finally, perspectives and challenges of this emerging area are showcased, aiming
to increase scientific attention and enhance not only the performance but also

their applicability.

1. Introduction

Transition metal dichalcogenides (TMDs) are materials with the
generalized formula MX,, where M refers to a transition metal
from groups 4-7 of the periodic table and X is a chalcogen atom
such as S, Se, or Te.'! The metal cation is bonded to four chal-
cogenide anions in a honeycomb lattice. This structure forms a
three-atom thick layer, where the metals are sandwiched between
the chalcogens. Markedly, the chalcogens do not have high
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coordination for the metal atoms, or an
octahedral phase (1T phase), that belongs
to the D3y symmetry group and corre-
sponds to an octahedral coordination of
the metal atoms.”* The 1T phase is meta-
stable and tends to convert to the thermo-
dynamically stable 2H phase at room
temperature via intralayer atomic gliding.””!

The realization of TMD monolayers
leads to the confinement of charge carriers
in 2D. Thus, due to quantum confinement effects, the transition
from indirect bandgap at bulk TMDs, to direct bandgap at few
layers and monolayers, occurs,®! leading to enhanced photolumi-
nescence.”? Consequently, this is a straightforward approach for
tuning the material’s photophysical properties. In addition to the
aforementioned strategy for obtaining and manipulating the elec-
tronic characteristics of TMDs, tuning the materials’ properties
can be further achieved through doping methods® or hetero-
junctions creation.”"! However, due to their atomically thin
layers’ nature, it becomes impossible to dope TMDs using
common techniques that are widely used in semiconductors.”
In contrast, chemical exfoliation and processing have the advan-
tage of simultaneous modification of the electronic nature of
TMDs!'¥ and in parallel offer the benefit of enhancing dispersi-
bility, allowing surface modification."***! Thus, another way to
manipulate the electronic properties of TMDs is by edge or sur-
face functionalization, especially upon incorporation of photoac-
tive molecular species. The latter is a process that has recently
emerged for TMDs and considering the advancement already
brought in graphene, by the development of numerous func-
tional graphene-based hybrid materials performing in energy
conversion schemes under illumination, it certainly deserves
further boost.'*'") Moreover, among various approaches and
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worldwide research efforts, combinations of thermally stable
mixed—cation perovskites with 2D MoS,-engineered mesoscopic
n—i—p architectures have been used to realize perovskite solar
modules. Specifically, and without going deeper in detail, chem-
ically modified MoS, by mercaptopropionic acid has been used
as an efficient active buffer layer at the perovskite hole transport
layer interface and improved the hole injection/collection at the
counter electrode.?® This approach comes to overcome the mis-
match of intact Mo$S, valence band (VB) with the perovskite high-
est occupied molecular orbital (HOMO) level. Beyond filling the
defective MoS, lattice, functionalization with mercaptopropionic
acid effectively shifts the energy band of MoS,, thereby, allowing
to align the VB edge of the latter with the HOMO level of the
perovskite and to shift the conduction band (CB) of MoS, above
the lowest occupied molecular orbital (LUMO) of the perovskite,
restricting undesired electron transfer processes. Hence,
without surprise, TMDs have attracted significant scientific
interest as promising materials in electronic, optical, and
catalytic applications, such as in photovoltaics, lithium-ion
batteries, photo/electrocatalysis, transistors, sensors, and
memory devices.[?'~28

Generally, there are two basic approaches for manufacturing
TMD nanosheets, namely, bottom-up and top-down. The bottom-
up approach refers to synthetic procedures in which simple units
chemically assemble into larger structures. Microwave irradia-
tion, chemical vapor deposition, and wet-chemical procedures,
such as hydro/solvothermal, are widely applied in TMD
bottom-up synthesis.”®*! In contrast, top-down realization of
TMDs is accomplished via physical methods, such as milling
and mechanical or chemical exfoliation as well as molecular
intercalation or other thinning methods.** Notably, great
attention in the top-down preparation of TMDs has been given
to liquid-mediated exfoliation,’**! lithium intercalation,***”! and
electrochemically assisted lithium intercalation.”® As previously
mentioned, upon exfoliation of TMDs, phase transition from the
2H-semiconducting phase to the 1T-metallic one usually occurs.
However, every TMD requires a different amount of energy to
transit between 2H and 1T phases.*” Such phase transition
has been identified either by treating a chemical vapor deposition
(CVD)-grown monolayer with n-butyllithium®® or by liquid exfo-
liation with n-butyllithium treatment of bulk TMDs via Li inter-
calation into the lattice.l*”) In contrast, upon liquid exfoliation via
a superacid, such as chlorosulfonic acid, intercalation of MoS,
and WS,, as representative species of the wider family of
TMDs, proceeds with retention of the semiconducting phase
of the material.*!! In this case, TMDs act as a weak base due
to the presence of the lone electrons of sulfur, which can be pro-
tonated by the superacid. Thus, repulsive electrostatic forces are
generated, keeping the layers of TMDs apart. Overall and as a
general note, the aforementioned techniques for obtaining
TMDs have advantages and disadvantages and they are selected
according to the application envisioned and/or the specific goal
of scientific research. Hence, for example, liquid processing/
exfoliation is mainly used for the large-scale production of
TMDs, toward functionalization and development of hybrid
materials, while CVD grown or micromechanical cleaved allow
the investigation of the so-produced TMDs at the nanoscale level
due to the ability of controlling the exact number of nanosheet
layers.[*?]
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Functionalization of TMDs is crucial and imperative for tailor-
ing their surface properties and enhancing their dispersion in
common solvents, thus allowing better manipulation and
expanding the range of applications. A lot of effort has been
placed to modify MoS,, with the methodologies developed being
general and applicable to the whole family of TMDs.'** For
example, organohalides, maleimides, diazonium salts, 1,2-dithio-
lanes, and dithiolenes derivatives have been added onto
MoS,.27% A first example of covalent functionalization of
TMDs nanosheets, with high functionalization degree, is based
on the reaction between the electron-rich metallic 1T phase and
an organohalide reactant. Specifically, MoS,, WS, and MoSe,
nanosheets containing a large amount of 1T phase reacted with
organohalides and the organic species were covalently attached to
the chalcogen atoms of TMDs.”* Moreover, organothiol deriva-
tives were used to fill S-vacant sites by anchoring to Mo atoms in
MoS,.2** In another approach, when aryl diazonium salts were
used for the basal-plane functionalization of 1T-MoS,_ aryl units
were incorporated via C—S bonds.®

However, the electron-rich 1T phase of TMDS allows for vari-
ous modification routes, because the reaction is facilitated by
electron transfer between reactants and 1T nanosheets (e.g., elec-
trophiles such as diazonium salts and organohalides), the semi-
conducting phase of TMDs in the absence of defects cannot be
easily modified." Nevertheless, functionalization of basal plane
or edges of 2H-MoS; nanosheets is accomplished upon metal
coordination, ligand conjugation with sulfur compounds, and
Michael addition reactions. Briefly, the reaction of liquid-
exfoliated 2H-MoS, with metal acetate salts M(OAc), (M=Nij,
Cu, Zn) affording functionalized MoS,-M(OAc), materials is
one of the first studies in which metal coordination was applied
to modify TMDs.””) Precisely, functionalization occurs via coordi-
nation of surface S atoms with the metal center of the metal
carboxylate salts. Other examples include interaction of CVD-
synthesized 2H-MoS, with dibenzothiophene®®! and the reaction
of liquid-exfoliated 2H-MoS, in the presence of an ionic liquid with
thionine.”! Briefly, in the case of dibenzothiophene, scanning
tunneling microscopy analysis revealed that the S-atom of diben-
zothiophene coordinates at an S-atom vacancy of MoS,, forming an
S—Mo bond. In contrast, the functionalization of 2H-MoS, with
thionine is different, and based on X-ray photoelectron spectros-
copy (XPS) analysis, it is concluded that the sulfur atom of thionine
either coordinates to Mo of MoS, (at sulfur defected sites) or forms
a disulfide S—S bond with an undercoordinated sulfur atom of the
2D nanomaterial.

The application of organic thiols as S atoms donors is
considered as a ligand conjugation approach for 2H-MoS,
functionalization.®**”) This strategy describes the formation
of a Mo—S bond between S atom of the organic unit and a
Mo atom in the MoS, structure and was proved by IR spectros-
copy, evident by the absence of S—H vibrational modes.
Nevertheless, other findings strongly suggest that organic thiols
do not form Mo—S bonds, instead organic thiols were oxidized to
disulfides that physiosorbed onto the basal plane of MoS,.[°¢*”)
To avoid the undesired formation and therefore physisorption of
disulfides, 1,2-dithiolanes-®>? and dithiolenesP®?-terminated
derivatives have been applied as alternatives to fill S vacancies.
Recently, it was also reported that 2H-MoS, and 2H-WS, can
be covalently functionalized with maleimide reagents through
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Michael addition.[®’ This method is based on the soft nucleo-
philic character of S for interacting with soft electrophiles such
as maleimides. The various modes of 2H-MoS, covalent
functionalization are shown in Figure 1.

With a variety of methodologies available for modifying
TMDs, functional hybrid materials have been designed and pre-
pared. Particularly, photoactive molecular components have been
anchored at TMDs using some of the aforementioned general
reactions to manage photoinduced charge transfer events!®>~?!
and prompt charge carrier doping”*®*" as well as charge injec-
tion.*#2 The anchorage of these organic species to TMDs can
be via covalent or supramolecular means,®**”) and the TMDs act
as an energy/electron donors or acceptors depending on the rel-
ative energy levels of the components constituting the hybrid
material. The structural characterization of those modified
TMDs relies on complementary techniques. Without going into
deeper detail, Raman spectroscopy is a useful tool for identifying
the crystal phase structure of TMDs, the number of layers of the
nanosheets, and the rate of edge functionalization.®®##! For
example, both 1T-MoS, and 2H-MoS, show A, and E,, vibra-
tional modes at ~380 and ~410 cm ™, respectively, but due to

M(OAc), | a

o :Mo
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their symmetry differences on the lattice structure, 1T-MoS,
shows additional Raman vibrational bands and the so-called
Ji» Jo, and J; phonon modes at ~160, ~230cm™', and
~330cm !, respectively.***>*! In addition, the 2LA(M) mode
is vacancy related, and as such it is used to monitor the success
and level of functionalization, for example, decrease in the inten-
sity of 2LA(M) upon modification of TMDs.’*? In contrast,
UV-vis absorption spectroscopy contributes to TMD phase iden-
tification. 2H-TMDs nanosheets due to their semiconducting
character show characteristic absorption bands due to the direct
excitonic transitions and due to the transitions to the density of
states between the conduction and the valance band."”* However,
metallic 1T-TMDs do not display absorption bands due to the
absence of the energy gap.” In addition, photoluminescence
is very critical to examine electronic interactions and metallic
TMDs do not have emission characteristics due to bandgap
absence. Moreover, the number of layers is closely related to
the electronic properties of TMDs.””) The third dimension
decreases from the bulk 3D material to the 2D nanosheets, which
causes the rich d-orbital interactions, has as consequence the
alteration of the electronic band structures and therefore, the

0O:s :Sulfur vacancies

Figure 1. Graphical representation of commonly used covalent functionalization routes of 2H-MoS;: a) coordination of metal acetates, b) maleimides

addition, and c) 1,2-dithiolane addition at the edges of MoS,.
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transition of the indirect energy gap of bulk TMDs to direct. This
is followed by the dramatic change in the 2D nanosheets’ optical
properties.*®! For example, bulk MoS, exhibits a 1.2 eV indirect
bandgap, whereas, in the case of a single 2D layer MoS,, the
bandgap shifts to direct into 1.8-1.9eV.””71°? As it concerns
WS,, the bulk form presents an indirect gap and as thins down,
it turns into a direct-gap material with an energy gap of 2 eV for
monolayer.'%)

Extensive reviews in the recent literature! provide
significant insight and guidance on the preparation of TMDs
and their properties. The current contribution timely comple-
ments those and collectively showcases the fast-developing area
of modified and functional TMDs, interfacing covalently and
supramolecularly photoactive organic components, for tuning
their electronic and optical properties and managing the polarity
and their charge carriers by performing photoinduced charge
transfer processes. Some features of the TMD-based electron
donor-acceptor hybrids are discussed in this review, aiming
to rationalize structural and electronic effects on the ground
and/or excited-state energy/charge transfer dynamics on energy
conversion and production to unveil the role of TMDs in the pro-
cess. To increase the electron transfer rate and slow down charge
recombination, simple electron donor-acceptor model systems
based on TMDs and photoactive compounds with well-adjusted
energies have been developed and studied by using time-resolved
ultrafast spectroscopic techniques. In particular, upcoming tech-
nological advances should harness the enormous potential of
these new materials, with particular emphasis on breakthrough
technologies in flexible optoelectronics, photodetectors, and
(photo)catalysis. This design strategy offers unique opportunities
not only to tune the properties of ultrathin TMDs according to
the needs of specific applications, but introduces new functions,
aiming to develop new multifunctional materials and devices.
Electrical conductivity, together with ambipolar electronic behav-
ior as well as interesting photoluminescence and redox proper-
ties, is among the characteristic properties governing and
controlling photoinduced activities. Electronic interactions and
communication between TMDs and photoactive species occur-
ring under light irradiation, in the form of fundamental studies,
have revealed the dual nature of TMDs and are discussed.
Particularly the performance of MoS,, acting either as an electron
donor or as an acceptor, depending on the relative energy level of
the photoactive component at the interface, is highlighted.
Despite that porphyrins and phthalocyanines, possessing ideal
photo- and electroactive properties, have been employed to mod-
ify TMDs, the performance of those hybrid materials in photo-
induced energy conversion is far away from the required one
when real technological applications are considered. Hence,
space for improvement certainly exists, especially by tackling
important parameters such as structural, optical, and electronic
ones of TMDs interfacing those species. A deeper understanding
is required to fine tune the physicochemical and photophysical
properties as well as the composition and structural features of
the functionalized materials to establish a consistent structure—
property relationship. We are confident that this research field
will greatly expand by properly addressing those issues and mod-
ified TMDs will be implemented in technologically relevant
applications. A summary of all those aspects is provided in this

1,14,104-109]
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review, aiming to enhance the scientific interest of researchers
and unlock the opportunities TMD-based materials offer.

2. Photoinduced Charge Transfer Processes in
TMDs Covalently Interfacing Photoactive Species

Covalent functionalization with photoactive organic molecules is
one of the most efficient ways to fine tune the electronic and
physicochemical properties of TMDs in a highly controlled
manner. This section provides a summary of findings based
on covalent functionalization of TMDs with substituted photo-
sensitizers, while the development of interesting charge transfer
phenomena is discussed. Nevertheless, the number of covalently
interfaced photoactive species onto TMDs is smaller compared
with immobilized ones via noncovalent approaches.

A facile approach for the covalent chemical functionalization
of 2H-MoS, is using 1,2-dithiolane derivatives,*® possessing
high binding affinity for Mo atoms with sulfur-vacant sites. In
the particular functionalization methodology, the basal plane
remains intact as confirmed by high-resolution transmission
electron microscopy and electron energy loss spectroscopy,
whereas the addition of the 1,2-dithiolane derivatives occurs at
the edges of the nanosheets. Density functional theoretical stud-
ies combined with XPS analysis displayed this preferential edge
functionalization. When a photoactive pyrene moiety was
coupled to a 1,2-dithiolane unit, incorporation of the derivative
at the edge sites of the MoS, yielded the hybrid material MoS,—
pyrene.% It is interesting to note, not only here but also to all
covalent functionalization strategies presented, that the hybrid
material generated is filtered through a PTFE membrane, and
the solid residue is extensively washed to completely remove
any physisorbed species. Spectroscopic IR and Raman assays
give proof for the success of functionalization and incorporation
of pyrene onto MoS,, while additional evidence for the incorpo-
ration of pyrene and estimation of the units grafted came from
the thermogravimetric analysis. Notably, steady-state and time-
resolved photoluminescence spectroscopy revealed electronic
interactions at the excited state, and in particular, electron
and/or energy transfer from the pyrene singlet-excited state to
2H-MoS,, implying that MoS, acts as an electron/energy accep-
tor. In particular, upon photoexcitation at 340 nm, the emission
bands of pyrene were quenched in the hybrid and the fluores-
cence decay gave rise to a faster component of 280 ps, corre-
sponding to the fluorescence quenching of the emission
intensity of the singlet-excited state of pyrene in the MoS,—
pyrene hybrid material.

Following the same 1,2-dithiolane functionalization method-
ology, the covalent incorporation of carbon nanodots (CNDs)
onto exfoliated 2H-MoS, and 2H-WS, was accomplished.[no]
Markedly, CNDs, characterized by an intrinsic emission and
broad absorption in the visible region, are promising nanomate-
rials for energy conversion applications, because they can act as
either electron donors or acceptors, owing to their bivalent redox
character. The prepared CND-MoS, and CND-WS, hybrid mate-
rials were fully characterized by complementary IR and Raman
spectroscopy, thermogravimetric analysis (TGA), and transmis-
sion electron microscopy. Considering the covalent attachment
of functionalized CNDs at S-defect sites at the edges of MoS,
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and WS,, the observed mass loss from TGA is relatively small.
For CND-MoS; and CND-WS,, it is 7.5% and 3.0%, respectively,
and it is related to the decomposition of modified CNDs present
in the two hybrids. Then, the excited-state events were examined
by femtosecond pump-probe transient absorption spectroscopy
in DMF. Specifically, the hybrids were excited at 370 nm, corre-
sponding mainly to CND excitation, and at 425 nm correspond-
ing mainly to TMD excitation. Markedly, when CND-MoS, and
CND-WS, were excited at 370 nm, the transient bands corre-
sponding to the excited CNDs revealed rapid deactivation with
simultaneous development of strong excitonic peaks of MoS,
and WS,. These findings signify the occurrence of energy trans-
fer from singlet-excited CNDs to MoS, and WS, within the
hybrids. In both hybrids, this process was complete and efficient
within 4-5 ps. Then, upon excitation at 425 nm, charge separa-
tion occurred successfully for CND-MoS, with a time constant of
about 250 ps. In addition, from the electrochemical study, a facile
oxidation was observed for MoS,; (E,, = —0.08 V), indicating that
it could act as an electron donor generating a charge-separated
state (CSS). A graphical representation of the photoinduced pro-
cesses that occurred within CNDs-MoS, is shown in Figure 2. In
sharp contrast, the transient absorption spectra for CND-WS,
indicated a lack of charge transfer from excited WS, to CNDs.
A possible explanation for that finding could be the harder oxi-
dation of WS, (Ep,=0.23V).

Next, a substituted zinc phthalocyanine (ZnPc) with a 1,2-
dithiolane linker was used to functionalize MoS, at S-vacant
sites,!"") as shown in Figure 3a. Phthalocyanines possessing rich
electrochemical properties have been covalently attached to
electron-accepting fullerenes, carbon nanotubes, and graphene;
therefore, CSSs were generated upon illumination. After the
spectroscopic, thermal, and microscopy imaging characterization
of the ZnPc-MoS, hybrid, the photoinduced charge transfer
events were explored. In particular, fluorescence spectroelectro-
chemistry revealed direct evidence for the occurrence of charge
transfer. Further, the photophysical properties were assessed via
femtosecond transient absorption spectroscopy. The finding is
that charge separation occurred by direct excitation of either
ZnPc or MoS, and led to the formation of the CSS ZnPc -
MoS, . By the absorption and fluorescence spectroscopy as well
as redox studies, the energy-level diagram depicting different
photochemical events was constructed, as shown in Figure 4b.
The calculations showed that the formations of ZnPc™*-
MoS,”” and ZnPc -MoS,* are both thermodynamically

excitation transfer ;f (j.
( 000,00, o o, o™
HLL&L;\LLHI” VSE\dbbAAAbbbbbbnbab

0.0.0.4.0,.0.0.9

charge transfer

’ :Carbon Dots

Figure 2. Graphical representation of photoinduced processes within
CNDs—MoS,.
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Figure 3. a) lllustrative structure of ZnPc-MoS; and b) energy-level
diagram showing possible photochemical events occurring within the
ZnPc-MoS, hybrid material. Solid arrows show major processes, while
dashed arrows show minor ones. Reproduced with permission.!''")
Copyright 2019, John Wiley and Sons.

possible, either from the direct bandgap of MoS, or "ZnPc* exci-
tation. However, the formation of ZnPc™"-MoS,"~ is more fea-
sible by almost 0.06 eV. The charge separation from excited MoS,
to ZnPc depends on the efficient formation of excitons, biexci-
tons, and trions, the dissociation of these species into free charge
carriers, and the transfer of charges to generate ZnPc *—MoS,.”~
Turning to fs-transient absorption (TA) measurements, ZnPc—
MoS, excited at 425 nm, which corresponds mainly to MoS,,
at 370nm, where both MoS, and ZnPc absorb, and at
675 nm, which mainly excites the ZnPc derivative. The findings
revealed charge transfer from '"MoS* to ZnPc and also that the
excitation of ZnPc at 675 nm promoted charge transfer, leading
to CSSs. In addition, the involvement of excitons generated in
MoS, promotes these charge transfer events.

In addition, other phthalocyanine derivatives bearing sulfenyl
and 6-sulthydryl linkers, abbreviated as ZnPc, were also used to
functionalize MoS, at sulfur vacancies by ligand conjugation,**?
as shown in Figure 4a. MoS, with sulfur vacancies was prepared
by a facile acid-assisted hydrothermal method and then MoS,/
ZnPc composites were prepared. In addition, polyvinyl alcohol
(PVA) was used for the preparation of films of MoS,/
ZnPc/PVA to compare them with the behavior in solution.
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Figure 4. a) lllustrative preparation of ZnPc—MoS, and b) energy-level model explaining the PET process of ZnPc-MoS,. F: fluorescence; P: phospho-
rescence; ISC: intersystem crossing; PET: photoinduced electron transfer; CSS: charge-separated state; CR: charge recombination; IC: internal conversion.

Reproduced with permission.'"? Copyright 2021, Elsevier.

Photoluminescence measurements indicated electron or energy
transfer from ZnPc to MoS, moiety, when MoS,/ZnPc in DMSO
excited at 625 nm, as observed by the quenching of the ZnPc
emission at 730 nm. Furthermore, an energy-level model is used
to analyze the possible electron transfer process in MoS,/ZnPc
composite (Figure 4b). The third-order nonlinear optical (NLO)
properties and optical limit (OL) performance, in solution and in
films, were studied at 532 nm with 4 ns laser pulses and found
that MoS,/ZnPc exhibited much larger NLO properties and OL
performance
than those of individual ZnPc and MoS,. It is concluded that the
combination of different NLO mechanisms of MoS, and ZnPc
and the electron transfer or energy transfer process between
the two components enhanced the performance.!''”
Porphyrins were also conjugated onto TMDs, specifically at
the edges of exfoliated 2H-MoS,. Figure 5a shows the covalent
interface of a porphyrin derivative bearing a 1,2-dithiolane moi-
ety onto MoS, en route to the preparation of H,P-MoS,.'**!
Porphyrins are photochemically stable and absorb efficiently
light in the visible region with high molar absorbance coeffi-
cients. These photosensitizers are very attractive for participating
in charge transfer processes in electron-donor acceptor systems
as efficient electron donors. The electronic interactions and
exited-state properties were examined via the femto- to nanosec-
ond timescales upon photoexcitation. Figure 5b shows the
deactivation models for MoS,, H,P-MoS,, and porphyrin upon
excitation at 420 nm by means of fs-TA measurements. It was
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Figure 5. a) lllustrative structure of H,P-MoS, and b) deactivation models
for MoS, (left), H,P-MoS, (middle), and H,P (right), upon excitation at
420 nm. Reproduced with permission.I''*! Copyright 2019, John Wiley and
Sons.

© 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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found that a complex “ping—pong” energy transfer mechanism
occurs and in particular a nonquantitative ultrafast energy trans-
fer from the porphyrin to MoS, and then back to the
porphyrin. In more detail, the energy transfer is <1 ps from
porphyrin’s S,, which is populated upon excitation at 420 nm,
to MoS, (Figure 5b, middle). Then, the formation of single exci-
tons was identified and the times for the interconversions were
2.5, 7.5, and 204 ps. Afterward, the single exciton of MoS,; is
subjected to a second energy transfer to the S; state of H,P
and this takes 1.75 ns (Figure 5b, middle).

In all of the aforementioned covalently functionalized MoS,
with photoactive species, different photophysical responses have
been registered. The MoS, entity may act as an energy reflector
when carrying a porphyrin, bidirectional electron acceptor when
featuring a zinc phthalocyanine, or electron donor and/or energy
acceptor when covalently hybridized with carbon dots. Therefore,
to unveil MoS, electron donor capabilities, a core unsubstituted
perylenediimide (PDI) derivative, with proven electron—
accepting character, carrying a thiosulfonate moiety, was realized
and attached to MoS$, sulfur-defected edges.''*) The structure of
the resulting hybrid is presented in Figure 6a. This PDI
derivative features a proven electron-accepting character and is
selected to explore the electron-donor capabilities of MoS,.
An energy-level diagram (Figure 6b) was designed based

G VB
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Figure 6. a) Schematic representation of MoS,—PDI and b) energy-level
diagram depicting reductive electron transfer of 'PDI* and oxidative elec-
tron transfer from 'MoS,* in MoS,—PDI (thick arrows: most likely process;
dotted arrow: less likely process, ET: electron transfer; BET: back electron
transfer; T: triplet emission; ISC: intersystem crossing). Reproduced with
permission.l""l Copyright 2021, John Wiley and Sons.
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on optical and electrochemical measurements. Briefly, both
'PDI* and "MoS,* are capable of promoting electron transfer
events upon illumination to yield the MoS,"~PDI'~ CSS. In
addition, spectroelectrochemical studies proved the formation
of PDI"". Then, fs-TA measurements revealed the formation
of MoS,*—PDI'~ CSS by reductive electron transfer to 'PDI*
from MoS,, and the calculated average time constant for the elec-
tron transfer was found to be 2.36 ns. With this, now, we have a
full picture of the tunable electronic properties of MoS, as a
result of covalently linking photoactive organic species with
precise characteristics.

3. Photoinduced Charge Transfer Processes in
TMDs Noncovalently Interfacing Photoactive
Species

Recent studies related to interaction and electronic communica-
tion in supramolecular MoS,-based donor—acceptor systems are
of special interest. In such systems, noncovalent interfacing of
porphyrins, phthalocyanines, and other photoactive species on
TMDs leads to the realization of ensembles in which the
TMDs act either as electron donors or acceptors, depending
on the relative energy levels of the organic moieties. This section
showcases some of the latest key findings in the study and prep-
aration of supramolecular electron or energy donor—acceptor
supramolecular ensembles consisting of TMDs and photoactive
molecules.

Liquid-exfoliated MoS, nanosheets were used to immobilize
via multiple van der Waals forces a free base phthalocyanine
(Pc). The so-formed nanoensembles and their optical properties
were studied in detail.'* Photoluminescence and photoelectron
spectroscopy in air revealed that the adjusted MoS, CB through
modification of the lateral size is located between the S; and S,
energy states of the phthalocyanine dye. Therefore, bidirectional
photoinduced electron transfer processes were found, with exci-
tation of the functionalized nanosheet’s semiconductor transition
resulting in electron transfer to the phthalocyanine’s LUMO and
excitation of the chromophore’s S, state leading to electron injec-
tion into the MoS; CB. In other words, phthalocyanine was found
to act as either an electron donor or acceptor, depending on the
excited transition. However, charge transfer from the dye’s S;
state was not favorable, and consequently, intense luminescence
was observed. Figure 7 shows the energy diagram of the MoS,/Pc
nanoensemble. This is in contrast to the corresponding hybrid
material having covalently anchored the ZnPc moiety onto
MoS,, where slow charge separation and recombination were
identified."'"! This difference observed is due to the nature of
the hybrids examined, film versus solution, and due to the cova-
lent bonding between the donor and acceptor entities.

Continuing with the physisorption of zinc phthalocyanine
(ZnPc) onto exfoliated MoS,, a van der Waals heterostructure
was formed and used as a model system to examine charge
transfer phenomena at the interface.l'’® Photoluminescence
measurements and time-resolved two-photon photoemission
spectroscopy were used to measure the interfacial charge transfer
dynamics. A pump pulse, with a photon energy centered at
1.77 eV chosen to match the S; energy of ZnPc, was used to
excite the sample. It was found that the optically excited

© 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

B5US0 | SUOWILLIOD) dAIaID a|eat|dde ay3 Aq pausenoh ale sa o1k YO ‘3sN Jo 3Nl Joy Arelg 1 8uliuQ A8|1AA UO (SUOIHIPUOD-PUR-SWB)LIND B | 1M AReiq 1 BUUO//SdNY) SUORIPUOD pUe SWIS | 841 39S *[£202/80/70] U0 AkeiqiTauluo AB|IM ‘(HEHN) Upud oY d1We|eH BN Ad 260002202 5532/200T 0T/I0p/W0d" A1 1m ARiq1put|uoy/:sdny wolj papeolumoq ‘2T ‘2202 ‘2166692


http://www.advancedsciencenews.com
http://www.advenergysustres.com

DVANCE
SEINCF NS

www.advancedsciencenews.com www.advenergysustres.com

E vs. Vac singlet exciton in ZnPc transfers its electron to MoS, at 80 fs after
ev photoexcitation to form a charge transfer exciton. Nevertheless,
2.5 o %\@ back electron transfer occurs in the 1-100 ps timescale, which
- ) results in the formation of a triplet exciton in the ZnPc layer
-3.0— (Figure 8). This relatively fast singlet—triplet transition is feasible
~ because of the large singlet-triplet splitting in organic materials
-3.5=— and the strong spin—orbit coupling in TMD crystals. The back
- electron-transfer would reduce the yield of free carrier generation
-4.0— at the heterojunction if it was not avoided. In contrast, the spin-
. selective back electron transfer could be used to manipulate elec-
4.5 tron spin in hybrid electronic devices.
- In parallel, MoS,, MoSe,, and WSe, were noncovalently func-
5.0— tionalized with nickel- or magnesium—phthalocyanines, namely,
4 = NiPc or MgPc, as photoexcited electron acceptors, for adjusting
Ove @c  (H the emission and photoresponse of TMDs."”) Photoexcited elec-
e ke Os @ trons were transferred to the metallophthalocyanines (MPcs).

Figure 7. Energy-level diagram of MoS,/Pc nanoensemble. Excitation is Hence, the radiative recombination decreases and leads to emis-

indicated in orange, radiative recombination processes are indicated in
black, and charge transfer in blue. Dashed lines indicate nonradiative
processes. Reproduced with permission.'"™! Copyright 2019, Royal
Society of Chemistry.

sion quenching across the entire TMD flakes. Also, the photo-
conductivity of TMDs was increased over twofold as verified
by photoconductive atomic force microscopy. Very recently, sev-
eral MPcs were deposited onto the mechanically exfoliated mono-

layer MoS,, and the quenching of the low-temperature (10 K)
defect photoluminescence in MoS, was investigated.!''® The
emission quenching was found to crucially depend on the nature
of the metal, with the quenching efficiency decreasing in the
order CoPc > CuPc>ZnPc, and almost no quenching was
observed by the reference metal-free H,Pc. In addition, time-

cr 806> S correlated single-photon-counting measurements corroborate
statef=t. this finding, indicating a decrease in the emission lifetime after
CBMI=T00 ps| T MPcs adsorption (Figure 9). In another investigation, the inter-

face properties between MoS, and differently fluorinated iron
Pcs (FePcF,, x=0, 4, 16) were studied using XPS, ultraviolet
photoelectron spectroscopy (UPS), angle-resolved photoelectron
——HOMO  gspectroscopy, and X-Ray absorption spectroscopy.''”! A distinct
electron transfer from a molecule to a substrate was observed for
MoS, ZnPc FePc and FePcF,. A charge transfer from the chromophores to
the MoS, substrate was detected for the molecules with the
lowest ionization potential (FePc and FePcF,), whereas the
FePcF;s—MoS, interface was relatively inert.
Following a solvothermal route, tetra-tert-butyl zinc(II)
phthalocyanine (ZnTTBPc) was combined with MoS, to afford

VBM =

Figure 8. Energy-level diagram of MoS,/ZnPc heterostructure.
Reproduced with permission.''® Copyright 2017, American Chemical
Society.
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Figure 9. a) Optical microscopy images of representative MPc films on monolayer CVD MoS,. MoS, emission spectra were collected near the edges of
the MPc film to ensure that the observed quenching was not due to inhomogeneity in the CVD growth and b) low-temperature photoluminescence
spectra of representative CVD MoS; and MoS, with 1 nm films of H,Pc, ZnPc, CuPc, and CoPc. The spectra are normalized to the intensities of their
respective MoS, A-exciton peaks. c) A comparison of the MoS, defect PL quenching fraction for each MPc. Reproduced with permission.!''® Copyright
2021, American Chemical Society.
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MoS,/ZnTTBPc, with abundant surface photoactive sites. The
MoS,/ZnTTBPc composite showed photocatalytic activity under
simulated solar light irradiation for the degradation of
4-nitrophenol. Without going deeper into mechanistic details,
a high-energy-transfer efficiency was identified, involving
the transfer of photogenerated electrons from the CB of
ZnTTBPc to the CB of MoS,, leaving holes at the VB of
ZnTTBPc. Those photogenerated holes at ZnTTBPc are simulta-
neously quenched and transferred at the VB of MoS,, sustaining
the whole process (Figure 10). The aforementioned procedure
reduces the recombination of electrons and holes within the
composite material and subsequently offers a positive synergetic
effect between ZnTTBPc and single-layered MoS, nanosheets for
the degradation of 4-nitrophenol.!**”!

Lately, visible light-absorbing PDIs were physisorbed and inte-
grated onto WS, forming supramolecular electron donor—
acceptor ensembles (Figure 11). In more detail, noncovalent
liquid-phase functionalization of 2H-WS, allows to bind via o
(WS,)-n-stacking  interactions with PDI derivatives.'*"]
Detailed spectroscopic investigations of WS,/PDI confirmed
the electron-donating feature of WS,, along with the electron
acceptor properties of PDI. In the ground state, a charge transfer
band is observed, which is 29 nm redshifted compared with the

Simulated Solar Light
\>/i<7'
==,
/\v/\ &y
H i H "Pt,,)” A
\ec“o ——-2eV
- —t -3 eV
NaBH4+ ( J
OH -4eV
@ o ZnTTBPc
l Ml)bz —t - 5 eV
B N*/O —t— - 6 eV
—t-T7eV
— -8 eV

Figure 10. Mechanism of the photocatalytic reduction of 4-nitrophenol
using MoS,/ZnTTBPc under solar light illumination. Reproduced with per-
mission.'2” Copyright 2019, Royal Society of Chemistry.
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Figure 11. Schematic representation of WS,/PDI hybrids and photoin-

duced processes occurring. Reproduced with permission.l'?"! Copyright
2017, American Chemical Society.
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absorption of the PDI reference. This suggests strong electron
donor/acceptor electronic interactions in the ground state.
Next, photoexcitation at 500 nm leads to the formation of the
long-lived (162 ns) WS, *~PDI'~ CSS.

Using a different approach, beyond the aforementioned n—S
interactions, stable ternary complexes between benzyl imidaz-
ole-modified MoS, were interfaced with chromophores in the
presence of a cucurbit[8]uril host, to yield in a noncovalent fash-
ion the immobilization of donor and acceptor dyes on the surface
of MoS,, that was further examined by electronic absorption and
emission spectroscopy.['*? Naphthol derivative and naphthalene
monoimide derivative were selected as the donor and acceptor
model chromophores to confirm electronic interaction between
the acceptor and the donor molecules with MoS, through non-
covalent anchoring.

Focusing on Coulombic interactions as meaningful means to
interface species without covalently conjugate them, modified
semiconducting MoS,, and WS, bearing positively charged
ammonium units were electrostatically coupled with an anionic
porphyrin possessing a carboxylate group to develop donor—
acceptor ensembles,'?*! as shown in Figure 12. Furthermore,
intraensemble interactions were examined by electronic absorp-
tion spectroscopy and steady-state and time-resolved photolumi-
nescence titration measurements to identify photoinduced
charge transfer between the components. Particularly, the
intensity of the porphyrin-centered fluorescence, with maxima
at 655 and 720nm, in benzonitrile was found to depend on
the concentration of MoS, or WS, and progressively quenched,
specifying the formation of nanoensemble and possible energy
or electron transfer from the porphyrin to TMDs, respectively. In
addition, the time-resolved photoluminescence studies revealed
faster emission lifetimes for the nanoensembles in comparison
with the lifetime of the anionic porphyrin. Overall, these results
are characteristic of the photoinduced charge transfer processes
from porphyrin to 2H-MoS, or 2H-WS, acting as an electron or
energy acceptor.

Following the aforementioned strategy, namely, using attrac-
tive electrostatic interactions, the synthesis of novel donor—
acceptor supramolecular nanoensembles consisting of poly
(3-thiophene sodium acetate) and ammonium-functionalized
2H-MoS; and 2H-WS, was accomplished, whereas photoelectro-
chemical cells were fabricated and tested.'"*"! Upon titration
experiments, a progressive quenching of the emission of the
polythiophene derivative at 555 nm revealed photoinduced intra-
ensemble energy and/or electron transfer processes from the
polymer to the CB of the TMDs. Furthermore, photoelectro-
chemical studies further confirmed the result of photoinduced
charge transfer events in thin films, with distinct responses
for the MoS,- and WS,-based systems. The MoS,-based nanoen-
semble exhibited enhanced photoanodic currents offering
additional channels for hole transfer to the solution, while the
WS,-based one exhibited increased photocathodic currents, provid-
ing supplementary pathways of electron transfer to the solution.

Similarly, ammonium-functionalized semiconducting MoS,
(fMoS,) nanosheets were electrostatically associated with metal
nanoclusters (MNCs) based on gold as core and silver as shell,
abbreviated as Ag@AuNCs, to form supramolecular hybrids
Ag@AuNCs/f-Mo0S,.'* The Ag@AuNCs/f-MoS, was applied
as a catalyst for wastewater purification from organic pollutant

© 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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Figure 12. lllustrative structure of the electrostatically interfaced porphyrin to modified MoS, and WS,. Reproduced with permission.['?*! Copyright 2018,

American Chemical Society.

dyes, for example, for the degradation of rhodamine B. Without
going into detail, photoinduced intraensemble charge transfer
phenomena were witnessed via photoluminescence (PL) titration
assays, and the characteristic emission of Ag@AuNCs at 670 nm
was found gradually quenched upon increasing additions of
f-MoS,, showcasing the photocatalytic activity of the hybrid
material.

Up to here, the highlighted studies mentioned concern the
realization of supramolecularly formed nanoensembles of
MoS, with photoactive species in solution. However, there have
also been few studies performed on thin films. What is more, the
presence of a direct bandgap in monolayer TMDs has allowed the
construction of prototype optoelectronic devices. Recently, there
has been a notable effort to adjust the optical properties of TMDs
to improve and optimize the performance of the corresponding
devices. In this frame, dye-sensitized MoS, photodetectors that
utilize a single-layer MoS, treated with rhodamine 6G (R6G)
organic dye molecules with an optical bandgap of 2.38 eV or
521 nm were developed.'*® The R6G dye molecules deposited
onto the MoS; layer increased the photocurrent by an order of
magnitude due to charge transfer of the photoexcited electrons
from the R6G molecules to the MoS, layer. In addition, the pho-
todetection response extended to the infrared, thereby distin-
guishing the device performance from that of a pristine MoS,
device, in which detection was only possible at wavelengths
shorter than the bandgap of MoS,, that is, <681 nm. The opti-
mized device showed a maximum responsivity of 1.17 AW !, a
photodetectivity of 1.5 x 10~ Jones, an an external quantum effi-
ciency of 280% at a wavelength of 520 nm, and a photoresponse
across a broad spectral range from 980 to 405 nm.

Functionalized MoS,-based photodetectors with PDIs and tet-
raphenyl porphyrins using a simple drop-casting method
resulted in a dramatic enhancement of the photoresponse and
responsivity, three orders of magnitude higher, to visible
light."?”) The application of these molecular dyes is an easy
and effective route for improving the performance of photodetec-
tors based on 2D materials. In the same line, a metal-free phtha-
locyanine (H,Pc) enhances the photoresponse of a monolayer
MoS, drastically due to the excited-state charge transfer, extend-
ing the spectral regions where the TMD is transparent
(Figure 13).'®1 To investigate the excited-state charge transfer
at the MoS,/H,Pc interface, continuous-wave and time-resolved
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Figure 13. a,b) Schematic representation of a hybrid photodetector, and
c) the energy-level diagram of the MoS,/H,Pc interface derived from
ultraviolet photoemission spectroscopy and inverse photoemission
measurements. Reproduced with permission.'?81 Copyright 2017,
American Chemical Society.

photoluminescence measurements were performed. Time-
resolved emission measurements proved highly efficient disso-
ciation of excitons generated in H,Pc when they are in contact
with monolayer MoS,. A staggered type II energy-level alignment
at the interface, facilitating efficient exciton dissociation and
excited-state charge transfer with the holes residing in the
H,Pc HOMO and the electrons in the MoS, CB, was suggested.
In hybrid photodetectors, these transferred charges increase
the concentration of carriers in MoS, and with that its
photoconductivity.

© 2022 The Authors. Advanced Energy and Sustainability Research
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Molecular engineering of large-area MoS, films with
porphyrin dyes was accomplished to enhance their photoelectro-
chemical properties and to improve the light-harvesting
characteristics."??! Eight different porphyrins were examined,
namely, zinc(II)-, iron(IlI)-, gallium(III)-centered, and metal-free
protoporphyrin IX (ZnPP, FePP, GaPP, and H,PP), metal-free
and zinc(II)-centered tetra(N-methyl-4-pyridyl)porphines (H,T,,
ZnT,), and metal-free and zinc(Il)-centered tetraphenylporphyr-
ins (H,TPP, ZnTPP). The porphyrin molecules were physically
adsorbed onto large-area MoS, films that had an average thick-
ness of 2.8 nm. A maximum tenfold increase was observed for
MoS, functionalized with ZnPP compared with pristine MoS,
films, whereas ZnT,-functionalized MoS, demonstrated
small increases in photocurrent. The higher the energy of the
HOMO, the greater the photocurrent enhancement produced
by the functionalized MoS, films. The interfacial porphyrins sig-
nificantly suppress charge recombination pathways and enhance
the photocurrent.

Doping method of TMD semiconductors by molecular
electron donors or acceptors is one way for optimizing better
material’s features because of the Fermi-level tuning. The sub-
strate’s electrical nature as well as its electronic coupling with
the TMDs are also particularly important for charge transfer pro-
cesses occurring between TMDs and molecular dopants. In a
recent study, there are three different charge transfer
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mechanisms between the molecular electron acceptor 1,3,4,5,7,8-
hexafluorotetracyano-naphthoquinodimethane (FsTCNNQ) and
a MoS, monolayer that revealed to be substrate dependent.!*”!
MoS, monolayers were grown on sapphire via CVD and trans-
ferred onto a highly oriented pyrolytic graphite (HOPG) or Au
substrate and then were annealed and FE,TCNNQ was deposited
in the preparation chamber by sublimation. If there is an insu-
lating substrate, then direct charge transfer between the 2D
TMDs valence levels occurs. With a semimetallic substrate, indi-
rect charge transfer from the substrate to the dopant molecule
occurs, and at the metallic substrate, the charge transfer occurs
from the TMD-metal-hybridized frontier level to the LUMO level
of the molecular acceptor (Figure 14).

Beyond the immobilization of molecular photoactive species
onto TMDs, quantum dots (QDs) or carbon quantum dots
(GQDs) interacted with MoS, nanosheets, exploring photoin-
duced charge transfer phenomena and enhanced photoresponse
in the so-formed nanoensembles. Specifically, MoS, with oleyl-
amine and dodecanethiol formed stable dispersions of mono- or
a few layers in 1,2-dichlorobenzene. The functionalized MoS,
was further utilized for the development of photoactive 0D-2D
hybrids with CulnS, QDs (CIS/MoS,)."*"! The QDs were
anchored at the surface of MoS, nanosheets by hydrophobic
interactions between the alkyl chain of dodecanethiol molecules
present at the surface of both QDs and MoS,. The strong

© MoS,/Au

(orbital hybridization)
_
kk?ky$
JAVAVA

INININ

AVBM = 0.00
\VBM3 0.24 AUBNIAYEM =

EA =5.60

EA =5.60

.

F,TCNNQ

Figure 14. Schematics of the mechanisms of charge transfer between MoS,/substrate and F;TCNNQ. a) Direct charge transfer (MoS,/sapphire, TMDs/

insulator), b) indirect charge transfer (MoS,/HOPG, TMDs/weakly interacting conductor), and c) orbital hybridization with charge transfer (MoS,/Au,
TMD/strongly interacting conductor). Corresponding energy-level diagrams for d) FsTCNNQ/ML-MoS,/sapphire, €) FETCNNQ/ML-MoS,/HOPG, and
f) FeTCNNQ/ML-MoS;,/Au. The solid and dashed lines indicate the levels before and after FETCNNQ adsorption, respectively. The blue and red lines
denote the occupied and unoccupied states, respectively. All the values are given in electron volts (eV). Reproduced with permission.!*” Copyright 2019,
Springer Nature.
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photoluminescence quenching and decreased emission lifetimes
of QDs attached to MoS, mark efficient charge transfer from
photoexcited QDs to MoS,. Also, a photoconductive device
was fabricated and the photocurrent of the hybrid was dramati-
cally enhanced as compared with QDs or MoS,-only devices.
The great enhancement of photocurrent is attributed to
enhance charge separation, charge transfer, and charge carrier
transport through a highly conductive network of 2D MoS,
nanosheets.

Moreover, van der Waals heterostructures using MoS,
nanosheets-QDs and amine-functionalized GQDs to examine

www.advenergysustres.com

the energy transfer mechanism for tunable PL were con-
structed.!">”! A nonradiative Férster-type energy transfer from
GQDs into the MoS, layer was confirmed by photoluminescence,
time decay analyses, and abinitio calculations. The interaction
between the components resulted in quenched emission and
a decrease in the time decay of the GQDs.

Finally, QDs were diluted and deposited onto MoS, flakes by
spin coating via a layer-by-layer process, including the ligand
exchange process to form 0D-2D semiconductor hybrids.!***
Layer-dependent electron transfer between core/shell PbS/CdS
QDs and layered MoS, via energy-bandgap engineering of both
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Figure 15. Designed 0D-2D QD/MoS; with tunable photoinduced charge transfer. a) Optical absorption and photoluminescence spectra of MoS, flakes
dispersed in water and of PbS/CdS QDs dissolved in toluene. Emission peaks for PbS/CdS QDs are located at 900 nm (red), 955 nm (purple), and
1010 nm (orange), b) energy levels for the 900 nm emitting PbS/CdS QD with respect to vacuum level as estimated from UPS and absorption spec-
troscopy (WF, work function; EF, Fermi level; e.g., energy bandgap; CB, conduction band; VB, valence band), c,e) energy band diagrams for monolayer,
bilayer, trilayer, and bulk MoS; and for PbS/CdS QDs of various sizes/emission colors, and d,f) concept drawing of 0D-2D PbS/CdS QD/MoS; hybrids
showing bandgap engineering of the acceptor (MoS,) and donor (QD) in an attempt to tune the charge transfer rate. In (d) PbS/CdS QDs of 900 nm
emission are deposited on 1, 2, and 3 layers of MoS,, and a stronger electron transfer is observed with an increased number of MoS; layers. In (f), bilayer
MoS; is combined with PbS/CdS QDs with PL peaks at 900, 955, and 1010 nm, respectively, with electron transfer becoming stronger with decreased QD
size. Reproduced with permission.!'>*! Copyright 2019, American Chemical Society.
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the donor (QDs) and the acceptor (MoS,) components was
demonstrated (Figure 15). Time-resolved confocal emission
microscopy, absorption, and photoluminescence spectroscopy
were employed. It was found that the charge transfer rate was
tuned by changing the size of the QDs or by changing the
number of layers of MoS,, due to the changes in donor-acceptor
separation distance and in the bandgap. The charge transfer rate
was found higher for QDs of the smallest size and for QDs
interacted with a five-layer MoS, or thicker.

4. Conclusion and Perspectives

In summary, TMD-based donor-acceptor hybrid materials
synthesized via covalent and noncovalent procedures have
unveiled strong photoinduced electronic interactions between
the participant components. Complementary steady-state and
time-resolved photoluminescence and femtosecond transient
absorption spectroscopy assays have revealed that these interac-
tions are ascribed mainly to charge transfer phenomena, while in
some cases energy transfer prevailed. The ability of tuning the
electronic properties of MoS,, as a result of covalently interfacing
photoactive organic species, is a useful strategy that unlocks their
potential and exploitation in optoelectronic and light-harvesting
applications. The presence of these photoactive species leads to
the efficient formation of CSSs. Markedly, MoS, modified in a
fashion to covalently bearing photoactive organic species acts
either as an electron donor, energy or electron acceptor, or bidi-
rectional electron acceptor, depending mainly on the nature and
energy levels of the photoactive entity. Although, in covalently
modified TMDs, the organic species interfaced are robust and
stable, challenging synthetic procedures are needed for the prep-
aration, while the functionalization degree is relatively low.
Conversely, noncovalent immobilization of photosensitizers
onto TMDs offers notable advantages with respect to covalent
approaches, in terms of easiness, versatility, and straightforward
preparation. Furthermore, the physisorption of organic
photoactive species onto TMDs preserves the excellent
optoelectronic properties of TMDs by keeping the crystal struc-
ture intact.

Owing to the atomic-scale thickness of TMDs, the direct
bandgap of semiconducting TMDs and the possibility of
tuning the bandgap upon functionalization hold promise for
their utility in a broad range of energy conversion schemes.
Currently, the major hindrance to the widespread use of
TMD-based materials in nanoelectronics is the small-scale
production of these nanosheets. Moreover, although few reports
dealing with TMDs for energy conversion exist, the surface
functionalization of TMDs with diverse photoactive species
beyond the traditionally used ones, for example, porphyrins
and phthalocyanines, and the combination of them have yet to
be explored. In addition, systematically managing the degree
of functionalization in both substrate films and solution-treated
prototype devices is of paramount importance. Overall, the use of
TMD-based hybrid materials in technologically important
applications is anticipated to increase significantly in the near
future if those issues and constraints are properly addressed
and resolved.
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