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Abstract
We propose and demonstrate a novel range of models to accurately determine the optical properties of nitrogen-free 
carbon quantum dots (CQDs) with ordered graphene layered structures. We confirm the results of our models against the 
full range of experimental results for CQDs available from an extensive review of the literature. The models can be equally 
applied to CQDs with varied sizes and with different oxygen contents in the basal planes of the constituent graphenic 
sheets. We demonstrate that the experimentally observed blue fluorescent emission of nitrogen-free CQDs can be associ-
ated with either small oxidised areas on the periphery of the graphenic sheets, or with sub-nanometre non-functionalised 
islands of sp2-hybridised carbon with high symmetry confined in the centres of oxidised graphene sheets. Larger and/or 
less symmetric non-functionalised regions in the centre of functionalised graphene sheet are found to be sources of green 
and even red fluorescent emission from nitrogen-free CQDs. We also demonstrate an approach to simplify the modelling 
of the discussed sp2-islands by substitution with equivalent strained polycyclic aromatic hydrocarbons. Additionally, we 
show that the bandgaps (and photoluminescence) of CQDs are not dependent on either out-of-plane corrugation of the 
graphene sheet or the spacing between sp2-islands. Advantageously, our proposed models show that there is no need 
to involve light-emitting polycyclic aromatic molecules (nanographenes) with arbitrary structures grafted to the particle 
periphery to explain the plethora of optical phenomena observed for CQDs across the full range of experimental works.

Introduction

Carbon dots are an exciting member of the family of nanocarbon materials, diverging in properties from the well-known 
nanographene [1]. They have typical sizes of less than 8–10 nm, but their compact nanoscale skeletons can nevertheless 
be structurally diverse. Carbon dots were first investigated by Xu et al. in [2]. Subsequently, the first bright luminescent 
carbon nanoparticles, called quantum-sized carbon dots or carbon quantum dots (CQDs), were obtained in 2006 by Sun 
et al. [3]. Due to their plethora of distinctive properties—including an inexpensive synthesis route, bright photolumines-
cence, excellent solubility in water, and potential for various useful features of the chemical nature of the surface—carbon 
dots have attracted increasing global research recognition with proposed applications as wide-ranging as biomedical 
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techniques (as fluorescent markers) or alternative light sources [4–11]. However, the abundance of possible experimental 
materials associated with the variety of structural forms of CQDs and the insufficient development of current theoretical 
models (reviewed herein) are acting as a significant brake on further meaningful work in these directions. The diversity of the 
inorganic, organic, and biomolecular precursors used for manufacturing CQDs (from plant seeds and bio-waste, to graphite 
and carbon fibres, see Table 1 [12, 13]), the various sizes and morphologies enabled, and the presence of nitrogen (as either 
a dopant or a contaminant) or other substitutional heteroatoms are all barriers to the generalisation and systematisation 
of our knowledge on CQDs. Further development towards practical applications of CQDs would benefit profoundly from 
systematic knowledge of the relations between physical properties and methods of production, atomic structures, and 
morphological properties of the CQDs. It is notable that only a small fraction of the literature using the term CQDs reports 
nano-objects with luminescence spectra typical of QDs. Rather, the majority of existing work reports carbon nano-objects 
with optical properties similar to bulk structures. Therefore, herein we use the term CQDs to represent all nanosized carbon 
particle-like structures with distinct luminescent properties.

Structure. CQDs can be classified based on their specific properties, structures, and the functional groups attached 
to their surfaces [14]. CQDs can have structures analogous to core–shell nanoparticles. In this case, the “core” contains 
carbon atoms in both sp2 and sp3 hybridisations (similar to amorphous carbon). Various functional groups on the carbon 
surface (predominantly oxygen-containing aldehydes, hydroxyls, epoxies, carbonyls, and carboxyls) play the role of the 
“shell”. These groups come either from precursor organic compounds such as citric acid (widely used for bottom-up 
fabrication of CQDs [15, 16]) or appear due to oxidation during the unzipping and top-down cutting of larger nanoscale 
carbon bodies (nanotubes, graphite, etc.). [17] Additionally, it is assumed (although widely explored, this has not yet 
been confirmed by the data available in the literature) that carbon dots may contain other molecular fragments on the 
surface (e.g. planar molecules or embedded sp2-hybridised carbon domains consisting of several conjugated aromatic 
rings) which can fluoresce in the range from 400 to 700 nm [18].

In general, the family of CQDs includes at least three classes of nanoparticles: graphene ordered carbon dots (denoted 
o-CD herein), carbon nanodots (CNDs), and polymer dots (PDs) [19]. Particles of all these types have approximately the 
same photophysical and photoelectrochemical properties but differ in their internal structures and the composition of 
functional groups on their surfaces. The core–shell structure is a prominent feature for CNDs and PDs, but is less relevant 
for o-CDs consisting of a few planar graphenic layers with round shapes and a well-defined stacking order.

Table 1  Summary of methods of production, source of carbon, sp2/sp3 ratio of carbon atoms in central parts of the graphenic sheets as 
estimated from X-ray photoelectron spectroscopy (XPS), mean carbon quantum dot (CQD) size, presence or absence of an observed layered 
structure in TEM images, and wavelength of the photoluminescence maximum for experimentally characterised nitrogen-free CQDs

Method ID Source of carbon sp2/sp3

ratio
Mean size
(nm)

Layered 
structure?

Maximum PL 
wavelength (nm)

Colour

Bottom-Up 1 Fennel seeds [30] 3:1 6.0 Yes 420 Violet
2 Fenugreek seeds [31] 5:1 5.0 No 410 Violet
3 Chia seeds [32] 1:7 3.8 No 420 Violet
4 Tapioca powder [33] 1:5 3.5 No 500 Cyan/green
5 Lemon juice [34] 4:1 2.2 Yes 482 Blue/cyan
6 Trisodium citrate [35] 4:1 1.2 Yes 420 Violet
7 Isopropanol [36] 4:1 1.5 400 Violet
8 1,3-Dihydroxynaphthalene [37] 20:1 5.0 Yes 600 Red/orange

Top-Down 9 Graphite [38] 3:2 3.5 Yes 600 Red/orange
10 CF [39] 3:1 3 Yes 400 Violet
11 GO [40] 4:1 2–5 Yes 450 Violet/blue
12 CF [41] 2:1 n/a 450 Violet/blue
13 GO + benzene alcohol [42] 2:1 6.2 Yes 420 Violet
14 GO + organic acids [43] 20:1 11 Yes 560 Green/yel-

low
15 GO [44] 10:1 4 Yes 410 Violet
16 Graphite [45] Various 4 Yes Various –
17 Graphite, nanotubes [46] 10:1 2.5 ~ 3 Yes 540,460 Cyan/blue
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PDs typically have larger sizes (up to 20–30 nm) and a C–H–O–N-type atomic composition, where the first three ele-
ments occur approximately equally, and the nitrogen content can vary [20, 21]. They are usually assembled from linear 
polymer or monomer species [19]. The key feature of PDs is the comparatively large content of hydrogen and oxygen 
atoms.

Unlike the other types of CQDs, CNDs are considered to be quasi-spherical carbonic nanoparticles which mainly 
consist of an amorphous sp3/sp2 structural core [22]. Such particles (even when less than 10 nm in size) can also contain 
embedded sp2-hybridised nanocrystalline species [14]. It is difficult to observe lattice fringes in CNDs due to their overall 
amorphous structure and the non-crystalline structure of their elementary subunits [23, 24].

o-CD particles contain a single or multilayer graphite-like structure across which various other functional groups can 
be distributed. The presence of large numbers of functional groups at the edges or localised at defects in the interlayer 
regions (for example, on vacancies and multivacancy clusters) endows the non-functionalised parts of the graphenic 
layers of o-CD particles with additional quantum restrictions and edge effects. High-resolution TEM images of such par-
ticles have demonstrated that they are highly crystalline and well-ordered with interplanar distances of around 0.21 nm, 
corresponding to the (110) lattice spacing of graphene, and spacing between graphenic layers of around 0.34 nm or 
slightly more [23]. The  d002 spacing (0.403 nm) can be broadened up to 0.41 nm through the introduction of oxygen-
related groups into the interlayer space of nanoparticles via chemical oxidation [23, 24]. Typically, o-CD particles consist 
of at least four or five stacked graphenic layers (nanodiscs).

Modelling and prediction of properties. The standard approach to the modelling of CQDs is to propose a more or less 
realistic atomic structure, and then to iterate structural changes until coincidence of the predicted optical properties 
with those experimentally observed is obtained. There are two possible approaches to building useful models of 
nanoparticles. The first is to consider the local structure of the nanoparticles’ surfaces as a slab or monolayer within 
periodic boundary conditions. This approach works rather well for nanoparticles larger than 10 nm, since contribu-
tions from the edges are much smaller than those from bulk-like areas (see, for example, [25]). The second approach 
is the construction of finite element nanoclusters. In the case of CQDs, the model system is built of single or stacked 
polycyclic aromatic hydrocarbons (such as coronenes, also called nanographenes) or diamond-shaped clusters (see, 
for example, [26]). The latter approach has two potential advantages: (i) the possibility of directly taking into account 
contributions from the edges and (ii) the possibility of exploiting modern quantum chemistry-based programmes 
which can be used to model molecule-like systems. Using this approach, time-dependent density functional theory 
(TD-DFT)-based tools can be used to describe the optical properties of the systems. This approach provides a good 
description for CQDs constructed from a carbon core with sp3/sp2 structure and light-emitting surface molecular 
structures composed of up to five conjugated aromatic rings (see, for example, [27, 28]). Recently, the same approach 
was used to explain unprecedented ultraviolet-B luminescence of carbon dots consisting of ordered graphenic layers 
due to fluorescent configurations of specially conjugated three-four benzene rings attached to their surfaces [29]. 
However, a significant disadvantage of this approach is the arbitrary choice of the sizes of fluorescent molecular 
structures and especially the shapes of the clusters built from benzene rings. In some cases, clusters of different 
shapes and sizes can have similar HOMO–LUMO gap values. The same arguments can be applied to explain the 
optical properties of CQDs by the presence of functional groups at the edges or by the special shape of the edges 
of nanographenes or molecules [26–28]. The lack of reliable experimental feedback about the size, shape, and edge 
structures of the nanocarbons makes it impossible to distinguish robust models from those built on sand. As such, 
this model of light-emitting molecular structures is of limited use; it works well in specific cases but does not gen-
eralise to most situations. This is especially true for carbon dots, consisting of stacked graphene layers (nanodiscs), 
with bandgaps smaller than the energy of fluorescent radiation.

For the case of CQDs of a few nanometres in size and with graphite-like structures (o-CD), all of the discussed 
approaches are significantly lacking. Increasing the size of pure nanographenes (the core part) leads to a gradual 
red shift of the predicted photoluminescence wavelength, with the energy gap eventually vanishing for nanogra-
phenes with sizes greater than 1.2 nm. On the other hand, multiple experimental results demonstrate the presence 
of photoluminescence (PL) in the violet region of the spectrum (400 ~ 450 nm) in o-CDs with sizes around 1–2 nm 
(see Table 1). The blue shift of the PL should correspond to a decrease in the size of the related nanographenes, but 
the experimental works summarised in Table 1 do not show the presence of any sub–nanometre nanographenes in 
the studied systems.

The greatest limitation of the existing modelling approaches described is the absence of predictive power. These 
approaches cannot instruct one on how to change the production method or treatment of CQDs to obtain desired 
properties for the modelled system. With this in mind, the development of a more robust approach to the modelling of 
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o-CDs is fundamental to the systematisation of experimental results and to guide further synthesis of o-CDs towards 
specific applications in a controlled manner.

The purpose of this work is to elucidate a structural model for o-CD particles. Initially, we consider nitrogen-free o-CDs 
with graphene-like morphology (nanographenes, larger graphene sheets, graphenic stacks, etc.); specifically, those that 
exhibit regular fringes in their TEM images and emit light in the range from 400 to 700 nm. This is because it is currently 
unclear why relatively large o-CD particles up to 5–6 nm in size emit blue light; in TEM images they appear as a stack 
of regularly arranged graphene layers, whereas such a structure would not be expected to emit high-energy blue light 
unless there were carbon dot particles with an amorphous mixed sp2/sp3 structure.

Review of experimental and theoretical studies of nitrogen‑free CQDs

Although a considerable number of experiments have been reported nitrogen-free CQDs, the number of works which 
comprehensively describe the structure and properties of their investigated systems is rather small (see Table 1). 
We consider five key elements of the reported experimental results: (i) the general approach to their production; (ii) 
the ratio of sp2/sp3 hybridisation of the carbon content; (iii) the mean size of the CQDs; (iv) whether the CQDs have 
a layered structure; and (v) the wavelength of the photoluminescence peak [30–46].

The production approach can be categorised as either top-down or bottom-up. In the top-down approach, graph-
ite, graphene oxide, or carbon fibres are reduced in size by physical and/or chemical treatments. In the bottom-up 
approach, graphene sheets are formed by chemical and physical assembling of fragments of organic molecules 
obtained from other carbon-containing materials. Top-down CQD production results in the formation of highly 
ordered layered structures with crystalline fringes that can be seen in HRTEM (high-resolution transmission electron 
microscopy) images. With the bottom-up approach, the sizes of fabricated CQDs are usually smaller and HRTEM 
images often indicate the absence of a layered structure (see compounds 2–4 in Table 1).

X-ray photoelectron spectroscopy (XPS) is a powerful tool for describing the chemical composition of carbon-
based systems. Carbon atoms in a graphenic sheet can be either sp2 or sp3 hybridised. sp2 hybridisation corresponds 
to either: non-functionalised carbon atoms in central part, or carbon atoms at the edges passivated by monovalent 
groups such as hydrogen or hydroxyl. sp3 hybridisation corresponds to either: functionalised atoms in the central part 
of graphene, or carbon atoms from carbonyl and carboxyl groups [47]. A simple estimate shows that, for a 3–4 nm 
nanographene, the ratio of carbon atoms in the central part to those along the edges is approximately 5:1. In the 
XPS spectra of C 1 s, both C = O and –COOH groups have distinct peaks (at about 288 and 289 eV, respectively) [48] 
separated by more than 1 eV from the peaks associated with various sp2 and sp3 carbon atoms located in the central 
part of graphene [49–51]. All the experimental results summarised in Table 1 show an insignificant number of car-
boxyl and carbonyl groups and a significant contribution from functionalised carbon atoms with sp3 hybridisation 
located away from the edges. Thus, the second important descriptor for the CQDs is the ratio of sp2/sp3 carbon atoms 
located away from the edges of the graphenic sheets. This ratio can be directly obtained from XPS measurements. 
The spectra are also useful for evaluating the ratio of oxidised and non-oxidised species on the graphenic sheets, 
which can then be further used in modelling the system (see, for example, [52]).

Note that in almost all the layered systems presented in Table 1 (except 15), the approximate number of carbon atoms 
in sp2 hybridisation is three or more times larger than the number of oxidised carbon atoms with sp3 hybridisation. All 
previous theoretical and experimental considerations of the relationship between oxidation level and bandgap in GO 
demonstrated that reduction of GO (i.e., increasing the sp2/sp3 ratio to 3:1) results in the vanishing of the bandgap [52, 53].

Finally, we consider the characteristic wavelength (or photon energy) of the PL emission. The spectral maxima of PL 
emission are in the range 400–450 nm (corresponding to blue light emission) or ten of the fifteen compounds considered 
in Table 1. Note that the similar values of the PL spectral maxima were recorded for CQDs of different sizes and with dif-
ferent sp2/sp3 ratios. For example, compounds 1, 6, and 13 have spectral maxima at ~ 420 nm, but their sizes vary from 
1.2 to 6 nm and sp2/sp3 ratios from 2:1 to 20:1. On the other hand, the CQDs with sp3 content larger than sp2 content (2) 
or similar to it (15) also demonstrate PL within the same or almost the same spectral range. These various similarities and 
dissimilarities provide us enough information to start the simulation of realistic nitrogen-free graphenic CQDs.

Recent theoretical studies report systematic investigations of nanographenes of various shapes, sizes, and edge struc-
tures as possible models for some CQDs [26, 54–56]. The effects of adatoms [57] and defects on the edges [40, 43, 45, 58] 
were also simulated. An important finding of these studies was a rapid decay in the value of the bandgap as the size of 
nanographenes increased, with the energy gap closing for nanographenes larger than 1 nm. However, this repeatedly 
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reproduced theoretical result is inconsistent with numerous experimental observations of PL in CQDs with layered 
structures of a few nanometres in size (see Table 1). Another common shortcoming of the cited theoretical studies in 
terms of their application to CQDs is the neglect of the contribution from functionalised regions in the central parts of 
the graphenic sheets — a feature observed in all CQDs. Thus, based on a brief observation of these recent theoretical 
results, we hypothesise that simulation of partially functionalised large graphenic sheets may provide a better descrip-
tion of real o-CDs.

Methods and terminology

Theoretical modelling was carried out using SIESTA pseudopotential code [59] employing the generalised gradient 
approximation (GGA-PBE) [60] for the exchange-correlation potential in a spin-polarised mode. A full optimisation of the 
atomic positions was carried out during which the electronic ground state was consistently found using norm-conserving 
pseudopotentials [61] for the cores with a double-ξ-plus polarisation basis for the localised orbitals of non-hydrogen 
atoms and a double-ξ for hydrogen atoms. The forces and total energies were optimised with an accuracy of 0.04 eV Å−1 
and 1.0 meV/cell (or less than 0.02 meV/atom), respectively.

Herein, we will discuss the relationships between atomic structures of various simulated systems and the value of the 
energy gap between the valence band maximum (VBM) and conductive band minimum (CBM) in periodic systems (also 
called the highest occupied and lowest unoccupied molecular orbitals, respectively). The value of this bandgap defines 
the PL wavelength. The transition from computationally expensive state-of-the-art many-body model calculations to 
DFT corresponds to the description of the motion of each electron as motion in the mean field of all other electrons. The 
electron mean field acting on a single electron is the electrostatic field created by all electrons in the system, including 
the considered electron. This simplification allows calculations for realistic (complex) systems but has some disadvantages 
such as underestimation of the bandgap [62]. This disadvantage of the DFT-based methods can be fixed by using the 
GW (Green’s function, screened Coulomb interaction) approximation approach [63], using so-called hybrid functionals 
[64], or by estimation of the real bandgap from that calculated within the standard DFT framework. Since at the current 
level of hardware development, calculation of hundreds of atoms using GW methods is prohibitively computation-
ally costly, and hybrid functionals are not implemented in the SIESTA code, we apply the third approach herein using 
the relationships between the values of the bandgap calculated using standard DFT and GW approaches reported by 
van Schilfgaarde et al. [63] for a broad range of values (from 0 to 7 eV). We further report and discuss the values of the 
bandgap calculated using standard DFT, and in some cases discuss the relationships between the calculated and real 
bandgaps. For further reference, the relationships between PL colours, photon energy (real bandgap), and approximate 
values of the calculated bandgap are summarised in Table 2.

Results and discussion

Building a proper model for ordered carbon dots

Based on the experimental data summarised in Table 1, we can assume that most o-CDs constructed from graphenic 
layers have lateral sizes greater than two nanometres (predominantly 4–5 nm). Thus, the contribution from edge states 

Table 2  Summary of PL 
colours, their related 
measured photon energies 
(corresponding to the real 
bandgap), and approximate 
values of the bandgap 
calculated using the standard 
DFT-GGA approach

Colour Photon energy (eV) Calculated bandgap (eV)

Violet 2.82–3.26 1.9–2.1
Blue 2.56–2.82 1.7–1.9
Cyan 2.48–2.56 1.6
Green 2.19–2.48 1.3–1.5
Yellow 2.10–2.19 1.2
Orange 1.98–2.10 1.1
Red 1.65–1.98 0.6–1.0
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is significantly less than the contribution from central areas. In addition, XPS measurements clearly demonstrate the 
presence of a sufficient amount of carbon in sp3 hybridisation associated with the presence of hydroxy and epoxy groups 
in the central part of the graphenic sheets, along with a negligible contribution from carbonyl and carboxyl groups on 
the edges. Infrared absorption measurements also demonstrate the significant presence of hydroxyl groups (see, for 
example, Wei et al. [45]) which cannot be related only with the periphery of graphene sheets of several nanometres 
in size. Based on the combination of the large size and small edge state contributions observed in the majority of real 
o-CDs considered in Table 1, we choose to simulate o-CDs as supercells of partially functionalised graphene within peri-
odic boundary conditions (Fig. 1a–d). This model provides a correct description of the state of basal planes in layered 
structures of a few nanometres in size. Note that this model does not account for the contribution of edge groups for 
the reasons discussed in the introduction. The interlayer interactions are also omitted; in graphitic nanoparticles these 
interactions are rather weak and many inorganic intercalants (e.g. water molecules) can penetrate between the layers 
[65]. We believe that this simplification is a reasonable price to pay for building a realistic model more closely aligned 
with experimentally observed structures.

There are two possible distribution patterns for functional groups on the basal plane of graphene: the first is a uniform 
distribution (e.g. Bekyarova et al. [66]), and the second is the clustering of impurities to form island-like functionalised 
areas. The results of previous modelling of the step-by-step functionalisation of graphene by various species [67, 68] and 
the experimentally observed inhomogeneities in the distribution of oxidised areas in GO (e.g. Gomez-Navarro et al. [69]) 

Fig. 1  Optimised atomic structure of a sp2-island of 24 carbon atoms inside a large, b medium and c small supercells of graphane, and d a 
small supercell of graphene oxide. Carbon atoms are shown in grey, hydrogen in cyan, and oxygen in red. The same colour scheme is used 
in all further figures herein. e The densities of states of carbon atoms in the sp2-islands in (a–d). The Fermi energy in (e) and in similar figures 
throughout this work was set as zero
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suggest the prevalence of the second scenario. One more argument for the selection of this pattern of functionalisation 
is the different ratios of sp2/sp3 species observed in the XPS spectra of real o-CDs with the same or similar PL spectral 
bands (see Table 1). In the case of uniform distribution, different sp2/sp3 ratios correspond to different bandgap values 
and, therefore, to different energies of emitted photons—in disagreement with experimental results. On the other 
hand, multiple theoretical works (see, for example, Xiang et al. [70]) suggest that nanoribbon-like sp2 regions within 
the functionalised matrix can result in a bandgap. The values of the bandgaps of sp2-nanoribbons are smaller than the 
values of the bandgap for functionalised areas. The optical properties of the system are predominantly defined by the 
highest position of the valence band (or HOMO in molecules) and the lowest position of the conduction band (LUMO in 
molecules). Hence, we can consider that the electronic structure of non-functionalised areas defines the optical prop-
erties of the whole system (as shown in Scheme 1a). Therefore, in further discussions we will discuss the atomic and 
electronic structure of the carbon hybridisation regime with smaller values of the bandgap, which defines the colour of 
PL. It should be noted that in the case of a junction of the conductive (gapless) sp2-hybridised and semiconductive sp3-
hybridised regions, photogenerated charge carriers can easily recombine in the conducting region without emission of 
a photon (Scheme 1b). Note that since vacancies and dislocations (e.g. Stone–Wales defects) are more chemically active 
than perfect sp2-hybridised areas [67], all defective sites will be oxidised first and therefore be found preferentially in 
the sp3-hybridised part of the system.

Since the computational time is proportional to the cube of the number of considered orbitals, we further simplify 
our model. First, we only consider the functionalisation of graphene by hydroxyl groups (Fig. 1d) and then substitute 
the hydroxyl groups with hydrogen atoms (Fig. 1c). This simplification provides a significant decrease in the com-
putational cost for a supercell of the same size and with the same number of functionalised carbon atoms (carbons 
with sp3 hybridisation). The downsides of this shortcut and methods to account for and correct the introduced 
inaccuracies in the simplified model are discussed further in “Effect of distortion on the bandgaps of sp2-islands and 
nanographenes” section.

The next step is to select the correct patterns for the functionalised (sp3) areas. In this case, there are again two 
possible scenarios. In the first, functionalised regions of limited size are localised in the centre of the supercell. In the 
second, it is instead the non-functionalised areas (hereinafter sp2-islands) that are localised there. Since functionalisa-
tion of the edges of graphene sheets is more energetically favourable than that for internal regions (holding true for 
various sizes and shapes of graphene sheets) [71–74], we implement the second scenario into our model. In this case, 
gradual oxidation of graphene from the edges towards the central area or segregation of the oxygen to areas on the 
edges by migration [75, 76] will lead to the formation of non-functionalised sp2-islands in internal regions of the basal 
plane (see Fig. 1a–d). The final step in building the model is to assign the size of the supercell. Different sizes of the 
supercells correspond to different distances between nearest-neighbours sp2-islands under the periodic boundary 
conditions imposed. To assess the effect of the distance between sp2-islands on the predicted electronic structure, we 
constructed three different rectangular supercells of partially hydrogenated graphene (graphane) of different sizes 
(216, 140 and 80 carbon atoms). Identical islands of 24 sp2-hybridised carbon atoms (with exactly the same shape 
and size) were positioned in the centre of the supercells (Fig. 1a–c). These three periodic supercells correspond to 
0.92, 0.7 and 0.5 nm distances between centres of the sp2-islands. The results of the calculations demonstrate that 
the size of the supercell (i.e., the distance between sp2-islands in the graphane matrix) does not play a significant 

Scheme  1.  Band diagrams and possible pathways of electron-hole recombination for the cases of: a sp2-hybridised area incorporated in 
the sp3-hybridised matrix a with a bandgap and b without a bandgap; and c a separate sp3-hybridised region at the edge of a gapless sp2-
hybridised region. Examples of realistic structures corresponding to each scheme are discussed in text
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role in the electronic structure of the non-functionalised areas (see Fig. 1e). Thus, the choice of the supercell can be 
determined by a balance between the computational cost and the desire to simulate larger sp2-islands. For these 
reasons, we will further use the supercell shown in Fig. 1a.

sp2‑islands vs polycyclic aromatic hydrocarbons

From the sp2-islands model proposed, we then look to calculate the optical properties (energy of emitted photoelectrons) 
at various ratios of sp2/sp3 carbon and for various morphologies of the sp2-islands. Additionally, because the morphology 
of sp2-islands (see Fig. 1a–d) is similar to the morphology of the carbon part of polycyclic aromatic hydrocarbons (PAHs), 
since PAHs are used to model the optical properties of some CQDs, we also calculate atomic and electronic structures 
for PAHs with carbon bodies of the same morphology as for the modelled sp2-islands. Full optimisation of the atomic 
positions was also carried out for all considered PAHs. Since PAHs provide a clear and simple picture of the of sp2-island 
morphologies (c.f. Fig. 2e versus Fig. 1a), we will illustrate the morphologies of the sp2-islands considered through recipro-
cal PAHs (Fig. 2a–j). In addition to isolated sp2-islands, we also simulated several sp2-nanoribbons (Fig. 2k, l) and compared 
the calculated values of the bandgap with the values calculated for graphene nanoribbons of the same morphology. The 
HOMO/LUMO gaps in the PAHs and the bandgaps of sp2-islands with the same morphologies are reported in Fig. 2. The 
value of the bandgap of sp2-islands and sp2-nanoribbons is typically smaller than that calculated for reciprocal PAHs and 
nanoribbons. Thus, the use of PAHs as a model for o-CDs with layered structures can be performed only by introducing 
further corrections. The nature of the difference between the values of the bandgaps in sp2-islands and PAHs and a sim-
ple approach towards correcting PAH-based models is discussed in the next section. Note that sp2-islands located at the 
periphery of graphene are an intermediate case between sp2-islands at the centre of infinite graphene sheets and PAHs. 
Therefore, the values of the bandgap sp2-islands on the edges should also be intermediate between values calculated 
for PAHs and infinite graphene sheets.

The second result from the simulations is the rapid decrease observed in the values of the bandgap with increasing 
sp2-island and PAH sizes (even accounting for the corrections discussed in the “Methods and terminology” section and 
summarised in Table 2). This result is similar to that reported in the literature for the modelled red shift in sp2-carbon 
subdomains in graphene oxide [77]. Existing experimental results (see Table 1) demonstrate that real nitrogen-free o-CDs 
usually demonstrate PL in the blue part of the spectrum, which corresponds to bandgaps in the range 1.7–1.9 eV (see 
Table 2). These values are seen in the modelling of the smallest (below 60 carbon atoms) sp2-islands or PAHs. On the 

Fig. 2  a–j Optimised atomic structures of polycyclic aromatic hydrocarbons (PAHs) with morphologies of the carbon structures similar to 
sp2-islands in graphane, and k–l graphane supercells with armchair sp2-nanoribbons of different widths. The numbers under the pictures 
give the values of the calculated bandgaps in the PAHs or nanoribbons (first number) and in the sp2-islands or sp2-nanoribbons with the 
same morphology (second number). The expected PL colour (see Table 2) of each structure is also indicated
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other hand, the measured sp2/sp3 ratios for blue-emitting o-CDs of a few nanometres in size are from 3:1 to 20:1. Thus, 
the number of carbon atoms in non-oxidised areas (sp2-islands) exceeds a hundred, and our proposed model only suc-
cessfully predicts the properties of the green and red emitting o-CDs with significant oxidised areas (such as systems 4, 
5, and 11 from Table 1).

The results of the calculations presented in Fig. 1a–k also demonstrate another significant drawback of the description 
of CQDs as PAHs or sp2-islands in a sp3-matrix: violation of hexagonal symmetry in both PAHs and sp2-islands leads to a 
significant decrease in the values of the bandgaps. Thus, the experimentally observed blue emission corresponds to high-
symmetry sp2-islands and PAHs. Sometimes, the interplay between the symmetries of the sp2-island and the supercell 
can provide an additional contribution to the discrepancy in the values of the bandgap between PAHs and sp2-islands 
(see, for example, Fig. 2h). However, a top-down or bottom-up approach leads to the formation of PAHs or sp2-islands 
of various shapes and sizes. The likelihood of the formation of high-symmetry blue-emitting structures should be very 
low. In addition, in the case of the formation of some mix of PAHs with different values of their HOMO/LUMO gaps, the 
scenario illustrated in Scheme 1a will be implemented. Thus, either sp2-islands or PAHs are a suitable model only for 
o-CDs with emission from green to red (see Table 1).

Effect of distortion on the bandgaps of sp2‑islands and nanographenes

We have thus far discussed only sp2-islands on perfectly flat graphene sheets. However, graphene sheets usually deviate 
from a flat geometry [78]. Peculiarities of nanoparticle morphologies such as impurities, solvent molecules, or intercalants 
can also contribute to the deformation of graphenic membranes geometries. Therefore, one should also take into account 
the effect of out-of-plane corrugation on the electronic structure of sp2-islands. To do so, we used a further approach 
where the in-plane lattice parameters of the supercell were reduced (in this work by 10%) to give an initial out-of-plane 
deviation of some atoms in the centre of the supercell (in this work all atoms of the  sp2-island were shifted up by 0.01 nm).

We further performed optimisation of the atomic position with fixed lattice parameters. To study the effect of the 
corrugation on the electronic structure, we choose the specific cases of the graphene supercells with coronene-like 
sp2-islands of 24 and 54 carbon atoms and compare electronic structure of sp2-islands before (Fig. 1a) and after (Fig. 3a, 
b) corrugation. The results of the calculations demonstrate the presence of a redshift in the electronic structure of the 
sp2-island with 24 carbon atoms (Fig. 3c) and a larger redshift for the sp2-island with 54 atoms in the corrugated matrix. 

Fig. 3  Optimised atomic structures of corrugated graphene with  sp2-islands of a 24 and b 54 carbon atoms, and densities of states for 
 sp2-islands of c 24 and d 54 in flat and rippled graphane. e The changes of the bandgap of  C24H12 (as given in Fig. 2e) and  C54H18 (as given in 
Fig. 2g) as a function of the change of in-plane lattice parameter. The Fermi energy in (c) and (d) was set as zero
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Thus, the corrugation of graphenic sheets leads to a redshift in the spectrum of the sp2-matrix. Note that substitution 
of the hydrogen by hydroxyl groups or fluorine leads to larger corrugated distortions of the graphene surface [52, 68]. 
Hence, the value of the bandgap of sp2-islands in a GO-like matrix is smaller than in an otherwise equivalent graphane 
environment (see Fig. 1d).

Based on the simulation of the effect of lattice distortion on the electronic structure of the sp2-islands, we also con-
sidered the effect of in-plane strain on the electronic structure of the PAHs. For this purpose, we performed optimisation 
of the atomic structures of  C24H12 (Fig. 2e) and  C54H18 (Fig. 2g) and then varied the in-plane lattice parameter from 95 to 
105% of the initial value without further optimisation of the atomic positions. The results demonstrated that in-plane 
compression of PAHs leads to a blue shift and expansion to a redshift. This result can be used to simplify the modelling 
of sp2-islands in nanographenes. First, several initial PAHs with values of their bandgaps closer to experimental equiva-
lents should be chosen. Second, based on experimental characterisation of the chemical composition of functionalised 

Fig. 4  (Left) Optimised 
atomic structure of the same 
nanographene with differ-
ent sizes of the oxidised (sp3) 
island at the edge (shown by 
green circles), and (Right) cor-
responding partial densities of 
states of carbon and oxygen 
atoms belonging to these sp3-
islands. Approximate sp2/sp3 
ratios of a 8:1, b 6:1, c 4:1, and 
d 3:1are considered. The Fermi 
energies for all four cases 
were set as zero
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graphene, the magnitude of the changes to the lattice structure after functionalisation can be calculated. The obtained 
values of in-plane lattice distortions should be used for planar compression or expansion of the considered PAHs in the 
model. These deformed PAHs can be used in further calculations (similar to those performed by Kundelev et al. [27]) of 
the optical properties of o-CDs. The described approach significantly decreases the computational costs by reducing 
supercells of functionalised graphene with sp2-islands to PAHs. This improves the availability and access towards time-
dependent DFT-based calculations based on realistic chemical compositions of the simulated o-CDs.

Oxidised edges of nanographenes

We have so far explored and discussed the limitations of sp2-islands and PAHs as models of realistic nitrogen-free o-CDs. 
However, all the previously described models are suitable only for graphenic sheets of sub-nanometre sizes or for o-CDs 
with a significant level of oxidation (sp2/sp3 < 1). Note that only a two of the samples shown in Table 1 (i.e., 6 and 7) satisfy 
these conditions. Thus, some different model systems are required for o-CDs with low amounts of oxygen in the basal 
plane. Taking into account the functionalisation of graphene sheets from the edges to the centre as discussed in “Build-
ing a proper model for ordered carbon dots” section and also in [68, 72], we considered the influence of the oxidation of 
areas at the edge of the graphenic sheet upon the electronic structure. For this purpose, we selected a test case nanog-
raphene of larger size (104 carbon atoms) than that previously considered (Fig. 1k). Since the values of the energy gaps 
in graphene oxide functionalised with only hydroxyl groups and with a mix of epoxy and hydroxyl groups are sufficiently 
similar [52], we consider only the latter in our further modelling. We then defined a functionalised (with hydroxyl and 
carbonyl groups) region of twelve carbon atoms at the edge (see Fig. 4a). The distribution of the functional groups was 
chosen based on the principles previously described for graphene oxide [52] and for the oxidised edges of graphene 
nanoribbons [67, 75]. This initial structure corresponds to an 8:1 ratio of sp2/sp3 carbon atoms in the system. We then 
gradually increased the size of the sp3-island by the iterative addition of four hydroxyl groups (two from one side of the 
plane and two from the other) until finally reaching a sp2/sp3 ratio of 3:1 (Fig. 4d). Note that the range of sp2/sp3 ratios 
spanned by these simulations is similar to that found experimentally in real CQDs (see Table 1).

The optical properties of these oxidised regions are critically defined by the two distinct peaks below and above Fermi 
level, with a peak-to-peak separation of around 2 eV (see the right column of Fig. 4), corresponding to PL in the blue part 
of the spectrum (see Table 2). The minor peaks near the Fermi level (and between the two main peaks of interest) result 
from the interaction of the functionalised area with nanographene of size smaller than that observed in experiments 
(see Table 1). Note that, in contrast to sp2-islands and PAHs where morphology significantly influences the value of the 
bandgap (see Fig. 2), in the case of sp3-islands (oxidised areas) the value of the bandgap is defined only by the chemi-
cal composition of the functional groups and almost does not depend on the shape or size of these islands. The results 
presented here explain how the o-CDs of different sizes and with different sp2/sp3 ratios summarised in Table 1 (i.e., 1, 5, 
6, 10, 11, 13, and 15) demonstrate PL at the same or almost the same wavelength. The insignificance of the shape and 
size of the oxidised area on the value of bandgap is due to the formation of a diamond-like 2D structure. Changes in the 
shape and size, or substitution of hydroxyl groups for epoxy groups leads to a mild in-plane strain, which in turn causes 

Scheme 2.  A sketch of a partially oxidised nanographene domain with a oxidised (sp3) carbon on the edges, b a single large sp2-island in the 
centre, and c several small sp2-islands in the centre. The most likely PL colours of emitting light are shown above the panels. Blue areas rep-
resent oxidised parts, and green areas denote non-oxidised graphene
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only limited changes to the values of the bandgap [52]. Therefore, the smallest fully oxidised nanographene can be used 
as a model of oxidised regions on the edges of nanographenes for further modelling of the optical properties of o-CDs.

Conclusions and outlook

Based on the results of modelling experimentally characterised, graphene-based, carbon quantum dots, we can propose 
further schemes for the atomic structures of these systems. For low oxygen content (sp2:sp3 >  > 1), oxidised regions are 
formed at the edges of the graphenic sheets (Scheme 2a). To simulate the optical properties of these systems, nanogra-
phenes with oxidised edges (similar to those shown in Fig. 4a) can be used. An increase in the oxygen content leads to 
the formation of smaller, but still large (around 1 nm) graphenic sp2-islands in a sp3-matrix (Scheme 2b and Fig. 1a–d). 
Changes in the bandgap values along this route can be accurately described by the simple semi-empirical formula pro-
posed by Wei et al. [45]. A further increase in oxygen content in the basal plane of the graphene sheets leads to further 
diminishing in the size of graphenic sp2-islands (Scheme 2c) with a corresponding blue shift in the PL. An accurate theo-
retical description and prediction of optical absorption and fluorescent emission properties of these sp2-islands can be 
obtained from model systems of strained polycyclic aromatic hydrocarbons. Thus, based on the comparison of known 
experimental data and simulations of nitrogen-free CQDs, the oxidation and reduction of synthesised nanoparticles 
are the simplest methods for fine-tuning the optical properties of these systems. The ratio of sp2/sp3 measured in the 
synthesised CQDs provides enough information to determine a starting point, and the models presented herein will 
further guide treatment (oxidation or reduction, where the carbon atoms in the graphene nanosheet undergo rehybridi-
sation between sp2 and sp3 states) towards obtaining the desired PL properties. Importantly, we have shown that there 
is no need to involve ideas about elementary emitters in the form of molecules of polycyclic aromatic compounds on 
the surface/periphery of the particles to explain the light emission by CQD particles in the 400–600 nm range (even in 
the red part of the spectrum, as for compounds 8 and 9 from Table 1). The basic CQD particles themselves can be up to 
8–10 nm (i.e., not necessarily small (up to 2 nm)). The developed models are in good agreement with the experimental 
data on the properties of CQDs available from the literature.
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