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A B S T R A C T   

In recent years, a plethora of material systems have been designed and prepared to increase the performance of 
light harvesting and light-emitting technologies, and to develop new and attractive applications. Limitations of 
state-of-the-art devices based on organics (both conjugated polymers or small molecules/oligomers) derive 
largely from material stability issues after prolonged operation. This challenge could be tackled by leveraging the 
enhanced stability of carbon nanostructures (CNSs, including carbon nanotubes and the large family of graphene- 
based materials) in carefully designed nano-hybrid or nano-composite architectures to be integrated within 
photo-active layers, paving the way to the exploitation of these materials in contexts in which their potential has 
not been yet fully revealed. In this review, we discuss the theoretical and experimental background behind CNSs 
hybridization with other materials for the establishment of novel optoelectronic properties and provide an 
overview of the existing examples in the literature that allow to forecast interesting future perspectives for use in 
real devices.   

1. Introduction 

Nanotechnology provides an exceptionally rich platform to manip
ulate the multiple interactions of light with matter. The optical response 
at the interface of nanostructures can be fundamentally different from 
the bulk and can be optimally tuned by controlling shape, size and in
teractions at the nanoscale. The library of methods to produce nano
structures has witnessed a rapid development in recent years. In 
particular, the solution processing is a very versatile and promising 
approach in which colloidal inks of nanomaterials with specific prop
erties are implemented to produce functional thin films [1]. The rational 
hybridization of pre-identified nano-objects [2–4] (the nano building 
blocks, NBBs) and their formulation into stable colloidal dispersions 
ready for thin films processing are essential activities to obtain func
tional devices [5,6]. The key to this development is the control of the 
interactions and self-assembly properties of the NBBs at the nanoscale, 
achieved through a rational interface design, in order to optimize the 
structure-property-function relationships in the integrated 

nano-systems. 
By taking advantage of the unique properties of low-dimensional 

materials, it is possible to assemble the NBBs into hybrids employing a 
bottom up approach [7,8], to gain control over the different degrees of 
complexity of the individual structures and to fine tune the optoelec
tronic and transport properties of the final assemblies, in an attempt to 
mimic the perfection of natural architectures such as Photosystems I and 
II in plants and bacteria [9]. The presence of highly interchangeable 
NBBs might allow the synthesis of the best assembly for a given target 
function, i.e. obtaining of smart materials which pertain to Type I (en
ergy transfer-ET) or Type II (charge transfer-CT) heteronanojunctions 
(HNJs). Moreover, the rational design ensured by the use of the 
state-of-the-art computational methods [10,11] might constitute the 
base for a pre-screening of many different NBBs combinations to 
perform the fine tuning of the energy levels and of the interface ener
getics, together with a mechanistic insight into the ET and CT processes 
occurring within these HNJs. 

The interest in 0/1/2D carbon nanostructures (CNSs) has been 
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consistently high over the last two decades, due to their outstanding 
electronic, thermal, optical, chemical and mechanical properties. Their 
beneficial effects in optoelectronics, photovoltaics and sensing have 
been amply demonstrated [12–15]. However, their use in devices has 
been mainly limited to the realization of (semi)transparent electrodes as 
replacement of the brittle and relatively expensive indium tin-oxide 
(ITO) or for incorporation into ancillary layers. Incorporation of CNSs 
within photoactive layers has only been given marginal attention 
up-to-now, despite their expected advantages. Due to the extended 
(semi-2D) π-electron system, and thus greatly “stabilized” frontier en
ergy levels (highest occupied molecular orbital-HOMO, and lowest un
occupied molecular orbital, LUMO) some of these CNSs are indeed 
characterized by a better “chemical” robustness relative to “standard” 
conjugated small molecule organic semiconductors (SMOSs) and poly
mers, while retaining flexibility and light-weight. In addition, the 
development of CNS-based light absorbers and emitters in the last ten 
years, i.e. the graphene quantum dots (GQDs), is contributing signifi
cantly to the realization of CNS-based photoactive layers [16]. However, 
fostering key optoelectronic processes in ad hoc designed carbon-based 
structures, i.e. the production of an electric current following light ab
sorption and/or the opposite process (namely electroluminescence – EL 
-), by means of efficient transfer of energy and/or charges at binary 
interfaces between low dimensional materials is still the main challenge. 

This challenge can be targeted in some cases by implementing CNSs 
hybridization with specific light harvesting/emissive NBB units, such as 
in the donor-acceptor (D-A) dyads [17–20]. The different NBBs can be 
responsible for the following processes: 1) efficient light harvesting; 2) 
efficient charge separation; 3) efficient light emission. To have an effi
cient current generation, the 0D, 1D and 2D NBBs have to be conve
niently assembled with tight control over the kinetics, space and energy 
variables. A successful design strategy takes-into-account the use of light 
harvesting components able to generate long-living excitons which 
efficiently separate into holes and electrons and emissive components 
characterized by high PL quantum yields (PLQY) and PL lifetimes (ki
netics dimension). In addition, to obtain a highly efficient charge sepa
ration, the photogenerated charges have to be separated in space in 
order to avoid charge recombination (space dimension) and the ener
getics have to be controlled by the redox potentials or work functions of 
the NBBs (thermodynamics dimension), to assure the unidirectionality of 
charge flow and a high current output yield. Control over light emission 
processes can be instead carried out by tuning of valence/conduction 
bands and/or HOMO-LUMO positions so as to favor ET. By imple
menting well-designed hybrid structures, some of the major bottlenecks 
of heterojunctions to date might be tackled, focusing on achieving the 
key features like: 1) an efficient light absorption/emission; 2) an effi
cient CT/ET; 3) a low recombination of photogenerated charge carriers; 
4) an excellent environmental and photo-stability; 5) a nanoscale con
trol over interface geometries and properties. 

In this review, we will highlight the major contributions in the field 
of CNSs hybridization with optically active NBBs from both the organic 
and inorganic nanomaterials realm, targeting the utilization in opto
electronic devices such as light-emitting diodes (LEDs), solar cells, 
photodetectors and sensors, but also for other light-conversion processes 
such as photocatalysis/photoelectrochemistry. The aim is to stimulate 
further research in this field until now relatively poorly explored, by 
revealing the hidden potential for application in future low-cost, light- 
weight and portable technologies such as those nowadays extremely 
relevant for the internet of things (IoT) [21,22]. 

2. Carbon-based NBBs 

CNSs offer a unique advantage for a wide variety of energy/ 
optoelectronics-related technologies, since the confinement of charge 
carriers to nanoscale dimensions can lead to distinctive optical and 
electronic properties, especially near or below the Bohr radius (which 
defines the typical Coulomb electron–hole distance in a material) 

[23–26]. These quantum effects arise in materials confined in 2D (with 
the large family of graphene-based materials - GBMs), 1D (including 
single and multi-walled carbon nanotubes -SWCNTs/MWCNTs and 
graphene nanoribbons - GNRs) and in 0D (the GQDs). Different quantum 
confinement effects exist, but some of the most important for 
photo-responsive energy conversion materials are: 1) size-tunable 
electronic and optical band gaps; 2) possible ultra-high charge carrier 
mobilities, in some cases approaching the ballistic limit; 3) strongly 
different kinetics for excited-state processes relative to bulk; 4) 
symmetry-dependent optical selection rules. The different CNSs are here 
briefly recalled based on their specific dimensionality (Fig. 1), and their 
peculiarities underlined. 

0D CNSs. GQDs are environmentally friendly and lower-cost coun
terparts of inorganic semiconductor quantum dots, being free of toxic 
and/or precious metals. In materials science, most of the GQDs are 
produced by “cutting” graphene through top-down methods or hydro
thermal treatment of small aromatic hydrocarbons or other organic 
molecules, but it is not possible to precisely control the structures and 
properties of the resulting GQDs by such methods [27,28]. By changing 
the size, shape and edge structure, GQDs with desired energy gaps and 
absorption ranges can be obtained [29]. By combining several different 
GQDs with complementary absorption profiles, it is also possible to 
achieve broad optical absorption from the UV to the visible and near IR 
range. The key advantage of GQDs as chromophores for light energy 
harvesting is their extremely high thermal and photostability, thanks to 
the rigid carbon frameworks with strong aromatic stabilization and 
delocalization of π-electrons over the planar cores [30]. Furthermore, 
GQDs can also be coupled or even fused with other organic chromo
phores (such as SMOSs), inducing unique optoelectronic properties, 
such as broad absorbance and white light emission [31,32]. GQDs show 
great promise due to their high light absorption coefficient and lumi
nescence, chemical stability, low photo-bleaching, efficient dis
persibility in solvents for solution processing, low environmental impact 
and moderate costs of production [33]. While the majority of GQDs are 
fabricated via top-down methods, it is also possible to bottom-up syn
thesize GQDs with ad hoc properties (Fig. 2) [29]. Such materials can be 
functionalized with many different functional groups (Fig. 2) in order to 
tailor their optoelectronic properties, accommodate multiple charge 
carriers and graft them to surfaces or to other molecules/nanostructures. 
The design of electron-rich derivatives can be addressed through the 
addition of electron-donating groups on the periphery of the GQDs 
[34–36]. Several holes can be accommodated on the large aromatic core, 
and additional functional groups may guest more holes (e.g., through 
the addition of multiple pyrrole rings which can accept one hole each) 
[34]. The charges are delocalized over the extended aromatic cores, 
making the reactivity low, and, thus, their stability high compared to 
smaller molecules. An important aspect of such materials is that 
different structures can be synthesized in which the energy levels can be 
precisely tuned by changing the molecular size, shape and edge struc
tures, which allows the study of the CT mechanism. Moreover, the 
bottom-up synthesis allows for the heteroatom-doping of the GQDs with 
nitrogen, oxygen, sulfur, boron, and also other heteroatoms, which en
ables fine-tuning of the energy gaps and levels of the GQDs [37]. 

1D Materials. SWCNTs have unique optoelectronic properties and 
represent one of the most direct realizations of 1D electron systems 
available for fundamental studies today, attracting much theoretical and 
experimental interest. As research into purification of their different 
forms within a mixture towards obtaining chirality-enriched samples 
continuously improves, with commercially available purely semi
conducting species (such as 6,5 or 7,6) being present on the market for 
use in basic research, the studies on their incorporation into thin films 
technologies are made easier and can provide reproducible outcomes 
[38–41]. Also, with SWCNTs as with other CNSs, functionalization 
stands out as tool to modulate the optoelectronic properties (but also 
spins, as can happen with the brightening of trions in functionalized 
SWCNTs) in a wide spectral range [42–45]. Exohedral organic 
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functionalization is carried in engineered stable suspensions to ensure 
homogeneous distribution of functional groups on the CNS surface [46, 
47]. Coupling of SWCNTs with 0D materials such as SMOSs might pave 
the way to hybrid architectures able to optically modulate conduction or 
to feature improved light emission in the NIR as a result of ET. Given the 
large variety of functionalization strategies (at surfaces, at edges) [48] 
and of possible nanomaterial combinations, the field is undoubtedly still 
rather unexplored and deserves higher attention of both theoreticians 
and experimentalists. 

When graphene is cut along a specific direction, a strip with a 
nanometer sized width (<10 nm) is obtained, which is referred to as a 
GNR [49–51]. Compared to graphene, GNRs show distinctive features in 
their electronic structure and optical properties, such as the opening of a 
finite band gap, which makes them attractive materials for carbon-based 
nanoelectronics [52,53]. The geometrical arrangement of carbon atoms 
at the periphery, the passivation of the end carbon atoms with hetero
atoms (i.e. hydrogen, halogens), and the finite width of the GNRs 
strongly affect their electronic properties. Both theoretical and experi
mental studies have demonstrated that the electronic and magnetic 
properties of GNRs are critically dependent on their widths and edge 
topologies [54]. These confinement effects yield an increased band gap 
in armchair edge nanoribbons (ANRs) that behave as semiconductors. 
ANRs feature band gaps that scale inversely proportional to the ribbon 
width and are highly sensitive to the number of armchair chains across 
the ribbon [55]. GNRs delineated with zigzag edges (ZNRs) are typically 
metallic because of the spin-ordered states at the edges, with those states 
localized near the Fermi level; nanoribbons with a higher fraction of 
zigzag edges exhibit a smaller band gap than a predominantly armchair 
edge ribbon of similar width [56]. In addition, cove-edged GNRs with 
unique curved geometry are attractive because they can exhibit 
improved dispersibility in solution and provide an additional means to 
control the optoelectronic properties of GNRs [57]. Those peculiarities 
have raised the interest of scientists for the design, synthesis, and elec
trical characterization of GNRs. Finite widths combined with periphery 
effects also provide GNRs with peculiar opto-electronic and transport 
properties. 

2D Materials. GBMs have attracted a worldwide attention due to 
their unique structures, excellent physical and chemical properties [58] 
since Geim and Novoselov et al. first reported graphene in 2004 [59]. 
The structure of these materials is layered, stacked by van der Waals 
interlayer forces. The surface is without dangling bonds, leading to an 

easy assembly into a variety of ultrathin layered materials without 
considering lattice mismatch [60]. In the past 10 years, also other ver
satile 2D materials have been explored evolving from graphene with 
zero band gap to a non-zero band species [61]. GBMs have been proven 
to possess distinctive physical characteristics. For example, single layer 
graphene exhibits unique electronic and transport properties, such as 
linear dispersion of both valence and conductive bands at the high-level 
symmetry K point, which translates into extremely high charge carrier 
mobility, up to 50,000 cm2/V. In addition, it has a high surface area and 
is very flexible and transparent. Thus, coupling graphene with light 
harvesting molecules can be a way of improving both ET and CT pro
cesses at the interfaces [62]. Due to presence of either structural defects 
or doping, their peculiar electronic property can vary, which in turn can 
lead to a change in their energy level alignment resulting in a decrease of 
the energetic barrier for transfer processes, making them ideal candi
dates to obtain Type I or Type II HNJs in combination with the right 
chromophores. In addition, their unique electron-rich structure makes 
them good electron acceptors, and contribute to spatially separate the 
photogenerated charges from the chromophore. Their high specific 
surface area is extremely beneficial when the generation of multiple 
charges is considered. The coupling of 2D-0D materials might strongly 
increase the CT processes due to specific interactions and transfer states 
established at the hetero-interface which might also be responsible for 
the stability of the derived assembly. 

3. CNSs hybridization for use in optoelectronic devices 

The fine tuning of the frontier energy levels of the NBBs at the 
interface can lead to two distinct types of HNJs, namely Type I and Type 
II. The difference in these HNJs is translated in different transfer 
mechanisms of action. In fact, while for Type I HNJs ET prevails, fore
seeing use in EL application, in Type II the CT prevails, with potential 
application in devices in which light energy is converted into an elec
trical current (Fig. 3). 

HNJs formed by combining different CNSs with other NBBs offer a 
unique platform that can reap the benefits of the combined low 
dimensional material systems. Pairing these disparate systems can not 
only lead to new nano-assemblies that are highly absorptive/emissive 
with exceptional mobility, but also enable control over bandlike to 
charge-hopping transport. However, energy dynamics at HNJs associ
ated with Frenkel excitons in confined systems such as 0/1D and 

Fig. 1. Sketches of the structures of the different CNS examined in this Review. From top-left, clockwise: single walled carbon nanotubes (SWCNTs), graphene-based 
materials (GBMs), graphene nanoribbons (GNRs), graphene quantum dots (GQDs). 
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Fig. 2. Examples of molecular structures of bottom-up synthesized GQDs and of the different peripheral substituents that they can feature.  

Fig. 3. Energy landscape and transfer processes in Type I and Type II HNJs.  
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Wannier–Mott like excitons in 2D materials, remain a rather hitherto 
unexplored area of investigation [63]. Moreover, HNJs offer a unique 
platform to study unknown rich physics associated with ET/CT pro
cesses and could open a plethora of applications ranging from 
biochemical sensing, ambient lighting, and photovoltaics beyond 
commonly used devices, to pave the way to the future creation of many 
fit-for-purpose heterostructures [64]. 

CNSs can thus have great potential for integration in optoelectronic 
devices to convert light into an electrical current (solar cells, photode
tectors) [64,65] and to perform the opposite function, i.e. EL (light 
emitting diodes), as substitutes of SMOSs/conjugated polymers or in 
combination with these last ones to boost their properties and stability. 
For what concerns EL, while current visible-range organic light emitting 
diodes (OLED) technology is at a mature stage of development, with 
commercial uses in the display and lighting industry, OLEDs emitting 
further in the NIR (at wavelengths beyond 800 nm) would facilitate a 
range of new applications, in particular medical bioimaging and skin 
treatment as well as in optical data communication and night-vision 
devices [66]. CNSs can again be helpful in this regard and pave the 
way to the realization of efficient and stable NIR-OLEDs. The first 
demonstration of a NIR-OLED based on semiconducting mono-chiral (6, 
5) SWCNT was already reported [67]. The external quantum efficiency 
of these devices was maximized only up to 0.014%, thus leaving ample 
room for improvement, e.g. via the optimization of the EL layer. A recent 
literature perspective on SWCNT highlights the future promise of these 
systems [68]. One valuable possibility to improve NIR-PLQY of SWCNTs 
in the NIR consists in covalent chemical functionalization generating sp3 

defects acting as luminescent exciton traps, and this strategy has been 
very recently employed to produce large quantities of defect-tailored 
SWCNTs enabling aerosol-jet printing and spin-coating of thin films 
with bright emission almost free from re-absorption [69,70]. Moreover, 
recently it has been observed that also GNRs in a twisted, non-planar 
conformation can absorb/emit light in the NIR and possess a high 
intrinsic charge carrier mobility (up to 600 cm2/Vs), making them 
promising candidate for optoelectronics [71,72]. 

3.1. CNSs-based nanohybrids with organic NBBs 

Modifications of the organic network in CNSs can allow access to 
efficient coupling with other CNSs or SMOSs, thus producing new 
functional nanohybrid architectures with novel promising properties 
[73]. Hybrids of dyes and photochromic molecules with GBMs have 
been used to enhance or modulate photocurrents (also as a function of 
the irradiation wavelength) in several configurations, paving the way to 
the fabrication of light-responsive devices for application in optoelec
tronic or energy-related devices where efficiency can be addressed by 
controlling ET/CT processes happening at the HNJs [74–77]. However, 
the combinations of SMOSs with CNSs having fundamentally different 
dimensionalities remain very challenging and require a powerful com
bination of design and synthetic/functionalization skills to provide 
species with well-defined shapes and controlled properties. 

Covalent and non-covalent approaches can be used to generate nano- 
hybrids based on CNSs, relying on chemical strategies (commonly used 
techniques are amide/ester linkages and diazonium grafting) or 
π-stacking interactions with the CNS surface [78,79]. In addition, 
following tailored surface functionalization of a given NBB, approaches 
towards nano-hybrids formation can be further distinguished as 
grafting-to and grafting-from [4,80]. 

Covalent functionalization of CNSs with photoactive species affords 
stable derivatives and allows to tune not only optoelectronic properties, 
but also processability [81,82]. D’Este et al. reported a 
co-functionalization approach to graft both a fluorescent dye and a 
solubilizing moiety (polyethylene glycol, PEG) through formation of 
amide bonds on partly oxidized SWCNTs [83]. The choice of different 
dyes led to a range of photophysical behaviors, from a strong photo
luminescence (PL) quenching in the case of fluorene to an almost 

preserved PL for anthracene [84]. At the same time, PEG chains pro
vided excellent solubility and hampered aggregation of the tubes, thus 
allowing a detailed investigation of exciton recombination dynamics. 

Some of us reported in 2017 on the synthesis of a covalent nano- 
hybrid between reduced graphene oxide (RGO) and a prototypical 
organic donor-acceptor dye (Fig. 4a), used as photosensitizer for high 
band gap semiconductors such as anatase TiO2 in dye sensitized solar 
cells (DSSCs) [85]. This hybrid was demonstrated to ensure a good 
photovoltaic response to DSSCs that featured it as photosensitizer, but, 
more remarkably, it allowed an improvement in device stability, due to 
the tighter binding of the nano-hybrid photosensitizer to the titania 
surface compared to the reference free dye. In addition, electron para
magnetic resonance studies proved that the presence of the covalently 
bound RGO slows down charge recombination at the dye-titania inter
face, thus limiting one of the most detrimental process for the device 
performance [86]. 

A further step ahead into the engineering of nanocarbon-SMOS nano- 
hybrid structures, regards the development of a cross-linking synthetic 
strategy involving two components, namely bithiophenediketopyrrolo
pyrrole (TDPP) oligomers and few layers graphene flakes (obtained from 
the liquid exfoliation of a graphite via shear-mixing) [87] to produce a 
cross-linked composite (c-EXG-TDPP, Fig. 4b). The cross-linking 
approach provides a blue colored hybrid material with impressively 
high solubility in common organic solvents and excellent film-forming 
ability (Fig. 4c), with sharp difference from the case of the 
not-cross-linked species (which behaves more like pristine graphene, 
thus with a general tendency to form aggregate structures when 
deposited from liquid dispersions onto common transparent substrates 
like glass or ITO). PL quenching is not homogeneous within the film, but 
it results more pronounced in the areas of the thin film where graphene 
flakes are allocated (Fig. 4d). Preliminary data obtained from ultrafast 
pump-probe spectroscopy indicate that the observed PL quenching of 
the TDPP moieties is due to a photo-induced CT process between the dye 
and graphene occurring on the sub 50 ps timescale [88]. This process 
appears to be much more efficient and faster in the cross-linked nano-
hybrid compared to the reference not-cross-linked one. 

As a drawback of covalent approaches, it must be noted that they 
induce the formation of sp3 defects on the CNS structure, which might 
affect electronic and transport properties. For this reason, controlled 
synthetic protocols, such as flow chemistry [90], are highly desirable to 
limit the density of functionalization with a trade-off between beneficial 
properties of the grafted molecules and unwanted degradation of the 
CNS [91]. 

SWCNTs peculiar structure allows to encapsulate molecules inside 
their cavity, to obtain endohedral derivatives often called nanotube 
peapods. Indeed, the first species encapsulated in SWCNTs were fuller
enes [60], affording hybrids with a shape resembling a pod full of peas 
[92]. Endohedral functionalization, being based on non-covalent in
teractions, does not introduce defects in the nanostructure and preserves 
its sp2 carbon lattice, responsible for the unique electronic and optical 
properties. On the other hand, the encapsulated molecules are arranged 
in a confined space, aligned along the axis of the nanotube and sur
rounded by the sp2 carbon structure, granting stable π-π interactions in 
the case of conjugated molecules. In fact, while π-π interactions with the 
outer walls of SWCNTs can be exploited to obtain exohedral photoactive 
derivatives [93–95], the stability of such complexes is much lower and 
strongly affected by the surrounding environment (e.g. solvent and 
concentration of the solution) compared to endohedral hybrids. These 
premises make the preparation of peapods with photoactive molecules 
an appealing approach to study their PL properties. Moreover, light 
emitting nanotube peapods disclose opportunities to couple the elec
tronic properties of the nanostructure with the optical properties of the 
molecules, in view of applications such as sensing, photonics and 
quantum communication. 

Strategies for the encapsulation rely on the diffusion of the molecules 
either in the gas phase or in solution. Vapor phase encapsulation is 
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achieved, when possible, by heating molecules under vacuum. Alter
natively, to avoid thermal degradation, SWCNTs can be dispersed in a 
solution of the molecules to be encapsulated and kept under reflux [96]. 
It has been pointed out that viscosity and surface tension can hamper 
diffusivity of molecules and for this reason the use of supercritical car
bon dioxide has been proposed instead of conventional solvents [97]. 
Also in this case, operating temperature (typically around 50 ◦C) is mild 
enough to avoid degradation of labile molecules or functional groups, 
thus widening the range of candidate structures for the encapsulation. 
Efficient endohedral functionalization obviously requires open access to 
the inner cavity of SWCNTs, therefore preliminary purification and 
annealing processes, opening ends and removing impurities and car
boxylic or other functional groups, are crucial. 

The structure of photoactive organic molecules is often characterized 
by aromatic rings and extended π-conjugated systems that may establish 

hydrophobic and π-π stacking interactions with the outer walls of CNSs. 
For this reason, thorough washing procedures of peapods, until no traces 
are found in the solvent, are required to make sure that the only mole
cules left in the sample are those inside SWCNT cavities. A purification 
approach to remove non-encapsulated molecules based on controlled 
sublimation (dynamic vacuum washing) was also proposed [98]. 

In 2010, Loi et al. reported the encapsulation of conjugated oligo
mers inside SWCNTs to obtain peapods emitting visible light, hence 
interesting photon sources to study future materials for optoelectronic 
devices [99]. The endohedral functionalization of SWCNTs with α-sex
ithiophene (6T) was achieved through sublimation (Fig. 5a) and 
demonstrated by means of HRTEM and optical spectroscopy. 

Interestingly, HRTEM images of 6T@SWCNT peapods show that 6T 
molecules inside the tubes tend to align in two parallel chains 0.4–0.8 
nm apart, depending on the tube diameter, with a molecule-tube 

Fig. 4. Examples of photo-active CNSs- 
SMOSs covalent hybrids. a) Synthetic route 
towards an RGO-organic dye hybrid used as 
photosensitizer in a DSSC. Reproduced from 
Ref. [85] with permission of Elsevier. b) 
Synthesis of a cross-linked graphene-organic 
dye blue hybrid with outstanding 
film-forming ability c). Map of the PL life
times within the blue film showing areas 
where PL quenching is more pronounced 
being coincident with the local presence of 
graphene flakes. Adapted from Ref. [89] 
with permission of Elsevier. (For interpreta
tion of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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distance in the range of 0.32–0.35 nm. DFT calculations support stability 
of such an arrangement for the range of diameters of the SWCNT 
employed (1.2–1.5 nm). 

Encapsulation of 6T affects Raman features of molecules (such as a 
shift for some bands and a new one appearing) and tubes (a shift of 5 
cm− 1 for the radial breathing mode bands), while interactions between 
pea and pods leads to a red shift in the absorption features of 6T. Similar 
results were obtained with shorter oligomers α-quaterthiophene and 
α-quinquethiophene [98]. Steady state and time-resolved PL measure
ments (Fig. 5c and d) show that 6T retain an efficient emission in the 
visible spectral range upon encapsulation, with a limited quenching that 
induces a faster decay of PL (lifetime, t = 563 ps) compared to the free 
molecule in solution (t = 813 ps). As it has been highlighted by Kataura 
and Yanagi [100], the hybrid emits light from an excited state of the dye 
molecule, instead of going through a decay to the lowest excited state 
(S11) localized on the SWCNT, thus violating Kasha’s rule (Fig. 5b). Such 
a behavior, probably due to a mild interaction between 6T and SWCNT, 
allows the emission at shorter wavelengths (550 nm) than a SWCNT 
would usually do, disclosing interesting perspectives for optoelectronic 
devices. In consideration of the interest for electroluminescent mate
rials, further investigations based on PL experiments and DFT calcula
tions provided evidence of stronger interactions between peas and pods 
in the excited state and in particular suggested that applying a voltage to 
the SWCNT would enhance light emission of the molecule [101]. 

Moving from these first reports, a number of investigations on pho
toluminescent nanotube peapods filled with sexithiophene [102–105], 
and other thienyl oligomers [106–113] have appeared in the literature. 
Thanks to those works, together with others based on different classes of 
conjugated organic chromophores encapsulated in SWCNTs [114–120], 
a quite clear picture can be drawn of general properties of photoactive 
endohedral hybrids, and how they can be modulated by choosing the 
dye structure or the nanotube size. Different works, through Raman and 
TEM investigations, confirm that the arrangement of the molecules in
side the tubes depends on the SWCNT diameter and encapsulation 
conditions [103,106,107], and how this in turn affects optoelectronic 
processes like charge and energy transfer [108,111,116]. In particular, 
energy levels of frontier orbitals, hence electronic transitions and related 
photophysical behavior, are strongly affected by the size of the nanotube 

cavity, as confirmed by DFT calculations [113]. In view of applications 
such as biomolecular imaging, materials with a large Stokes shift are 
appealing for the related enhancement of PL quantum yield. As shown 
by Iijima and coworkers in the case of perylene, encapsulation in a 
SWCNT allows to obtain dimers with a controlled arrangement leading 
to a large Stokes shift and increased emission lifetimes, avoiding unde
sired spectral broadenings [115]. The selection of semiconductive 
SWCNTs encapsulating photoactive molecules like squaraine de
rivatives, can strongly enhance the possibility to tune PL and electronic 
properties of the hybrids, as reported by Blackburn and coworkers 
[119]. Characteristic but weak IR absorption of SWCNTs is also influ
enced by the interactions with thienyl oligomers, which may have 
relevant consequences in the emission behavior of hybrids, as high
lighted by Bantignies and coworkers [109]. They in particular found 
fundamental differences in the effects of non-covalent interactions both 
outside and inside the tubes. 

Tuning of PL properties can be further pushed through chemical 
modification of the dyes after their encapsulation, as demonstrated with 
the thermal fusion of pyrenes, by Fujimori and Urita [114], and of 
perylenes to obtain quaterrylenes, by Nakamura and coworkers [116]. 
The extension of encapsulated π-conjugated systems can be further 
increased up to polymer chains through similar thermal fusion ap
proaches, as reported by Shinohara and coworkers and obtained not 
only for polythiophene [112], but also for coronene polymers inside 
SWCNTs [118]. 

As for the encapsulation strategy, besides vapor phase diffusion, 
some researchers focused on alternative approaches with encouraging 
results, such as the above-mentioned use of supercritical CO2 that pre
vents the risk of thermal polymerization, as shown by Cadena at al 
[102]. From this point of view, an original approach was proposed by 
Fagan and coworkers, who efficiently encapsulated several different 
species from liquid phase, starting from neat dye samples [117]. They 
afforded some strongly luminescent hybrids and, once again, observed 
how the combination of molecule and tube size affects the properties of 
the peapods. 

From a computational point of view, the creation of interfaces with 
different dimensionalities poses a series of challenges which can be 
overcome by the use of a multiscale computational approach, in which 

Fig. 5. a) Endohedral functionalization of SWCNTs with sexithiophene to obtain 6T@SWCNT peapods; b) emission occurs from the encapsulated 6T dye, without 
energy transfer to the lower S22 and S11 levels of the SWCNT, reproduced from Ref. [100] with the permission of Macmillan Publishers Limited. c) Photo
luminescence spectra of 6T and 6T@SWNT and d) PL decays of 6T@SWNT and 6T at 515 nm, reproduced from Ref. [99] with the permission of Wiley. 
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different length and time scales are considered for the description of 
different mechanisms. In particular, molecular dynamics (MD) simula
tions are commonly used to study the stability of the interfaces at the nm 
length scale, while only a small portion of the full systems is then 
considered for the CT mechanism, considered at the quantum me
chanics/molecular mechanic (QM/MM) level of theory, in which only 
the pairs of molecules involved in the CT are considered at a high level of 
computation while the environment is considered as point charges (in 
the first approximation). A common strategy is thus to create a big slab 
of the interface (i.e. graphene with physisorbed or chemisorbed small 
molecules, for a 0D-2D interface), equilibrate it at the MD level and then 
cut out a small portion of it to compute the CT/ET mechanisms. The first 
approach towards this end is to study the shift in the work function (WF) 
of the conducting material (like graphene) upon the formation of the 
interface. This gives an accurate estimation of the change in hole/elec
tron injection barriers and thus, the ease of transferring charges from 
one side to the other of the interface. From a computational point of 
view, two main contributions are responsible of the total shift in the WF: 
the first arises from the dipole moment of the molecular backbone of the 
molecule (ΔΦSAM) and the second from the interfacial electronic reor
ganization upon physisorption (or chemisorption) of the molecules on 
the metal surface, namely the charge transfer contribution (ΔΦCT, or 
bond dipole BD when chemisorption is present). Only when a permanent 
dipole moment is present in the self-assembled monolayer (SAM) the 
shift in the WF is observed. 

An interesting system which comprehends both light absorption and 
CT ability is the interface consisting of pyrene-nitrilotriacetic acid-Ni2+- 
imidazole molecule (pyr-NTA-M-IM) physisorbed on a graphene 
monolayer, in which a fine tuning of the CT abilities (magnitude and 
direction) can be obtained by changing the coordinated metal atom 
(Fig. 6) [121,122]. 

The calculated WF shift for the whole interface is equal to 1.34 eV, 
0.44 eV and 1.16 eV for SLG/pyrNTA-Co-IM, SLG/pyrNTA-Ni-IM and 
SLG/pyrNTA-Cu-IM interfaces, respectively. To gain a deeper insight 
into the different contribution governing the WF shift, two different 
effects can be distinguished. First, the ΔΦSAM contribution for the Ni 
containing interface is much stronger compared to the assemblies with 
Co2+ or Cu2+ cations, despite the smaller computed dipole moment. 
Second, while for Co2+ and Cu2+ the ΔΦSAM and the ΔΦCT contribution 
act to enhance the total WF shift, the presence of Ni2+ inverts this trend, 
leading to the smaller total calculated WF shift. As a result, different 
directionalities of the charge flow were observed arising from the 
different nature of the metal center (radical species or closed shell sys
tem) which, in turn, determines the energy level alignment at the 
interfaces. 

A similar multiscale procedure has been applied to more complex 
interfaces considering a photoswitchable molecule adsorbed on gra
phene in which the functionality is increased, since an ‘on/off’ effect is 
present [74,75]. The molecule in question is an azobenzene derivative in 
which a long alkyl tail is added to enhance the interaction with graphene 
and the head modified with fluorine groups (Fig. 7). 

From MD simulations, the authors predicted the formation of an 
amorphous monolayer of azobenzene derivatives physisorbed on a 
graphene sheet and extracted a statistical distribution of the dipole 
moment along the normal to the graphene sheet (which in turn affect the 
WF ability of the interface). To enhance the statistical significance of the 
computed WF, different representative molecules from the MD ensemble 
were considered in the QM/MM calculations. For the trans isomer, the 
accumulation of partial charge does not depend on its dipole moment, 
with a (small) partial positive charge present on the adsorbed molecule, 
indicating that graphene is slightly n-doped. The same conclusion holds 
true for the cis isomer. For both isomers of (fluorinated) azobenzenes, 
the CT contribution is negative and constantly independent of the mo
lecular conformation and positioning on the graphene layer. 

The second type of interfaces which are of interest consider the 
transfer of energy from one NBB component to the other (type I HNJs). 
By using low-dimensional materials, the interaction between electrons 
and holes becomes substantial and excitonic effects arising from the 
electrostatic interactions between photoinduced electrons and holes 
lead to interesting photoexcitation processes which are not seen in bulk 
materials [123]. One of the most interesting is the formation of exciton 
bound electron-hole pairs, which determine the yields of charge carriers 
and the mechanism of energy transport. Uncovering the impacts of 
excitonic effects on CNSs-based nanohybrids will not only give insights 
into photo-activated mechanisms but also pave new avenues for pur
suing optimized solar energy utilization [124]. To describe this process 
from computation, two main approaches are considered in literature: 
multiscale approach via QM/MM methods and non-adiabatic molecular 
dynamics (NAMD) simulations. While the first can be applied to large 
interfaces and with different degree of accuracy depending on the 
description of the environment, the second allows for the depiction of 
the time evolution of the ET mechanism, but its computational cost 
limits its usage to relatively small systems. 

With the QM/MM approach it is possible to investigate the origin of 
disorder in organic semiconducting materials forming 0D-0D interfaces, 
since the density of states (DOS) are directly accessible from the calcu
lations. Furthermore, insight into the formation of the energy landscapes 
of the transport states are not easily accessible from experiments, but are 
essential for a rational design of efficient organic solar cells and organic 
light-emitting diodes [125]. The influence of interfacial disorder on ET 

Fig. 6. Left Chemical structure of the graphene/SAM interface studied. M2+ = Ni2+, Co2+ and Cu2+. Right WF shift and contributions to it for three different in
terfaces. Adapted from Ref. [121] under the terms of the Creative Commons Attribution-NonCommercial 3.0 Unported Licence. 

S. Osella et al.                                                                                                                                                                                                                                   



Optical Materials: X 12 (2021) 100100

9

and CT mechanisms in the proximity of organic-organic interfaces has 
not yet been investigated in detail from computation, although fast 
exciton and charge transport in the interfacial region are essential to 
obtain efficient exciton-to-free-charge conversion. Few studies present 
in the literature consider QM/MM calculations on disordered C60 and 
p-type semiconductors small molecules interfaces obtained from MD 
simulations (Fig. 8) with different polarity to calculate the DOS and 
excitation energies [126–128]. 

Fast exciton transport is necessary to enable the exciton to reach the 
interface within its radiative lifetime whereas high carrier mobilities 
ensure rapid charge separation after the photoinduced CT step [129]. In 
this view, the authors of this study found that exciton and charge 
transport at the studied interfaces are disorder-limited [128]. The 
reduced packing density strongly affects the van der Waals interactions, 
which dominate the DOS distribution, but are state independent. In 
contrast, long-range polarization and electrostatic interactions are less 
affected by the packing density, but they differ for different states. In 
addition, electrostatic interactions cause an energetic spread of excita
tion energies as soon as molecules undergo a change in polarity upon 
electronic excitation, and the delocalization over dimers profoundly 
influences the DOS of excitonic states (Fig. 8). As a result, a given 
morphology might result in largely disordered polaronic and consider
ably less disordered excitonic states and vice versa. 

A different donor-acceptor 0D-1D HNJ has been considered in a joint 
experimental-computational study by Harvey and coworkers, in which a 
GNR interacts with different pyrene-linked dyes through strong π− π 
interactions, with pyrene used as probes to assess the photophysical 
changes observed upon the interface formation [130]. The authors 
identified three distinct cases: (1) non-harvesting CT, (2) harvesting and 
emissive CT, and (3) harvesting but non-emissive CT complexes (Fig. 9). 
The excitons of the GNR polymer are rapidly and fully channeled to the 
CT complex in less than 1 ps by an ET process. 

By combining DFT optimization in the ground state and TD-DFT 
single point in the excite state, together with different experimental 
characterization, the authors observed that the photoinduced processes 
occur during the first 100 fs after generation of an exciton and this first 
step consists of an ET from the surroundings to a CT assembly that 
subsequently lead to charge generation. Interestingly, almost all exci
tons are harvested within a picosecond. Afterward, the photophysical 
behavior of this 0D-1D interface follows the prediction of the three-state 
theory, which includes a coupling between a local exciton (here the 0D 
material) and its CT state. The three extreme cases observed show that 
(1) a minimal driving force is required to form a full intermolecular CT 
state (GNR+− dye− ); (2) low driving forces lead to a strong coupling 
between a local exciton and a CT state, and (3) a strong spectral overlap 
is a critical parameter for predicting the harvesting efficiency of a CT 
assembly, due to the “hidden” nature of the absorption bands within 
those of the donors and acceptors. 

In a very recent work, a 0D-2D interface consisting of a perylene 
derivative (PTCDI) physisorbed on a free-standing graphene monolayer 
has been studied by DFT to assess the changes in electronic and optical 
properties of the HNJ [131]. The most interesting findings of this study 
is that the electrons follow the rules of the ordinary 2D materials for the 
charge conduction process, since the effective masses for both holes and 
electrons are only marginally changed due to the PTCDI adsorption, 
while the holes obey those of the 2D Dirac materials. From the CT 

Fig. 7. Structures of the two different azobenzene molecules studied, 4-(decyloxy)azobenzene (left) and fluorinated 4-(decyloxy)azobenzene (right) in their trans 
conformation. Hydrogen atoms are not shown for clarity. Reproduced from Ref. [75] with permission of the American Chemical Society. 

Fig. 8. Representation (top) of the computational approach considered in the 
study reported in Ref. [128]. Excitation energies (left, blue bars) and ionization 
potentials (pink bars) calculated for 20 randomly selected dimers of MD353 
(upper panel) and DIP (lower panel) (bottom). Reproduced from Ref. [128] 
with permission of Wiley-VCH. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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process, PTCDI gain electrons from the graphene, which demonstrate 
p-type doping attributes. The additional investigation of optical prop
erties reveals that the optical response of the interface is anisotropic in 
nature. 

The second important method to analyze ET/CT from computation is 
non-adiabatic molecular dynamics (NAMD) simulations, in which the 
evolution in time of the electron density is studied. Due to the high 
computational costs of this method, only small systems are commonly 
considered, and interfaces are limited to models of few hundred atoms. 
Yet, thanks to the development of high computing clusters in recent 
years, NAMD starts to become a powerful tool to assess both ET and CT 
of HNJs. One approach to overcome these difficulties is to design an 
appropriate simplified method. Density-functional tight binding (DFTB) 
has become a popular form of approximate density-functional theory 
based on a minimal valence basis set and neglect of all but two center 
integrals. DFTB is designed to behave like DFT, but with better scal
ability with respect to the number of atoms in the system (thanks to 
approximation methods from semi-empirical methods). In this view, it 
can be seen as an ‘approximate DFT’ since it is parameterized to fit DFT 
(rather than parameterized using experimental data). 

Darghouth et al. [132] reported very recently the study of a penta
cene/C60 0D-0D interface in which a long-range corrected (Rlc) 
time-dependent (TD) DFTB [133] has been used to carry out fewest 
switches surface hopping calculations [134]. As a result, the study found 
that the Rlc parameter is essential to obtain a proper description of both 
ET and CT mechanisms; small values of Rlc yields the condensed-phase 
CT time of about 100 fs, while ET and CT times strongly increase with 
larger Rlc values. This is backed up with the CT process P*/F → P+/F−

which shows that the initial transfer of electrons is accompanied by a 
partial delocalization of the hole over both fragments, which then 
re-localizes back onto P, consistent with a polaron-like picture in which 
the nuclei relax to stabilize the redistribution of charges. 

In a different study, time-domain DFTB has been combined with 
NAMD to investigate both the ET and electrons-holes (e− h) recombi
nation at a SWCNT/perylenediimide (SWCNT/PDI) 0D-1D interface 
[135]. The authors focus here on the role that defects on SWCNT play in 
the photoinduced excited-state dynamics. To achieve high efficiencies, 
ET should be fast, while subsequent charge recombination should be 
slow. Typically, defects are detrimental to material performance 

because they accelerate charge and energy losses. Yet, the authors 
demonstrated that defects in SWCNT improve the performance of both 
ET and CT processes. As a consequence, the defects lower the D-A energy 
gap for the photoinduced ET, the coupling becomes stronger and the ET 
rate increases as compared to the pristine system. These findings show 
the power of state-of-the-art NAMD computations, and to a wider 
extend, it can be foreseen that this phenomenon might apply also to 
other low-dimensional interfaces, since they can dissipate the strain 
induced by the defect better than bulk materials. 

3.2. CNSs-based nanohybrids with inorganic NBBs 

The integration methods for CNSs and inorganic NBBs into novel 
nanohybrids are divided into two categories according to the procedures 
of the synthesis namely in-situ and ex-situ strategies [136]. In the in-situ 
strategy, CNSs-inorganic NBBs nanoarchitectures are formed during the 
synthesis of the inorganic NBBs (or the CNSs) by adding the other NBB. A 
variety of synthesis methods have been applied to uniformly create 
inorganic NBBs on the surface of CNSs. More specifically, methodologies 
such as sol-gel processes [137–139], evaporation techniques [140,141], 
wet chemical processes [142,143], hydrothermal and aerosol techniques 
[144,145], chemical vapor deposition [146,147] and electrochemical 
deposition [148] have endowed the resulting hybrids with distinct 
morphologies, structures, sizes and properties. A variety of inorganic 
NBBs including metals [149], metal oxides [138,144,145], metal chal
cogenides and perovskites [150,151] have been coupled this way to 
CNSs. On the basis of the in-situ strategy, the CNSs are suitable substrates 
for inorganic NBBs in most cases and no surface functionalization steps, 
which might influence other properties, are required to connect CNSs 
and the NBBs. As reported for some CNSs-inorganic NBBs systems, the 
CNSs can be employed as substrates not only to facilitate the growth of 
inorganic NBBs along specific directions, but also to dissipate the heat 
during the crystallization of the NBBs in order to control the morphology 
and structure or to shrink and homogenize the size of the NBBs [137]. 

The hybridization of two different NBBs after they have been syn
thesized is called ex-situ strategy [136]. This strategy relies on either 
covalent, non-covalent or electrostatic interactions between the CNSs 
and inorganic NBBs. Covalent approaches usually rely on the modifi
cation (or native presence) of oxygen containing groups on the surface of 

Fig. 9. CT processes in GNR-pyrene nanohybrids. Reproduced from Ref. [130] with permission of the American Chemical Society.  
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CNSs or employ aryl diazonium-based direct arylation methods that 
target the CNS double bonds in order to construct covalent bonds with 
the organic ligands that protrude from the NBBs [4,152]. Fig. 10 shows 
an example in which SWCNTs were oxidized to yield terminal carbox
ylate groups, that also improves the solubility in N, 
N-dimethylformamide (DMF), and then reacted with 
cysteamine-protected CdS quantum dots (QDs), to generate covalent 
nanohybrids [153]. Thanks to this strong covalent bond, the SWCNTs 
can act as an electron acceptor to minimize the charge recombination in 
the CdS QDs when employed as photooxidation catalysts. 

Non-covalent strategies make use of van der Waals or π–π in
teractions to efficiently connect CNSs with inorganic NBBs. In most 
cases, it is necessary to add ligands which tend to establish such in
teractions between the two NBBs. Ligands with the role of tuning the 
hydrophobicity/hydrophilicity properties in inorganic NBBs have been 
employed as linkers in the nanohybrids with CNSs. For instance, Brown 
et al. fabricated CdSe QDs capped with hydrophobic trioctylphosphine 
oxide (TOPO) and these ligands were capable of connecting the QDs 
with hydrophobic C60 in mixed solutions of toluene and acetonitrile 
[154]. The hydrophobic alkyl chains of tetraoctylammonium bromide 
(TOAB) interact with SWCNTs, creating hybrid HNJs with CdS QDs 
[155]. There are also reports about other ligands on the inorganic NBBs 
able to form non-covalent interactions with CNSs. For instance, Kim 
et al. reported graphene-PbS QDs layered HNJs with oleic acid as ligands 
in between [156]. The attachment of other CNSs like RGO to 
TOPO-capped CdSe QDs have also been described [157]. Besides, 
polymers can also behave as intermediates to connect CNSs and inor
ganic NBBs. Polypyrrole can cover silica beads to form a composite 
which is attractive for GQDs [158]. 2D transition metal dichalcogenides 
(TMDs) are coupled to CNSs to create van der Waals heterostructures. 
For example, graphene-MoS2 [159], graphene-ReS2 [160], graphe
ne-WS2 [161], graphene-MoTe2 [162] heterostructures were fabricated 
via the stacking method. A GQDs-MoS2 heterostructure was prepared by 
drop casting [163]. 

Efforts have also been devoted at modifying the surface of inorganic 
nanoparticles with ligands which contain aromatic rings and could 
provide π–π interactions with CNSs. For example, after tuning the sur
face ligands composition in plasmonic Au nanoparticles (AuNPs) with an 
alkylthiol-pyrene derivative, SWCNTs [95] and RGO [164] can be 
well-connected with AuNPs through π–π stacking, as displayed in 
Fig. 11a for the case of the nanotubes. The tight grafting and close 
proximity of the plasmonic AuNPs enable an ET process from the pyrene 
molecules to SWCNT (Fig. 11b), which does not take place when the 
AuNPs are not present, since no superposition between the pyrene PL 
and SWCNT absorption profile exists (resonance ET is not permitted and 
takes place thanks to the plasmonic effect of the particles). 

NBBs with opposite charges on the surface are prone to attract each 
other and form electrostatic interactions. The binding of RGO to AuNPs 
can also be achieved through this mechanism [165]. CNSs can also be 
decorated with charged ligands that attract inorganic NBBs by 

electrostatic interactions. For instance, CdTe QDs stabilized with nega
tively charged thioglycolic acid associate with CNTs bearing cationic 
pyrene derivatives on the surface, to assemble into photo-active 
CNTs-CdTe nanohybrids [166]. 

In comparison with the in-situ strategy, the most apparent advantage 
of the ex-situ one is that the structure, size and morphology of both CNSs 
and inorganic NBBs are easier to control [136]. However for the ex-situ 
strategy, the functionalization of the NBBs is mandatory, otherwise the 
two different NBBs cannot attach each other due to the absence of active 
interacting points. The process of functionalization can bring the risk of 
destroying other properties of the involved nanomaterials. 

Different CNSs-inorganic NBBs nanohybrids have been reported as 
promising materials in several optoelectronic applications such as solar 
cells, photodetectors, photoelectrochemistry and optical sensing. In the 
case of solar cells, nanohybrids with CNSs and inorganic NBBs were 
applied due to their interesting ability of hindering the electron-hole 
pair recombination. Within the nanohybrids, the inorganic NBBs are 
in charge of light absorption and charge separation, while the CNSs are 
generally used as efficient electron acceptors. The most notable nano
hybrids in this field are CNSs-CdS QDs. The uniform distribution of QDs 
on the surface of SWCNTs enables a maximization of light absorption 
and charge collection. SWCNT-CdS hybrids showed an incident photon 
to current efficiency (IPCE) of 0.45%, which is anyway far away from 
industrial application [153]. An IPCE of up to 16% was reached through 
modification on the thickness and morphology of the light harvesting 
layers [167]. The investigation on other Cd chalcogenides-based hybrid 
systems has been carried out and IPCE values for, respectively, 
non-thiolated CNTs-CdSe, thiolated CNTs-CdSe, thiolated RGO-CdSe, 
fullerene-CdSe, stacked carbon nanocups-CdSe and CNTs-CdTe nano
hybrids of 1.85% [157], 1.88% [157], 2.02% [157], 4.5% [155], 5% 
[155], and 2.3% [166] were recorded. Kim et al. reported a unique 
heterostructure based on graphene coupled to PbS QDs for extraction 
and transport of photogenerated charges with an IPCE of 6.36% [156]. 
Other than for the synergetic effect in improving the CT, the nano
hybrids have been the focus of interest for their stability compared to the 
simple nanoparticles in photovoltaic devices [157]. 

The excellent PL properties of some inorganic NBBs in combination 
with the charge transport properties of CNSs can be used to build light- 
driven chemical sensors. As reported by Zor et al., by adding organic 
toxic compound tributyltin or other pesticides in a silica beads- 
poypyrrole-GQDs system, a quantitative relationship between the PL 
intensity of the nanohybrids and the amount of analytes can be recorded 
[158]. Due to the synergetic effect of the different parts within the 
nanohybrids, the sensing mechanism could be explained: silica beads 
with polypyrrole coverage separate and preconcentrate the analytes, 
while GQDs transduce illumination into optical signal which is depen
dent on the analyte binding. A SWCNTs-CdS QDs nanosystem was also 
reported as a chemical sensor for detecting oleylamine [168]. Differ
ently from the silica beads-GQDs system, inorganic CdS nanoparticles 
act as charge separator under illumination and n-type conducting 

Fig. 10. Covalent hybridization of oxidized SWCNTs with CdS QDs to favor a photo-activated oxidation process of organic molecules. Reproduced from Ref. [153] 
with permission of Wiley-VCH. 
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properties are enhanced when the amount of oleylamine is increased. 
The reversible signal is detected from the photocurrent through a pho
toelectrochemical method (Fig. 12). 

The optical and electrical properties of the CNSs-inorganic NBBs 
HNJs open up also new opportunities for the fabrication of photode
tectors. RGO-CdSe QDs nanohybrids were used as photodetector species 
and were found to have different response times in different atmosphere, 
namely NO2 > air > N2 > NH3 [169]. These results can be interpreted 
considering that the energy levels of CdSe QDs are bent at the RGO/QDs 
interface due to gas adsorption. One of the classic combinations is that of 
CNSs with 2D TMDs. For example, a GQD-MoS2 nanohybrid showed 
broad-spectra light detection ranging from UV to NIR [163]. The band 
gap of the GQDs allows response in the UV and visible, while the 
response in the visible/NIR light is due to MoS2. Moreover, the differ
ence in the Fermi levels between the GQDs and MoS2 facilitates a charge 
separation process under visible illumination, which enhances response 
for visible light. A graphene/WS2 photodetector displayed a responsivity 
of 950 A W− 1 and a rise time of 7.85 s [161]. A graphene-MoTe2 
photodetector showed a responsivity of 970.82 A W− 1 at 1064 nm and a 
response rate of 78 ms [162]. A graphene-ReS2 photodetector showed a 
photoresponsivity of 7 × 105 A W− 1, a detectivity of 1.9 × 1013 Jones 
and a fast response time of less than 30 ms [160]. A glassy graphe
ne-MoS2 photodetector exhibited a responsivity of 12.3 mA W− 1 under 
the illumination of 532 nm [159]. 

Metal halide perovskites are also incorporated in nanohybrids to 
yield effective photodetection. A nanocrystalline graphite-MAPbI3 
nanohybrid was employed as photodetector for visible light detection 
[151]. Higher photocurrent and shorter delay time than the neat MAPbI3 
were obtained with the nanohybrid, proving an improvement in opto
electronic properties. A graphene-MAPbI3 hybrid sample was studied as 
photodetector with a broad spectral photoresponsivity between 800 and 
400 nm due to an increase in the optical absorption and the occurrence 
of a photogating mechanisms in the hybrid system compared to the bare 
perovskite [170]. In a newest report, a graphene-MAPbI3 hetero
structure was employed as flexible image sensor [150]. In such hybrid 
system, electrons from graphene are transferred to the empty valence 
band produced through photon absorption in the MAPbI3 perovskite, 
thus resulting in a reduction in recombination of photoexcited 
electron-hole pairs in MAPbI3 to obtain a high photoresponsivity, (~107 

A/W), low operating voltage (0.1 V), and low response time (less than 
50 ms). 

In the field of photoelectrochemistry, CNSs-based nanohybrids can 
play the role of electrode materials for efficient CT: in a photo
electrochemical cell, it is indeed very likely that the presence of CNSs 
induces an efficient CT pathway [171]. Photocatalysis shares a similar 
mechanism. The presence of photogenerated species in inorganic sem
iconducting NBBs can drive photocatalytic reactions, while the CNSs can 
generally accelerate the CT and minimize the charge recombination 

Fig. 11. a) Non-covalent nanohybrids between pyrene-functionalized AuNPs and SWCNTs in which photo-induced ET between pyrene molecules and SWCNTs is 
enabled by the presence of the plasmonic AuNPs, as shown in the PL excitation/emission map in b). Adapted from Ref. [95] with permission of Wiley-VCH. 

Fig. 12. a) Reproducible current change with time in responding to illumination of nanohybrid films of SWCNTs-CdS QDs transferred onto a PET substrate. The 
curves were measured when the PET film was in a planar (blue curve) or bent (orange curve) state. b) Model showing light-driven chemical-sensing process when an 
analyte (e.g., oleylamine) is added to or removed from the nanohybrid system. Note: e− and h + represent electron and hole, respectively. Adapted from Ref. [168] 
with permission of the American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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[172]. CNSs-inorganic NBBs nanohybrids emerge as a growing and 
promising group of photocatalysts, with some examples including 
GQDs-ZnO [145], polymeric graphitic carbon nitride-Bi4Ti3O12/Bi2

Ti2O7 [173] and CNTs-TiO2 or RGO-TiO2 [174]. Besides, more and more 
CNSs-inorganic NBBs hybrid systems are developed and proved to 
exhibit highly efficient CT, such as CNTs-Ta2O5, [138] CNTs-CdSe@ZnS 
[152], RGO-Ag [175], or GO-CdTe [176]. These systems are promising 
in a lot of fields where light-energy conversion is required, including 
photovoltaics, photoelectrochemistry/photocatalysis and sensing. 

4. Conclusion and outlook 

Special features of nanocarbons make them suitable for optoelec
tronic applications: 1) the atomic layer thickness ensures transparency 
and flexibility, which is benefit for integration in windows or portable/ 
wearable devices; 2) the quantum domain leads to strong excitonic 
binding effects and improves light absorption efficiency; 3) the bandg
aps are closely related to active layers thicknesses and thus the optical 
absorption wavelength range and can be modulated by tuning the size 
and geometry of the assembly and the dimensions of the individual NBBs 
[23]. Although GBMs have the above advantages, most of them have 
narrow absorption bands and poor light absorption, while the 
large-scale preparation of high-quality single crystals is still a great 
challenge. In contrast, 0D and 1D materials have advantages of broad 
absorption bandwidth, high absorption efficiency, flexibility, light 
weight and ease of processing. By combining the advantages of these 
CNSs, the constructed HNJs with other NBBs may exhibit the properties 
that are not available in any single material, and it is expected the 
obtainment of high performance in both absorption and emission to 
promote the development of a new generation of optoelectronic devices 
[136]. 

Despite the amazing potential of such low-dimensional HNJs, some 
fundamental aspects are still unclear, and in particular it is relevant to 
proceed judiciously with respect to the following aspects, when willing 
to design new CNS-based HNJs:  

1) how to choose suitable NBBs to combine them to achieve optimal 
performance. For instance, to build a type I or II HNJ, the first choice 
of a SMOS or GQD is to consider whether its HOMO-LUMO can be 
properly matched with the energy levels of a 1D or 2D material as 
outlined previously (Fig. 3). The characteristics of the HNJ interface 
affect the interfacial electronic structure. For example, GQDs have 
excellent tunable absorption, but tend to aggregate in solution, 
making their use limited. On the other hand, for the GQDs func
tionalized with SMOSs or hybridized with 1/2D materials the ag
gregation can be strongly suppressed, and their properties can be 
finely tuned in the direction of photo-induced ET/CT;  

2) how to design a high-quality interface of different low-dimensional 
materials. The interface between 2D and 0D/1D NBBs controls 
both the ET and CT processes. A fine tuning of the frontier energy 
levels is thus required and can be assessed by use of rational design, 
taking for example advantage of the predictive power of 
computation; 

3) how the structure of the nano-assembly affects the interface prop
erties. It is not trivial to obtain an efficient CT or ET at an interface, 
since morphology can play an important role and the energy tuning 
alone can be not sufficient to assess the proper outcome. For 
example, a 0D NBB can assembly in different ways on a 2D material, 
and to gain control of the different possible players for an efficient 
ET/CT at the interface, different control levels on these hybrid as
semblies have to be considered as well as different key parameters 
have to be tuned, such as the distance, the tilting angle, the density 
and the position of the NBBs within the identified HNJ. Augmented 
control over geometry and symmetry in complex nano-hybrids is 
expected to be able to reveal novel interesting properties which will 
pave the way to new exciting applications. 

By considering all these aspects, it will be possible to proceed many 
steps ahead in the design and assembly of nanocarbons-based HNJs with 
other photo-active nanomaterials, significantly improving the response 
of the individual NBBs. Special attention should be also devoted to resort 
to low-cost materials, based on environmentally friendly, earth- 
abundant and non-toxic elements, to which also the additional cost 
benefit delivered by low-temperature wet chemical processing from 
“green” solvents shall be added, enabling the realization of future sus
tainable optoelectronic devices that will be integrated in many contests 
of our everyday lives. 
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[133] A. Humeniuk, R. Mitrić, Long-range correction for tight-binding TD-DFT, 
J. Chem. Phys. 143 (2015) 134120, https://doi.org/10.1063/1.4931179. 
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