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Abstract: Carbon quantum dots (CDs) are a new class of fluorescent carbonaceous nanomaterials
that were casually discovered in 2004. Since then, they have become object of great interest in the
scientific community because of their peculiar optical properties (e.g., size-dependent and excitation
wavelength-dependent fluorescence), which make them very similar to the well-known semiconduc-
tor quantum dots and suitable for application in photovoltaic devices (PVs). In fact, with appropriate
structural engineering, it is possible to modulate CDs photoluminescence properties, band gap,
and energy levels in order to realize the band matching suitable to enable the desired directional flow
of charge carriers within the PV device architecture in which they are implanted. Considering the
latest developments, in the present short review, the employment of CDs in organic photovoltaic
devices (OPVs) will be summarized, in order to study the role played by these nanomaterials in
the improvement of the performances of the devices. After a first brief summary of the strategies
of structural engineering of CDs and the effects on their optical properties, the attention will be
devoted to the recent highlights of CDs application in organic solar cells (OSCs) and in dye sensitized
solar cells (DSSCs), in order to guide the users towards the full exploitation of the use of these
nanomaterials in such OPV devices.

Keywords: carbon quantum dots; organic solar cells; dye-sensitized solar cells

1. Introduction

The sun provides about 120,000 terawatts to the earth’s surface, which amounts to
6000 times the present rate of the world’s energy consumption [1]. Solar energy represents
a clean, sustainable, abundant, and inexhaustible energy resource which could be exploited
and converted. Solar cells are electrical devices that convert light into electricity through
the photovoltaic (PV) effect; they consists of a p-n junction, characterized by the creation
of an electric current upon the illumination of the material. Research efforts devoted
to the conversion of solar energy into electrical energy through solar cells have led to
the development of variable categories of solar cells, like silicon solar cells, thin-film
solar cells, multi-junction solar cells, quantum dot solar cells, organic/polymer solar
cells, etc. Among them, organic photovoltaic devices (OPVs) have become a case of
study when compared to silicon and other PV technologies because of their light weight,
semitransparency, flexibility, and tunable colors. Furthermore, recent studies reported
power conversion efficiencies of ca 14% in single solar cells and ca 17% in tandem ones [2].
Besides these advantages and the growing interest, also, in the field of mobile phone
charges [3], these devices still suffer for the limit of being realized using materials that
are considered toxic and hazardous in the recent vision of a sustainable economy based
on solar energy. In fact, they usually employ inorganic semiconductor quantum dots,
which contain heavy metals, small organic molecules that need hazardous solvents to be
processed, or dye-sensitizers that are based on molecular complexes containing heavy
metals. Within this scenario, fluorescent carbon quantum dots (CDs) could be considered a
low cost and sustainable alternative to these materials [4]. CDs are new class of carbon-
based nanomaterials (different from fullerenes, graphenes, carbon nanotubes, and other
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carbon allotropes) which were casually discovered by Xu et al. [5]. Since then, they have
become an object of great research interest in the materials science community [6–8]. In fact,
compared to conventional inorganic semiconductor-based quantum dots, they exhibit
peculiar features, like high photostability, nontoxicity, water solubility, and low-cost [9–18];
see Figure 1.
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Their synthesis methods are cheap and sustainable [20] and usually are divided into
two main categories: top-down and bottom-up methods [21]. Top-down strategies are
characterized by the “breaking” of larger carbon structures, like graphite, graphene, carbon
nanotubes, carbon black, coal, etc., into smaller nano-sized ones under harsh and strong
conditions, such as arc-discharging, laser ablation, electrochemical etching, or chemical oxi-
dation. On the other side, bottom-up strategies are based on the preparation of CDs starting
from small molecules or polymer precursors under relatively facile and mild conditions,
like hydrothermal treatment, ultrasonic reaction, microwave-assisted pyrolysis, supported
routes, etc. CDs obtained by top-down methods are characterized by high crystallinity
and intact structures [22–24], while the ones obtained by bottom-up methods occasionally
present an amorphous carbon core and abundant doping sites and surface functional
groups [25,26]. The employment of CDs in photovoltaic (PV) devices was favored by their
peculiar optical properties (e.g., size-dependent and excitation wavelength-dependent fluo-
rescence), which make then very similar to the well-known semiconductor quantum dots
(sQDs) [27,28]. In fact, with appropriate structural engineering, it is possible to modulate
CDs photoluminescence properties, band gap, and energy levels, in order to realize the
band matching suitable to enable the desired directional flow of charge carriers within the
PV device architecture in which they are implanted. For example, Yan et al. [29] performed
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theoretical studies on graphene quantum dots (GQDs) and estimated that their highest oc-
cupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO) energy
levels were 5.3 eV and 3.8 eV, respectively, below the vacuum level. These values enable
them to show that CDs can be employed as sensitizers in dye sensitized solar cells (DSSCs)
because they are able to inject electrons across the “dye”/semiconductor interface into the
TiO2, and then, consequently, they could be reduced through an electron donation from the
electrolyte (I3

−/I−) [29]. Starting from these results, many other experimental studies were
performed to show suitable band matching [30–33] and efficient charge separation/electron
injection capabilities [28,33–35] for CDs, not only within sensitized metal oxide-based de-
vices [26–39] but also within other device architectures, like Bulk Heterojunction (BJH)
organic solar cells (OSCs) [40–43]; see Scheme 1.
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From the above considerations, the present short review will firstly show how it is
possible to tailor the optical properties of CDs (band gap and energy levels) through simple
synthetic and post-synthetic strategies, in order to obtain the band alignment suited for
applications in solar cells architectures. Then, the roles covered by CDs in OPV devices will
be presented mainly focusing on organic solar cells (OSCs) and dye sensitized (DSSCs).

2. Structure Engineering and Optical Properties

In general, CDs are known as surface-passivated small carbon nanoparticles (with the
size less than 10 nm) that are brightly fluorescent [44]. Valcárcel’s group [45] reported a
rational and systematic classification of CDs based on their nature, crystalline structure,
and quantum confinement. From this classification results that amorphous quasi-spherical
nanodots which lack quantum confinement are considered to be carbon nanodots (CNDs),
while spherical quantum dots with quantum confinement and crystalline structures are
referred to as carbon quantum dots (CQDs), and the π-conjugated single sheets are referred
to as graphene quantum dots (GQDs) (Scheme 2A).
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Scheme 2. (A) Representative structures of single-layer graphene quantum dots (GQDs), multilayered
carbon quantum dots (CQDs) and amorphous carbon nanodots (CNDs). (B) Representation of
commonly observed fluorescence of these materials. Reprinted with the permission of Reference [46].
Copyright 2017 The Royal Society of Chemistry.

In some literature, “carbon quantum dots”, which are more accurately referred to as
CNDs, are not well defined because of the absence of the classical quantum confinement
effect [44,47]. In general, the most appealing characteristic of CDs is photoluminescence
(PL) [48–50]. The PL of CDs is quantitatively expressed by the value of the emission quan-
tum yield (QY), which is affected by the synthetic routes and by the employed precursors.
Generally, CDs produced by top-down strategies present relatively low QY compared
with the ones obtained by bottom-up routes, although specific precursors and technologic
conditions should be taken into account. In the most reported works, the PL profile of CDs
is broad and depends on the excitation, i.e., the emission peak position and intensity are
both affected by the excitation wavelength. In the first reported works, the emission peak
of CDs is mostly located at the blue- or green-light region, while recent studies report the
synthesis strategies of CDs that emit in the red and near infrared region [51–53]. Although
there are many studies devoted to its origin, the mechanism of PL emission of CDs still
remains a mystery and object of debate. At present, there are three main viewpoints for
the PL origin of CDs: (1) surface-state emission, which is determined by the hybridiza-
tion of the carbon backbone and connected chemical groups [54]; (2) core-state emission
(quantum confinement), which is induced by perfect carbon crystals with less defects
and modified groups; and (3) molecular fluorescence, which is induced by fluorescent
impurities, since the byproducts generated during CDs synthesis mainly contribute to the
fluorescence emission. Theoretically, the PL behavior and QY of CDs can be affected by
their particle size and their surface states, i.e., as the size of the dot increases, the emission
wavelength red-shifts, and the fluorescence intensity decreases. Furthermore, PL intensity
can also be controlled by heteroatom doping and/or variation in surface functionality
(Scheme 2B) [55–59]. Within this scenario, Chen et al. [60] employed density functional
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theory (DFT) and time-dependent density functional theory (TDDFT) to study the influence
of size and shape of GQDs on the band gap and PL properties. Their results show that
the fluorescence of GQDs shifts from deep UV to near infrared by increasing their size
(Figure 2A). In particular, if the size of GQDs is varied from 0.89 nm to 1.80 nm, their
emission covers the whole visible light spectrum (400–700 nm). They also showed that the
quantum confinement characteristics of the GQDs varied with their edge configurations.
As Figure 2B shows, armchair edges widen the band gap of GQDs because the localized
states are scattered in the structure-core, while GQDs with similar size but with zig-zag
edges have a relatively narrow band gap because the localized states are pushed to the
edge sites.
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Figure 2. (A) Calculated emission wavelength (nm) using the time-dependent density functional
(TDDFT) method in vacuum as a function of the diameter of GQDs. (B) Structure of pristine (a)
armchair-edged GQD (C132H38), (b) armchair-edged GQD (C168H42), (c) armchair-edged GQD
(C170H42), formed by inserting two additional carbons (marked by blue rectangle) on C168H42

GQD, (d) zigzag-edged GQD (C100H256), and (e) zigzag-edged GQD (C132H30). Reprinted with the
permission of Reference [60]. Copyright 2019 The Royal Society of Chemistry.

The size and crystallinity of CDs can also be affected by the synthetic routes and
the process conditions. For example, Hu et al. [61] employed the “bijective approach”
to prepare controlled size CDs starting from single-chain polymeric nanoparticles, i.e.,
the amount of enediyne moiety in the linear polymer precursors was controlled in order to
obtain narrowly distributed and size-tunable CDs. In this way, the authors showed that,
starting from the three batches of linear polymers with the enediyne moieties of 266, 42,
and 35 per polymer chain, it was possible to obtain CDs with average diameter of 4.5 nm,



Coatings 2021, 11, 232 6 of 24

2.1 nm, and 2.0 nm, respectively. In another work, Pang et al. [62] reported that the size of
CDs can be controlled by the electrochemical etching of carbon fibers at different applied
potentials. They showed that, at applied potentials of 0.5 V, 1.5 V, and 2.5 V, the average di-
ameter of the CDs was 3.3 nm, 2.7 nm, and 2.2 nm, respectively. In addition, post-synthesis
treatments, like dialysis [63], centrifugation [64], ultra-filtration [22,65], gel electrophore-
sis [66], and column chromatography [67,68], could be successfully employed to obtain
purified and size-tunable CDs. The anion-exchange high performance liquid chromatogra-
phy was employed by Colon et al. [68] to obtain fraction of CDs with different particle size
distributions (average diameters of 7.1 nm, 9.4 nm, 10.1 nm, and 14.0 nm) starting from the
as-made CDs mixture. In addition, surface modification and passivation can deeply influ-
ence CDs PL properties and energy gaps. Even more, in some CDs samples without surface
passivation [69,70], there are no detectable PL values. Various modification agents, includ-
ing small molecules and polymers, have been widely used. Tetsuka et al. [71] synthetized
GQDs functionalized with amino groups through the mild hydrothermal treatment of
graphene oxide in ammonia solution. The obtained samples presented a higher N/C ratio
and the possibility of tuning their PL emission from violet to yellow through the control of
primary amine functionalization. Starting from these encouraging results, they employed
precursors containing different nitrogen-based groups to study their influence on the en-
ergy levels and gaps of the obtained GQDs (Figure 3) [72]. They found that the HOMO and
LUMO levels of GQDs are continuously tuned by the different nitrogen moieties because
of the resonance of their orbitals with the graphitic cores of GQDs. In particular, as Figure 3
shows, GQDS functionalized with o-phenylenediamine (OPD-GQDs), diaminonaphtha-
lene (DAN-GQDs), azo (Azo-GQDs), or p-methyl red (pMR-GQDs) present lower HOMO
energy levels, while the ones modified with primary (NH2-GQDs) or dimethyl amine
(NMe2-GQDs) show higher and degenerate HOMO levels.Coatings 2021, 11, x FOR PEER REVIEW 7 of 25 
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energy level diagrams for graphene with different functional groups: ab initio calculations were performed at the B3LYP/6-
31+G (p,d) level of theory using the Gaussian 09 package. Schematic illustrations show the chemical structures used for
theoretical calculations. The isosurface presents the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). (b) Measured energy level diagram for NGQDs. It is noteworthy that the mismatch between
the predicted energy levels and the measured ones arises from the difference in the size of NGQDs and the quantity
of nitrogenous functional groups. (c) Photoluminescence (PL) image of NGQDs in aqueous solution excited using a
UV lamp (365 nm): (i) GQDS functionalized with azo (Azo-GQDs); (ii) NH2-GQDs; (iii) GQDS functionalized with o-
phenylenediamine (OPD-GQDs); and (iv) GQDS functionalized with diaminonaphthalene (DAN-GQDs). (d) Corresponding
normalized PL spectra (excited at 380 nm) from aqueous dispersions of NGQDs. Reprinted with the permission of
Reference [72]. Copyright 2011 The Royal Society of Chemistry.
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It was also reported that CDs obtained through oxidative approaches, like nitric acid
treatment, electrochemical etching, etc., present oxygen-containing functional groups on
their surface which could be easily subjected to post-synthesis reduction treatments with
consequent variation of their PL properties. In particular, it was observed that, by treating
with NaBH4 CDs obtained from the oxidative cutting of graphene oxide, their green
emission in the oxidized state turned into blue in the reduced one with an improvement
of their QY (Figure 4) [73]. The phenomenon was also proved to be reversible, and the
reduced blue-emitting CDs were re-oxidized to the green-emitting ones for several cycles.
Zhang and co-workers [74] suggested that the reduction treatment causes the partial
transformation of the oxygen-containing species (mainly carbonyl and epoxy groups)
present on CDs surface into hydroxyl groups. In fact, in their opinion, these oxygen-
containing species in the “oxidized-form” of CDs induce a plenty of disordered states the
n–π* gap that causes a broad PL-emission peaked at longer wavelengths. The reductive
agent treatment (NaBH4) causes a partial decrease of theses disorder-induced states because
of the formation of graphenol topological defects.
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cence from original carbon dots. Inset: photographs of aqueous solutions of the CDs (left) and the
r-CDs (right) obtained under UV light (360 nm). Reprinted with the permission of Reference [73].
Copyright 2011 The Royal Society of Chemistry.

Mandal et al. [75] showed that it is possible to modulate the electronic structure of
GQDs by both their size control and porphyrin functionalization. In particular, their results
exhibit that the HOMO is controlled by the porphyrin molecules, while the LUMO is
controlled by GQDs size. On the other hand, Prato et al. [76] improved the microwave
synthesis of CDs starting from arginine and ethylenediamine with the addition of several
commercially available quinones. They showed that the oxidation and reduction potentials
of the obtained CDs could be tuned to energetically match different systems (Figure 5).
Another strategy to tune the PL properties of CDs is the doping with etheroatoms. To this
end, the work of Saavedra et al. [77] is interesting, where the effect of electron-deficient
(boron atom) and electron-rich (nitrogen-atom) dopants on the band gaps and PL emission
of GQDs were studied. They synthesized three different types of GQDs with similar
sizes, chemical compositions and defects: undoped GQDs (UGQDs), boron-doped GQDs
(BGQDs), and nitrogen-doped GQDs (NGQDs).

They combined spectroscopic characterizations and theoretical models to show that,
in comparison with UGQDs, the BGQDs exhibited a red-shifted PL emission, while the
NGQDs a blue-shifted one, as shown in Figure 6. They suggest that, in BGQDs, the empty
orbital provided by the boron atom to the graphitic π system causes a decrease of the
electron density of the HOMO level with a consequent increase of the level. On the other
hand, the lone electron pair provided by pyridinic nitrogens to the occupied π orbitals in
NGQDs causes a decrease of the HOMO level and widening of the band gap.
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Figure 6. Experimentally measured HOMO and LUMO energy levels for nitrogen-doped GQDs
(NGQDs), undoped GQDs (UGQDs), and boron-doped GQDs (BGQDs) and their emission wave-
lengths. Reprinted with the permission of Reference [77]. Copyright 2018 American Chemical Society.

Wang et al. [57] showed that different absorption and emission behaviors of CDs can
be induced by the different types and position of the nitrogen doping atoms. In particular,
they suggested that the doping in the core of the honey-comb matrix of CDs causes non-
fluorescent mid-states which block the transition channel of the photo-excited electrons,
while the doping at the edges of the CDs graphitic structure increases the photo-excited
electrons in the emission transition channel, enhancing the probability of radiation transi-
tion and the PL intensity. Finally, it was also reported that the graphitic nitrogen atoms are
supposed to generate midgap states within the HOMO–LUMO gap of CDs, causing the
red-shifting of their absorption and PL-emission [78].

The theoretical and the experimental studies reported in this section clearly show
how it is possible to tailor the optical properties of CDs through simple modifications
of the synthetic strategies and/or suitable post-synthetic treatments, which enable the
control of their size, crystallinity, surface functional groups, and doping etheroatoms. These
features makes CDs good candidates for application as components in PV devices. In fact,
the possibility to tune the band gap, and consequently the energy levels, of CDs enables the
suitable energetical alignments that matches with the PV device architectures in which they
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are implanted. In the following section, the employment of CDs in OPVs, like OSCs and
DSSCs, will be reported, highlighting the multiple roles they can cover in the realization of
this kind of devices.

3. Organic Photovoltaics (OPVs)

Literature reports two recent review works dealing with both the applications of CDs
in photocatalytic energy conversion [79] and with the role played by CDs in different PV
devices [46]. The present section will be mainly devoted to Bulk Heterojunction (BJH)
Organic Solar Cells (OSCs) and Dye Sensitized Solar Cells (DSSCs). These devices are
considered promising for the next generation solar cells and have become object of great
attention. In general, OSCs are usually known either as polymer solar cells (PSCs) or small
molecules solar cells (SMSCs). They can be produced on large scale by the roll-to-roll
process and are characterized by the flexibility and the low-cost of the device. On the other
hand, DSSCs can be fabricated through manufacturing techniques starting from easily
available materials. They are characterized by flexibility, conformability, transparency,
excellent lowlight level or indoor light performance, and suitability for building-integrated
photovoltaics (BIPV). The following sections will show how the employment of suitable
designed CDs may improve the performances of these PV devices, compared with normally
employed materials.

3.1. Bulk Heterojunction (BHJ) Organic Solar Cells

In a typical bulk heterojunction (BHJ) organic Solar Cells (OSCs) architecture, a BJH
film is interposed in the layers between an electron-donating material (typically p-type
conjugated polymers) and an electron-accepting material (typically n-type fullerene deriva-
tives); see Scheme 3A.
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A blend of poly(3-hexylthiophene) (P3HT) and the fullerene derivative (6,6)-phenyl-
C61 butyric acid methyl ester (PCBM) is the most commonly employed material in poly-
mer solar cells [80]; these devices can be considered naturally nanostructured because of
the phase separation between the polymer and the fullerene derivative. Unfortunately,
the thickness of these devices is limited by the poor carrier mobility of the organic semi-
conductors, which leads to undesirable charge recombination. Thus, they suffer from
insufficient light harvesting capabilities and low power conversion efficiencies. To circum-
vent these issues, semiconductor quantum dots and various carbon-based nano-materials,
like nanotubes, graphenes, and fullerenes, were incorporated into the devices as electron ac-
ceptor materials. However, all these materials have seen limited implementation because of
problems of toxicity of the semiconductor quantum dots and of inhomogeneous interfacial
contact, due to the propensity of aggregation of the carbon-based nano-materials [81,82].
In recent years, another class of OSCs, known as inverted organic solar cells (iOSCs),
have recently become an object of great attention because they exhibit superior device
stability and manufacturing capability. Compared with the conventional BHJ OPVs, in the
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architecture of iOSCs, the bias across the device is reversed; thus, the charges are extracted
in the opposite direction (Scheme 3B). Because of the particular nature of the device, it is
necessary to put buffer layers, sometimes known as electron transport layers (ETL), be-
tween the cathode (e.g., ITO-coated glass) and the polymer film to reduce the cathode work
function and enhance the sustained separation and subsequent extraction of charge carriers.
Metal oxides, like ZnO or TiO2, are the most commonly employed ETL materials. In recent
works, Cs2CO3 is also employed because of its good electron injection and ease of fabrica-
tion. However, it was found that it can cause inadequate device stability because the Cs+

ions diffuse through the polymer layer with irreparable device-damages, and it has poor
hole blocking ability, which leads to increased charge recombination [83,84]. From these
considerations, CDs, in BJH organic solar cells, can act as electron acceptors when the
active layer of P3HT is employed [43,85]. Furthermore, in solar cells, where the interface
recombination at the heterojunction is suppressed, CDs can be employed in the electron
blocking layer [86,87]. In inverted solar cells, CDs are used to alter the ETL through the
reduction of the energy barrier for the electron transfer and the improvement of photoin-
duced excitation/dissociation and charge transfer [88]. In the following, some examples
are reported.

3.1.1. Electron Donors/Acceptors

CDs can be employed as electron acceptors in two ways: (i) the CDs are co-mingled in
the active layer of the device; and (ii) CDs replace the fullerene derivative. The electron-
accepting capability of GQDs was studied by Kim et al. [89]. The architecture of the device
is ITO/PEDOT:PSS/PTB7:PC71BM:GQDs/Al, and the employed GQDs were: (i) one acid-
oxidized and (ii) two subsequently reduced for 5 h and 10 h, respectively. As Figure 7A–D
show, the oxidized GQDs exhibit higher absorption, while the 10-h-reduced GQDs showed
increased conductivity; when 0.5% wt of 5-h-reduced GQDs was employed for the device
realization, the suitable balancing between light absorption and electrical conductivity was
obtained, together with an enhancement of the device performance, when compared with
the devices without the inclusion of GQDs. GQDs with an estimated LUMO energy level
value in the range of 4.2 eV–4.4 eV, and supposed to form an electron transport cascade,
were employed by Qu et al. [41] for the realization of the BHJ solar cells with the structure
ITO/PEDOT:PSS/P3HT:GQDs/Al. They found that the PV performance of the device was
notably improved, upon the incorporation of the GQDs, showing an open-circuit voltage
of 0.67 V and a power conversion efficiency (PCE) of 1.28%.

Aniline-functionalized GQDs (ANI-GQDs) dispersed in conjugated polymers were
employed by Gupta et al. [90] to enhance the performance in BHJ solar cells when compared
to the blends of graphene sheet (GS) and conjugated polymers. They showed that, under
100 mW AM 1.5 G illumination, the device with 1 wt% ANI-GQDs in P3HT exhibited a
PCE of 1.14%, an open-circuit voltage (Voc) of 0.61 V, a short-circuit current density (Jsc) of
3.51 mA, and a fill factor (FF) of 0.53 (Figure 8).
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(ANI-GQDs) with different GQDs content and ANI-graphene sheet (GS) (under optimized condition)
annealed at 160 ◦C for 10 min, under AM 1.5 G 100 mW illumination. Reprinted with the permission
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CDs can also be coupled with the PCBM fullerene derivatives with the function of
electron donors or co-electron acceptors. In general, literature reports studies where CDs
acts as acceptors, and there are few works dealing with the role of CDs as electron donors
outside the context of injecting electrons into metal oxides [91–94]. Privitera et al. [91] pre-
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pared organosoluble N-doped CDs functionalized with thiopene that showed to be efficient
electron donors to PCBM in both solution and solid blends. They also demonstrated that
the observed longer-lived charge pair states, which lead to increased charge recombination
and reduce the amount of the free charge carriers that are photoinduced, are dependent on
the employed thiophene moiety.

3.1.2. Hole Extraction Layer

Hole extraction layers (HELs) are commonly employed to facilitate charge separation
and prevent interfacial recombination within BHJ in order to obtain devices with high per-
formance. PEDOT:PSS is the most widely used HEL. However, owing to its strong acidity
and hygroscopicity, it causes undesirable instability of the devices [95,96]. HELs based
on inorganic semiconducting materials are known to enhance the stability of the devices,
but they suffer from the limit of increasing their manufacturing costs [97]. In this scenario,
CDs could be a suitable alternative to both these issues. For example, Lim et al. [98] ob-
tained core-shell GQD@PEDOT nanostructures (CSNS) through the incorporation of GQDs
(prepared from the oxidation of carbon nanofibers) into PEDOT:PSS. They showed that the
employment of isopropyl alcohol (IPA) during the CSNS preparation contrasted the inter-
action between the PDOT and the PSS ions and caused the formation of negatively-charged
GQDs surrounded by PEDOT cations (Figure 9).
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Figure 9. Schematic representation of the core-shell nanostructures (CSNS) formation of the
GQD@PEDOT. Reprinted with the permission of Reference [97]. Copyright 2015 American Chemi-
cal Society.

The film obtained by the gelation of such CSNS presents improved morphologies
where the GQDs are surrounded by relatively homogeneous and interconnected PEDOT-
rich domains, which lead to better charge hopping pathways and, therefore, enhance the
film conductivity. The PV performances of the devices realized employed the CSNS as
HEL are reported in Table 1. It is interesting to note that the addition of 20% vol of GQDs
(ogG0.2 in Table 1) caused an increase of 20% in the PCE compared to a PEDOT:PSS layer
without GQDs. However, when the GQD quantity was increased to 50 vol% (ogG0.5 in
Table 1), a negative effect on the PV performance (JSC and PCE) was observed compared
to the 20 vol% device (ogG0.2 in Table 1). The improved JSC and PCE values observed in
both the GQDs-incorporated devices are plagued by lower FFs arising from lowered shunt
resistances that result in current leakages between the electrodes.
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Table 1. Photovoltaic (PV) performance of organic PVs (OPVs) with various hole extraction lay-
ers (HELs) a.

HEL Jsc (mA cm−2) Voc (V) FF PCE (%)

pristine 11.97 0.58 0.54 3.77
ogG0.2 16.08 0.59 0.50 4.74
ogG0.5 14.59 0.58 0.48 4.08

a Device structure in all cases is ITO/HEL/P£HT:PC61BN/LiF/Al. Reproduced with the permission of Refer-
ence [97]. Copyright 2015 American Chemical Society.

In another work [91], small size CDs (ca 4 nm) with work function of 5.26 eV and
a good film forming capability were employed as HEL in PSCS. The performance of the
fabricated device showed to be better than that of a similar device built employing graphene
oxide and PEDOT:PSS, reaching a PCE as high as 7.91%. Samal et al. [98] synthesized
graphene quantum rings (GQRs) with a work function of −4.6 eV from pitch carbon
by thermal hydrolysis process. The GQRs were incorporated into PEDOT:PSS, and the
obtained composite was employed as HEL in solar cells, having a silver electrode grid on
PEDOT:PSS:GQRs as cathode and a rear metal (Al) electrode as anode, respectively (see
Figure 10a). The device performances, shown in Figure 10, were measured under simulated
100 mW/cm2 AM 1.5 G illumination. The PCE passed from 5.1% in the reference devices
to 7.4% in the device with HEL layer incorporating the GQRs.
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Figure 10. Characteristics of the fabricated device structure Ag/PEDOT:PSS/Si/Al with and without
GQRs. (a) Current density versus voltage characteristics of reference and optimized device; inset
image shows device structure. (b) External quantum efficiency (EQE). (c) Dark current for leakage.
(d) Dark current. Reprinted with the permission of Reference [98]. Copyright 2015 American
Chemical Society.

3.1.3. Electron Transport Layer (ETL)

Among the ETLs employed in iOSCs ZnO is one of the most extensively used. How-
ever, ZnO is characterized by numerous surface defects and energy bands misaligned
with the photoactive layer which make light-soaking processes necessary to achieve high
performances for the cells based on this oxide. In recent reported works, CDs were em-
ployed as surface modifiers of ZnO to overcome the light-soaking effect. Ma et al. [99]
prepared Nitrogen and Sulfur co-doped CDs (N,S-CDS) as efficient surface modifiers for
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ZnO. They prepared the iOSCs with the configuration of ITO/ZnO (or ZnO:N-CQDs or
ZnO:N,S-CDs)/PTB7-Th:PC71BM/MoO3/Al (Figure 11a).
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Figure 11. (a) Device configuration of inverted OSCs and (b) structural formula of active layer
materials and sketch map of the synthesis of Nitrogen and Sulfur co-doped carbon quantum dots (N,S-
CQDs). Reprinted with the permission of Reference [99]. Copyright 2019 American Chemical Society.

As Figure 12a shows, the J-V characteristic of the devices containing ZnO:N,S-CDs
is light soaking free and shows a superior performance of 9.31%, thus indicating that the
insertion of N,S-CDs can reduce the energy barrier and increase the charge from the active
layer to the ETL through the elimination of the light-soaking issue and the maximization of
the stabilized device efficiency. Additionally, the slightly enhanced JSC (Figure 12b) could
be ascribed to an improvement in interfacial connection between ZnO and photoactive
layer, as well as the light absorption in the photoactive layer, by introducing the N,S-CQDs.
Guo et al. [100] employed polymer-functionalized CDs as ETL in the iOSCs. The CDs were
prepared through microwave assisted synthesis starting from citric acid and urea. The CDs
rich in hydroxyls and carboxyls were self-assembled on the amino-rich polyethyleneimine
(PEI) to give the CDs@PEI composite. The local states inside CDs@PEI can work as a
light-controlling switch that inhibits the leakage current and facilitates electron extraction
through light-induced electron filling and release. The structure of the realized device is
indium tin oxide (ITO)/ETL/PTB7:PC71BM/MoO3/Ag, with PEI, polyfluorene (PFN),
ZnO, TiO2, and CDs@PEI employed as ETL, respectively, and MoO3 as hole-transport layer.
The CDs@PEIbased device showed the best efficiency of 9.53% with a Voc of 0.73 V, a Jsc of
18.37 mA cm−2, and an FF of 71.14% (Table 2).
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Table 2. Photovoltaic (PV) parameters of the devices with different electron transport layers (ETLs).

Device Voc (V) Jsc (mA cm−2) FF /%) PCE (%)

ITO/PEI 0.73 16.46 60.56 7.25
ITO/PFN 0.74 18.17 61.93 8.29
ITO/ZnO 0.74 16.20 67.15 8.04
ITO/TiO2 0.80 16.26 60.52 7.90

ITO/C-dots@PEI 0.73 18.37 71.14 9.53
Reproduced with the permission of Reference [100]. Copyright 2018 American Chemical Society.

Furthermore, the CDs@PEI-based devices exhibit a suppressed dark current and
an improved electron extraction under illumination. In another work, Lim et al. [101]
employed CDs, obtained from citric acid and ethanediamine, to prepare a composite with
polyethylenimine ethoxylate (PEIE). The obtained composite material was implanted as
ETL in iOSC. The authors show that the presence of the CDs below the active layer improve
the transport properties and the power conversion passes from 7.90% in the control device
to 8.35% in the iOSCs with the CDs.

3.2. Dye Sensitized Solar Cells (DSSCs)

DSSCs devices typically consist of a sensitized photoelectrode (TiO2 or ZnO/sensitizer),
electrolyte (I3

−/I−), and counter electrode (CE). In general, the sensitizers employed in
DSSCs offer great performances but require long-time synthesis routes because they are
based on a Ru-metal center, which is scarce, expensive [102], and needs to be replaced
by more sustainable and environmentally friendly alternatives. On the other side, the Pt,
deposited as a thin film onto a transparent conductive oxide-coated glass substrate is one
of the most common CE employed in DSSCs. In fact, Pt proved to have a high catalytic
activity toward reducing I3

− [103], producing some of the best PV performances. However,
in DSSCs production, Pt is one of the most expensive components. Recently, Pt films were
replaced by conducting polymer films, like polypyrrole (PPy), because of their ease of
production and low costs [104–106]. However, the relatively high charge transfer resistance
observed in conducting polymers limits their practical applications [107,108] in DSSCs.
Within this scenario, CDs are regarded to be both alternatives to photoanode sensitizers and
components of CE. In fact, in the former case, the surface of CDs presents carboxylate func-
tionalities which enable anchoring on TiO2 or ZnO surface; moreover, as above reported,
the band matches of TiO2 and CDs are suited for the injection of photo-generated electrons
of CDs into the conduction band of the neighboring TiO2, which is in intimate contact
(see Scheme 1). In the latter case, CDs, owing to their interesting electronic properties (i.e.,
charge transfer, electron acceptor, electron donator), could be employed as doping conduc-
tive materials to overcome the poor conductivity of the conductive polymers employed to
replace Pt in CE. In the following section, some examples of the employment of CDs in
DSSCs, both as sensitizers and as CE components, will be reported.

3.2.1. Sensitizers

The CDs prepared from Gelidium amansii powder (a type of red algae) were em-
ployed in combination with N719 dye as light-harvester in a co-sensitized solar cell [109].
The cell was prepared with FTO glass support for the CDs/N719/TiO2, for the photoanode,
FTO glass supported Pt for the counter electrode, and I−/I3

− redox electrolyte (Figure 13a).
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Figure 13. (a) Schematic diagram of a mesoscopic solar cell tailored with CCQDs and N719 dye. (b) The energy level
distribution and charge transfer within the photoanode. Reprinted with the permission of Reference [109]. Copyright 2018
Elsevier Ltd.

The autors show that the HOMO level of CDs is aligned with the one of the N719
dye, and the value of the redox potential of I−/I3

− system shows that there is a bridge for
extraction of holes from N719 to the electrolyte which leads to an improvement of charge
separation (Figure 13b). In another study, ZnO nanoparticles functionalized with CDs
were used in a DSSC [110]. The device performances were determined under the source of
stimulated light at 156 w/m2. The authors show that the addition of 10% wt of CDs into the
ZnO nanoparticles determined an increase of conversion efficiency of the device which is
7 times higher if compared with the device with CDs-free ZnO nanoparticles. Furthermore,
the charge transfer resistance for the DSSCs with the CDs-hybridized ZnO nanoparticles
was lower in comparison with the DSSCs with CDs-free ZnO nanoparticles. In Figure 14A,
the scheme of the photoanode is reported. The excitation of the dye by sunlight causes
the separation of the electron/hole pair in the ZnO nanoparticles. The CDs prevent the
recombination of the electron/hole pair in ZnO nanoparticles and favor the electron transfer
from the CD-donor to the conductive band level of the n-type ZnO semiconductor or the
donation of the energy in excited CD, enhancing the PV effect. The separated electrons are
then transferred to the ITO. In Figure 14B, it is possible to note that the Voc is influenced by
the sensitizer species, size of ZnO nanoparticles, and CDs content, while the FF seems to
not be affected by these factors.
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from ZnO@Cdots/dye DSSCs as a function of Cdots content for (a) ZnO(100)@Cdots(1)/RhB, (b) ZnO(20)@Cdots(1)/RhB,
(c) ZnO(100)@Cdots(1)/N719, and (d) ZnO(20)@Cdots(1)/N719. Reprinted with the permission of Reference [110]. Copy-
right 2019 Elsevier Ltd.
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The working performaces of a solar cell in different weather conditions, together with
the preventing of the photo-degradation of the sensitizer due to the UV light of the sun,
are two great challenges in DSSCs designing. In fact, in the former case, the low light
weather causes a lack in the light absorber excitation and then a lack in the electricity
production of the PV device, while, in the latter case, the photo-degradation of the sen-
sitizer (in particular, the Ru-free dyes) limits the stability of the DSSCs during long term
periods. Literature reports that CDs obtained from biomass, when employed in solar cells,
determined electricity production both in daylight and in the dark [111]. Plenty of other
research works reporting the synthesis of CDs starting from biomass as carbon source are
present in literature [112–114]. A proposed DSSCs configuration employs long persistence
green-emitting phosphors. These ones combined with TiO2 favors storage of part of sun-
light in the photoanode which is able to illuminate and excite by green light in the dark.
The devices present a conversion efficiency of 7.97% with persistent production of electric-
ity for several hours. In the device configuration, the CDs absorb part of the sunlight, while
the unabsorbed one will be stored by the green-emitting phosphors in which emission
will irradiate the CDs in the dark [111]. Another proposed DSSC configuration combines
the green-emitting phosphors with the co-sensitized N-doped CDs and N719 dye [115].
In this case, the CDs both increase the spectral absorption and quick charge extraction in
the cell. Under sun illumination, the power conversion efficiency passes from 8.09% for
the CDs-free device to 9.29% for the device including the CDs. The TiO2/long persistence
phosphor photo anode enables achieving a persistent power generation. Figure 15 reports
the structure of the DSSC together with the charge transfer processes among the energy
levels at the interface of the photoanode/electrolyte and the J-V characteristics.Coatings 2021, 11, x FOR PEER REVIEW 18 of 25 
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Figure 15. (A) Schematic diagram of the N300-CQDs and N719 co-sensitized DSSCs with a m-
TiO2/LPP photoanode. (B) Energy level distribution and charge transfer processes at photoan-
ode/electrolyte interface. Representative photo J-V characteristics of the solar cells sensitized by
(C) various N-CQDs and (D) N719 dye and N300-CQDs/N719 under simulation solar irradiation
(100 mWcm−2, AM 1.5), and (E) in completely dark conditions. (F) Dark J-V curves for N300-CQDs
sensitized solar cells using m-TiO2/LPP photoanode at various decay times. Reprinted with the
permission of Reference [115]. Copyright 2018 Elsevier Ltd.
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On the other side, to mitigate the problem of photo-degradation, energy-down-shift
(EDS) materials are employed in the realization of solar cells. These materials are able to
absorb UV light (or generally the high energy photons) and simultaneously emit low enery
ones. Thus, the sensitizer can absorb the down-converted visible light, preventing photo-
degradation. CDs can act as EDS, so they can be employed as a layer in the outer surface of
the DSSC responsible for increasing the performance of the solar cell in the wavelength
range of 300–400 nm. Literature [116] reported the synthesis of properly designed N-doped
CDs which emit in the green wavelength region (500–550 nm), which were employed as
EDS in DSSCs. The CDs determined the conversion of the sunlight into green light causing
an improvement of 10% of the power conversion of the DSSCs (Table 3). Furthermore,
the stability of the solar cell under UV irradiation of the sunlight is also improved.

Table 3. Summary of J-V measurements of DSSC at different CQD coating cycles.

Device Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

CQD 0 0.73 ± 0.012 13.5 ± 0.018 74.52 ± 0.25 7.3 ± 0.051
CQD 1 0.73 ± 0.011 14.0 ± 0.013 74.46 ± 0.24 7.6 ± 0.054
CQD 2 0.73 ± 0.013 14.5 ± 0.019 74.42 ± 0.26 7.8 ± 0.052
CQD 3 0.73 ± 0.010 15.0 ± 0.018 75.29 ± 0.24 8.2 ± 0.053
CQD 4 0.73 ± 0.012 14.7 ± 0.017 74.90 ± 0.24 8.0 ± 0.055

Reproduced with the permission of Reference [116]. Copyright 2018 Copyright Elsevier Ltd.

3.2.2. Counter Electrode

Another employment of CDs in DSSCs is in combination with conductin polymers as
alternatives to Pt in CE. For example, films based on polypyrrole doped with GQDs em-
ployed as CE determined an increase of ca. 20% of the DSSCs PCE (5.27%) when compared
with the PCE (4.46 %) of the DSSCs with polypyrrole without CDs as CE. The obtained
PCE value is comparable with the one of a Pt CE (6.02%) [117]. Polyaniline (PANI) doped
with CDs revealed to be an interesting material for CE in DSSCs [118,119]. In fact, it was
observed that CDs act as an efficient nucleating agent for aniline polymerization, which
generate prous PANI/CDs structures characterized by high surface area (43.6 m2 g−1),
an electrical conductivity increased of ca. 774 S cm−1, and an enhanced degree of para-
coupling in the PANI microstructure. Thus, the DSSCs realized with PANI/CDs film as
CE exhibited a PCE of 7.45% [118]. An all-carbon CE, which consists of a GQD-decorated
carbon aerogel (GQDs/CA), was developed by Lu et al. [120] to be employed as CE in
DSSCs. It was observed that the electrocatalitic efficiency of this carbon-based electrode
is similar to the one of Pt electrode, while long term stability is even better. CDs can be
used in bifacial dye-sensitized solar cells (DSSCs), which are capable of harvesting the
sunlight from both sides of the cell. In these types of solar cells, when the solar cell panels
are installed in the power generation station, the front side of the row of the solar cells in
the back can reflect the sunlight on the backside of the solar cell panels that are installed in
the front (Scheme 4). As the transparency of Pt is very low, the traditional Pt CE of DSSCs
can be used in their front side for light absorption. A bi-tandem solar cell with transparent
CoSe as CE was designed through the incorporation of CDs. The front and back conversion
efficiencies passed from 7.87% and 5.03%, respectively, for the CD-free device to 8.54% and
6.55%, respectively, for the device with CDs. The photo-excited electrons from bitandem
CDs and electron accumulation on the counter electrode have resulted in an enhancement
in conversion efficiency [121].
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4. Final Remarks and Perspectives

This short review aimed, on one side, to show how the optical properties of CDs,
i.e., fluorescence, band gap, and energy levels, can be tailored by suitable synthetic and
post-synthetic strategies, leading to controlling their size, crystallinity, surface functional
groups, and doping-heteroatoms. On the other side, these interesting research results
reveal that CDs can be successfully employed as components, both in OSCs and in DSSCs
architectures. It has been shown that CDs can cover multiple roles in these OPVs devices,
going from sensitizers to charge carrier layers and counter electrodes. All the reported
cases exhibit that the employment of CDs in these OPVs architectures, independently of
the role covered, improves their performances. By the way, a brief comparison with the
recent advances in OSCs and DSSCs could be done in order to check the real advantages
reprentented by the employment of CDs. In the case of OSCs, recently developed small-
molecules, known as non-fullerene acceptors (NFAs), have proven to be a better fullerene
alternative than CDs in BHJ OSCs, reaching device PCEs of 17% for both a single junction
and tandem cells [122,123] (ca. one order of magnitude higher than the ones reported
for the cells with CDs). Another recent work [124] reports how the thickness of a BHJ
based on fullerene and intermediate-size molecules of new generation can influence the
performances of both conventional and inverted OSCs. So, it could be interesting to
develop these studies by employing CDs in place to investigate the variations of the OSCs
performances. On the other side, regarding DSSCs, a recent work reports a PCE of 14.2%
reached for traditional devices employing I−/I3

− redox couple and cobalt-porphyrin as
sensitizer. This value is higher than the ones reported for the CDs-based DSSCs [125]. Thus,
from these considerations, it results that the employment of CDs in BHJ OSCs and DSSCs
improves their performaces, but, at present, without reaching record values. In any case,
despite these remarks, CDs could be considered a challenging alternative to the inorganic
semiconductor-based quantum dots and sensitizers, based on heavy metal complexes,
usually employed for the realization of OSCs and DSSCs, respectively, because they exhibit
the advantage of being cheap, sustainable (they could be also obtained from renewable
precursors), and nontoxic; in particular, their water solubility prevents the employment
of hazardous solvents usually required for processing small and intermedite-size organic
molecules. In fact, it has to be taken into account that the research on CDs is still at its
beginnings, and some research aspects still have to be studied and developed. For example,
the reported synthesis methods of CDs, in general, lack reproducible and scalable strategies
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able to realize CDs with defined properties, like size, shape, crystallinity, defects location,
etc. The realization of CDs with a defined purity level is an important challenge in CDs
research studies. This last aspect may also influence the application of CDs in solar energy
conversion devices, as the performaces of the devices may be influenced by the eventual
presence of impurities, which make it difficult to define the effective contribution of the
CDs. Thus, it could be interesting to develop suitable in-situ techniques able to characterize
the formation mechanisms of CDs during the different synthetic strategies in order to better
understand the correlation between the structure and the properties of these nanomaterials.
Another challenging research aspect on CDs that could be examined is their employment
in NFAs-based OSCs in order to study the effect on their performances.
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