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A B S T R A C T   

Flame synthesis could represent a controllable method for production of carbon dots (CDs) with tunable emission 
properties, alternative to process involving oxidation agents and wet chemistry processing. To control final 
properties of CDs, a thorough analysis of different reactor parameters has to be conducted. Here we investigate 
the effect of combustion operative conditions, namely equivalence ratio, for CD production in a premixed flame 
reactor. CDs with specific optical properties have been synthesized at different equivalence ratios, burning both 
pure ethylene and ethylene/benzene mixtures. Carbon particulate matter was thermophoretically collected at the 
exhaust of the flame reactor. Successively, after dichloromethane washing, CDs were simply obtained by N- 
methyl-pyrrolidone extraction and filtration (<20 nm). In ethylene flames, CDs with fluorescence ranging from 
green to yellow, as equivalence ratio increases, were synthesized. In ethylene/benzene flames, produced CDs 
emit fluorescence from blue to green and equivalence ratio seems to play even a more marked role, inducing 
significant change in the emission spectra with small changes of equivalence ratio. Globally, their quantum yield 
ranges between 2 and 11%. CDs have been found generally stable for mild change of temperature (up to 80 ◦C), 
mild basic pH (pH = 8–10) and over long time at room temperature (up to 240 days). Overall, equivalence ratio 
demonstrates to be a powerful and simple tool to produce tunable CDs by flame synthesis on large scale.   

1. Introduction 

Carbon has gained attention as the constituent element for future 
materials due to its capability to be arranged in different allotropic 
forms. Fullerenes, nanotubes and graphene nanocarbons opened the 
challenge of individuating the best way to exploit all their potential. At 
the same time, research community and industries are seeking for a 
competitive and effective industrial processes to maximize and making 
accessible their production on large scale. Among all the carbon nano
materials arisen in the last years, carbon nanoparticles (CNP), particu
larly fluorescent CNP - also known as carbon dots (CDs) - have gained 
great attention due to their features. CDs have showed to be highly 
biocompatible [1–3] in comparison to semiconductor quantum dots and 
their intrinsic property of giving photoluminescence [4–6] has made 
these compounds a promising material for several applications [1–5], 
including bioimaging, drug delivery and optoelectronics. As stated 
before, the possibility of effectively use these new nanomaterials is 
subordinated - among other issues - to finding a way to produce them on 

large scale, being able to tune their desired features. 
Early CD synthesis was mainly based on top-down approach from 

bulk materials, e.g., laser ablation, electrochemical oxidation and mi
crowave treatment [7]. Bottom-up synthesis approaches [7], based on 
polymerization and/or carbonization of small molecules to form CDs, 
have become more and more attractive due to their ease of imple
mentation and tunability. 

In this view, flame synthesis has been proposed as source of CDs [8]. 
Flame reactor is intrinsically autothermic and continuous, making the 
process suitable for large scale material productions [9–11]. In the past, 
flame synthesis has been approached to produce fullerenes and nano
tubes on large scale [12–17]. Similarly, CNPs ranging from near mo
lecular size up to hundreds of nanometers have been detected in a wide 
range of combustion conditions [18–22]. However, most of the times, 
CNPs of different sizes and chemical nature are present simultaneously 
in the flame at the same location. The role of the sizes in changing the 
features of CNPs is well known. Hence, one of the possible way to pro
ceed could be collecting all CNPs and separating them on the base of 
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their chemico-physical features, in order to achieve a high grade of 
purity of the desired CNPs. At same time, it would be possible to opti
mize the combustion conditions in order to maximize the production of 
CNPs with desired features. Overall, it is possible to produce CNPs with 
the same size but differently produced by changing fuel composition, 
temperature history and equivalence ratio [18–23]. Recently, CD syn
thesis in controlled flame reactors has been proved to be an effective 
approach for the direct and easy production of structurally reproducible 
highly fluorescent CNPs with different emission properties [24]. The 
fluorescence emission of flame-formed carbons with size <20 nm has 
shown to be due to a mixture of molecular fluorophores and aromatic 
domains mainly emitting in the blue region when soluble in dichloro
methane (DCM) and to aromatic domains of larger size bonded and/or 
turbostratically stacked together mainly emitting in the green region 
when soluble in stronger solvent as N-methyl pyrrolidone (NMP) [24]. 
Carbon nanostructures with the same properties of CDs – although 
defined differently - have been historically detected directly in situ by 
spectral and time-resolved laser induced fluorescence and by other off
line spectroscopic techniques [25–32] by researchers of the combustion 
community, mainly for inferring their role as intermediates in soot 
formation. Changing the operative conditions can be used to tune the 
production of CDs emitting in different wavelength ranges. Recently, we 
have found that by fueling a premixed flame with mixtures ranging from 
ethylene to benzene at fixed equivalence ratio, the properties of CDs 
could be varied and CDs fluorescing from yellow to blue could be easily 
produced [32]. 

In this work, the effect of equivalence ratio on the formation of CDs 
has been explored. In comparison to the previous works [24,32] refer
ring to heavily sooting flames, in the present manuscript we have 
investigated the equivalence ratio effect in the transition from nearly-to 
heavily-sooting flames. In particular, both pure ethylene and ethyl
ene/benzene mixture have been fed to a McKenna burner stabilizing a 
series of premixed flames with different equivalence ratios in order to 
obtain CDs with specific optical (UV–Visible absorption and fluores
cence) properties. Equivalence ratio is one of the simplest process pa
rameters to control and thus the possibility to use it to fine tuning the 
properties of CDs might open the path for an easily scalable technology 
for CD flame synthesis on industrial level. 

2. Experimental setup 

2.1. Flame reactor and configurations 

In this work McKenna burner is used to stabilize premixed flames 
with different fuel mixtures and equivalence ratios (phi), where phi is 
defined as the ratio of fuel concentration in the actual fuel-air mixture 
divided by the fuel concentration in a stoichiometric mixture. 

In particular, pure ethylene and ethylene/benzene mixture were 
used to obtain different premixed flames for the CD synthesis. The rule of 
experiment design is as it follows. Ethylene flames are selected by fixing 
the cold gas velocity (10 cm/s) and the O2/N2 ratio (21/79 – i.e., 
burning in air). Ethylene flames here investigated have different 
equivalence ratios (from 2.01 up to 2.46) and they were previously 
largely analysed both by in situ optical techniques and ex situ analysis of 
the particle size distribution [26,33–35]. The conditions of the ethylene 
flames are reported in Table 1. Ethylene/benzene fuel mixtures were 
also investigated in order to explore the effect of phi in aromatic fuelled 
flames. Previously, flames with different percentages of benzene in a 
mixture with ethylene (from 0% to 100%) were studied by keeping 
constant the equivalence ratio [22,32]. In this work, the ethyl
ene/benzene ratio has been kept constant (50/50 in terms of carbon fed) 
and the equivalence ratio has been varied from 1.8 up to 2. The choice of 
having an equivalence ratio lower than in the pure ethylene flame is 
suggested by the higher propensity of benzene to form particulate of 
large dimension in flame. In the investigated conditions, the formation 
of small CDs is hence optimized. Finally, for similarity with pure 

ethylene flames, in this work ethylene/benzene flames are burned in air 
(O2/N2 ratio equal to 21/79). It is worth to note that, in this setup for CD 
synthesis, O2 plays a role of mayor oxidant of species to stabilize the 
flame and N2 plays just a diluent role, not entering in CD formation 
process. 

All the experimental details on the flames operating conditions are 
reported in Table 1. Ethylene/benzene flames have been preliminary 
investigated by optical techniques and particle size distribution in order 
to assess whether the conditions were suitable for collecting CDs. These 
preliminary results are not reported here since the focus is on the 
collected material for which a molecular weight distribution is per
formed by a chromatographic technique. Future work might systemat
ically investigate these conditions from a different perspective. 

2.2. Carbon material sampling and analytical treatment 

CD collection and characterization procedures are the same reported 
in a recent work [32]. Here and in the following subsection a brief 
description is reported. CD sampling was performed at the end of the 
flame reactor (HAB = 15 mm) by means of thermophoretic deposition 
on a glass plate (75 × 25 × 1 mm) horizontally inserted into the flame 
for a short time (2 s). The insertion procedure was automatized and 
repeated many times for a total insertion time of 60s. Total insertion 
time was optimized in order to deposit enough material in form of thin 
carbon film for the following analysis. This procedure has been tested 
and validated to avoid experimental artifacts [32,33]. 

Glass plates covered by carbon material were washed in DCM to 
remove the light molecular weight (MW) part of the organic carbon. The 
DCM-insoluble carbon samples were completely removed from the glass 
plate by dispersion in NMP in an ultrasonic bath (5 min, 59 KHz) and 
then filtered on an Anotop filter (Whatman) to separate the fraction <20 
nm. The fraction <20 nm was analysed by absorption and fluorescence 
spectroscopy. Fig. 1 reports a sketch of the adopted procedure. 

2.3. CD characterization 

A HP 8453 Diode Array spectrophotometer was used to perform 
UV–Visible (UV–Vis) analysis of the carbon samples dissolved in NMP 
after the filtration. A highly cross-linked individual-pore column 
(Polymer Laboratories, Ltd, UK) was used to analyse the fraction <20 
nm in 100–1E5 u MW range [24,32]. The injection volume was 250 μl 
and the analyses were performed at a temperature of 80 ◦C with a flow 
rate of 0.5 ml/min. The online detection of species eluted from the size 
exclusion chromatography (SEC) column used a HP1050 UV–Vis diode 
array detector that measured the absorbance signal at a fixed absorption 
wavelength (350 nm). The fluorescence measurements were performed 
on the <20 nm fraction further diluted in NMP to avoid concentration 
quenching and/or other phenomena. Fluorescence spectra were 
measured in standard 1 cm path-length quartz cells on HORIBA Scien
tific FluoroMax-Plus TCSPC spectrofluorometer. It is equipped with a 
150 W CW Ozone-free xenon arc lamp, a Czerny-Turner design mono
chromator with plane gratings for optimized focus at all wavelengths 
and minimum stray light and an air cooled and stabilized 

Table 1 
Operative conditions of the investigated flames.   

Phi Cold gas 
velocity, 
cm/s 

C2H4, 
Mole 
fraction 

O2, 
Mole 
fraction 

N2, 
Mole 
fraction 

Benzene, 
Mole 
fraction 

E201 2.01 10 0.1233 0.1841 0.6926 – 
E216 2.16 10 0.1313 0.1824 0.6862 – 
E231 2.31 10 0.1392 0.1808 0.6800 – 
E246 2.46 10 0.1469 0.1792 0.6739 – 
EB180 1.80 8 0.0630 0.1924 0.7237 0.0210 
EB190 1.90 8 0.0661 0.1915 0.7203 0.0220 
EB200 2.00 8 0.0693 0.1906 0.7170 0.0231  
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Photomultiplier R928P, operating in a spectral range from 185 to 900 
nm. FluoEssence management and analysis software is employed for 
data acquisition. Quantum yield (QY) of fluorescent species was evalu
ated at 350 nm by comparison with a standard species (9,10-diphenyl 
anthracene). The experimental error for SEC, UV–Vis and fluorescence 
spectroscopy measurements was evaluated to be less than 10%. 

For Raman analysis, some drops of CDs in NMP solution were 
deposited on quartz plates and heated in an oven at 100 ◦C for few 
minutes for evaporating the solvent. Raman spectra of the CDs were 
measured by means of a Horiba XploRA Raman microscope system with 
an excitation wavelength of λ = 532 nm (frequency doubled Nd:YAG- 
solid state laser, 25 mW). The energy on the sample was set at less 
than 1 mW to avoid sample damage. The Raman spectra were collected 
with an acquisition time of 30 s and an accumulation of 4 runs. More 
details are reported in Ref. [36]. 

TEM analysis was carried out using a JEOL 2100F TEM equipped 
with a Gatan Orius CCD camera operating at low voltage (40 kV). CDs 
were dispersed in ethanol by ultrasonic agitation and dropped onto a 
carbon lacey grid for TEM and HRTEM analysis [37,38]. Several images 
were acquired in order to make the images statistically significant. 

3. Experimental results 

3.1. Ethylene flames 

Particles were sampled in ethylene/air flames at HAB = 15 mm – i.e., 
at the end of the flame – on the glass plate following the illustrated 
procedure. Successively, samples have been washed in DCM in order to 
eliminate the contribution of DCM-soluble fraction, mainly constituted 
of C > 20 PAH [39]. These PAHs have shown to be preferentially 
deposited when the glass plate is rapidly covered by a layer of soot 
particles, as in fuel-rich conditions. However, in this work, exploring 
flames with very different sooting tendency by washing the samples in 

DCM before performing other analysis, we have avoided the 
sampling-dependent contribution of the low MW fraction of the organic 
carbon. Once the samples have been dried from DCM, they have been 
dissolved by sonication in NMP and then filtered to eliminate the frac
tion with size larger than 20 nm. 

In Fig. 2 SEC chromatograms for the CDs, collected in the ethylene 
flames and isolated following the described procedure, are reported. The 
figure shows the effectiveness of the procedure in isolating CDs with 
molecular weight between 104 u and 2*105 u – corresponding in 
spherical and unitary density approximation to 3–8 nm range. CDs in 
NMP solution have been then spectroscopically analysed to understand 
their photoluminescence properties. In Fig. 3A UV–Vis spectra normal
ized at 300 nm of the CDs collected in the four ethylene flames are re
ported. The features of the spectra measured for CDs collected in flames 
with different equivalence ratios are significantly different. As the 
equivalence ratio increases, the visible absorption relatively increases 
with respect to the UV one, being the CDs collected in the phi = 2.01 
flame the most absorbing in the UV. 

In Fig. 3B the normalized fluorescence spectra of CDs excited at 350 
nm are reported. Following the trend showed for the absorption spectra, 
the CDs exhibit a shift of the fluorescence emission toward higher 
wavelengths as the equivalence ratio increases from 2.01 to 2.46. In 
particular, a significant change between phi = 2.01 and 2.16 can be 
observed, being the CDs collected in the 2.01 flame mainly blue/cyan 
emitters (435–530 nm). For the CDs collected in the 2.16 and 2.31 
flames the fluorescence spectra are broader with a significant increase of 
the emission in the green (520–565 nm) and yellow (565–590 nm) 
wavelength regions accompanied by a gradual decrease of the signals in 
blue/cyan region as the equivalence ratio increases. The emission 
spectrum for the CDs collected in the 2.46 flame is sharper and all the 
fluorescence signal is localized in the green/yellow region. Overall, 
fluorescence emission shift from blue to green as the equivalence ratio 
increases can be immediately visually appreciated looking at the photos 
of the samples reported in Fig. 3C under illumination of a UV lamp@365 
nm. 

The change of fluorescence spectra can be attributed to a change in 
the structure. In this case no doping effect due to the presence of het
eroatoms can be individuated. In fact, according to the literature on the 
formation of the first particles, i.e., nucleation process, the internal 
arrangement of the freshly formed structures depends on the reactor 
conditions, such as temperature and local equivalence ratio [25,26,40, 
41]. In the case of premixed flames, the temperature can play a minor 
role in term of induced differences since particles are always formed in a 
range of temperature between 1500 and 1700 K [26,40,41]. Differently, 
in diffusion flames temperature can drop locally around 1000 K, 

Fig. 1. Schematic representation of sample collection and preparation.  

Fig. 2. SEC chromatograms measured at 350 nm of ethylene-formed CDs at 
different equivalent ratios. (A colour version of this figure can be 
viewed online.) 
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significantly changing the nucleation process. In premixed condition 
hence the equivalence ratio determines the effective availability of the 
large PAHs for nucleation process and formation of these small particles, 
which can be assimilated to CDs [25,40]. As the equivalence ratio in
creases, the amount of PAH with larger mean size increases. These latter 
can be easier arranged in more packed structure. Conversely, at lower 
equivalence ratio PAHs are smaller in mean size and less abundant. This 
turns into first structure of CD more loose [25,26,40,42–45]. The 
different structures both in terms of mean size and internal arrangement 
have significantly different optical properties. In fact, as the mean size of 
PAH composing the CDs increases and is arranged in a more packed 
structure, the interaction between PAHs becomes more significant and it 
turns into a red shift of the emitted light, as reported in Fig. 3. In the 
loose structure produced at lower equivalence ratio, the small PAHs are 
mainly held by crosslinks and this turns into a blue shifted fluorescence 
[25,26,40,42–45]. Interestingly, the size of these CDs remains confined 

in a small range of few nanometers. This is due to the fact that, as their 
size increase exceeding a certain size, they rapidly grow and coagulate to 
form large particles aggregates. In ethylene flames CDs are continuously 
freshly generated and thus they can be found at the exhaust of the flames 
together with large soot aggregates. In general, the examined CDs can be 
generally described as amorphous. In the yellow fluorescent CDs locally 
a strong Van der Waal interaction between aromatic planes can be 
found, however for these CDs globally no lattice structure can be 
individuated. 

By changing the equivalence ratio from 2.01 to 2.16 and then from 
2.31 finally to 2.46 implies to move from a non sooting flame to an 
incipient-sooting flame, to a sooting and to a fully sooting flame, 
respectively. This means that not only the nucleation process is changing 
as described, but also the evolution of large soot aggregates significantly 
changes: large soot aggregates together with small particles – i.e. the 
CDs are formed in different amount and size [26,33–35]. Overall, as the 
equivalence ratio increases, the environment conditions for particle 
formation change less significantly, reaching a sort of saturation effect. 
In fact, moving beyond 2.46 no further change in the fluorescence 
spectra was found. This sooting behaviour has been clearly identified in 
previous works on the same flames [26,33–35]. The CDs seem to be very 
sensitive to these parameters not only in terms of total amount pro
duced, but also of optical features. 

From the UV–Vis and fluorescence spectra it has been possible to 
estimate the QY reported in Fig. 4 along with the optical band gap [46, 
47]. According to the model proposed by Robertson and O’Reilly for 
amorphous carbons [48], the change of the optical band gap for 
carbon-based material is linked to the change of the length of the aro
matic units, namely as the aromatic size increases the band gap de
creases. The QY calculated for the flame-formed CDs reported in this 
paper are similar to those found in our previous works [24,32] and are 
comparable to those of CDs produced with different synthetic methods 
[49]. The band gap [46,47] evaluated from the UV–Vis spectra in the 
350–700 nm range, slightly increases as the equivalence ratio increases. 
Although the band gap is related to all the absorbing species, while the 
QY only to the fluorescing ones, some information can be derived from 
Fig. 4. The slightly increase of the band gap as the equivalence ratio 
increases could be attributed to the large presence of high MW absorbing 
molecules not soluble in DCM. This finding is confirmed by some peaks 
present in the SEC chromatogram at low MW (Fig. 2) and by the faintly 
structured absorption around 350 nm (Fig. 3A) characterizing the 
UV–Vis spectra of CDs collected at 2.31 and 2.46 flames. These species 
could also contribute to the increase of the QY, being less absorbing 
having a higher band gap [50]. Interestingly, the QY increases as the 
equivalence ratio increases and, hence, as the green fluorescence signals 
increase. The increase of the fluorescence at higher wavelength suggests Fig. 3. UV–Vis spectra Normalized at 300 nm (panel A), normalized fluores

cence spectra excited at 350 nm (panel B) and photos under illumination of a 
UV lamp @365 nm (panel C) of ethylene-formed CDs at different equivalent 
ratios. (A colour version of this figure can be viewed online.) 

Fig. 4. Quantum yield and optical band gap of ethylene-formed CDs at 
different equivalent ratios. (A colour version of this figure can be 
viewed online.) 
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an increase of the size of the aromatic compounds within the CDs. 
Alternatively, the formation of CDs with a more stacked structure would 
explain the red-shift of the fluorescence. These trends suggest that 
higher equivalence ratio of the flames promotes the growth of the aro
matics and the aromatization process of the freshly formed particles in 
flame. These considerations on the role of aromatic size and stacking 
have been made also by using laser-induced fluorescence detecting 
nanoparticles or CDs in flames [25,26]. 

In order to get more information on the nature of CDs produced in 
flames with different equivalence ratio, Raman spectra were collected. 
Raman spectra of CDs present a very intense photoluminescence back
ground and the wings of the bands can easily be confused with the 
fluorescence background that perturbs also the main Raman peaks, D 
and G. For this reason, it is not convenient to deconvolve the spectra but 
to look at them as they are. Raman spectra for CDs collected in the 
ethylene flames with equivalence ratio of 2.01 and 2.46, representing 
the extremes of the investigated conditions, are reported in Fig. 5. 

I(D)/I(G) ratio are rather similar indicating a similar aromatic layer 
length extension, while a different broadening of the peaks can be 
noticed moving from 2.01 to 2.46 equivalence ratio. This is caused by an 
increased structural disorder due to bond angle and bond length dis
tortions, indicating that clusters probed in the 2.01 sample are more 
defect-free, unstrained and molecular [51]. 

A significant shift of the G peak can be also noticed, due to the in
crease of the sp3 carbon content and of the bond disorder [52], 
accordingly with the higher band gap characterizing 2.46 CDs [53]. 
Overall, Raman measurements confirm the different nature of CDs 
collected in flames with different equivalence ratio and generally follow 
the insights gained from previous measurements [45,54]. 

In order to get more insights on the dimensions, structure and 
morphology of these CDs, TEM and HRTEM analysis was performed. 
TEM images of CDs have been acquired by using a voltage much lower 
than usual (40 keV instead of 200 keV) in order to avoid possible 
changes induced by the electron beam during measurements. Indeed, 
when volatile and/or amorphous species are present, to achive a good 
resolution, it is necessary to use longer exposure times compared to the 
few seconds typically used for the analysis of soot structure and nano
structure, but this can cause a change in structure and damage the 
sample [55,56]. The need to apply longer exposure times for CDs syn
thetized in the present work, achiving a good resolution at all the voltage 
applied, is indicative of their amorphous character. Therefore, for ruling 
out the possibility of any beam-induced effect, the CDs images were 
acquired at a low voltage (40 KeV). A representative image of the CDs 
collected in ethylene flames with equivalence ratio of 2.46 is reported in 
Fig. 6, with the scale of 200 nm. A zoom at 20 nm scale is also reported in 

the inset. According to other measurements on particles produced in this 
flame reported in this work and previously [26,32,33], this flame con
dition has to be considered that producing CDs with the most organized 
structure. It is possible to observe that the typical dimension of the 
particles is less than 10 nm, in agreement with SEC analysis (Fig. 2). 
Moreover, the amorphous nature of these small particles is shown in the 
inset, where the ordered fringes typical of graphitic –like soot are not 
observable [57]. This helps confirming the amorphous nature of these 
small CDs. 

3.2. Ethylene/benzene flames 

Ethylene/Benzene flames have been analysed in order to investigate 
whether or not it was possible to tune the fluorescence by changing the 
equivalence ratio in a flame fuelled with a high percentage of aromatic. 
The role of aromatic present in the fuel mixture is not trivial. It enhances 
the formation of PAH since the formation of the first aromatic ring is 
skipped [22,38,58]. The formation of large amount of PAHs increases 
the formation of nucleated particles. Due to the fast growth process 
typical of the aromatic fuelled flames [22,58], CDs mostly end up in 
forming large soot aggregates and were found in low amount at the 
exhaust, much lower with respect to the aliphatic flame. As result, at the 
exhaust the CDs are the remaining ones not ended up in large particles or 
those slowly formed further on in the flame. The structure of the ob
tained CDs results similar to the loose ones found in ethylene flames with 
low equivalence ratio. In fact, from the recent findings [32] it has been 
demonstrated that CDs exhibiting a blue fluorescence can be obtained in 
a pure benzene flame. Here we started from an ethylene/benzene 
mixture with 50% of carbon fed as benzene. Moving from the same 
equivalence ratio investigated in the past (phi = 2.0), we decided to 
explore lower equivalence ratios – namely 1.8 and 1.9 – in order to find 
conditions where the growth towards soot particles was slowed down 
and CDs were produced in larger amount. Also, by reducing the equiv
alence ratio, the growth of the aromatic compounds and the aromati
zation process might also have been slowed down, similarly to what just 
showed for the ethylene case. As a net result, the CDs produced would 
have a fluorescence more shifted toward the blue emission region. 

The results for the CDs collected in the ethylene/benzene flames are 

Fig. 5. Normalized Raman spectra for CDs collected in ethylene flames with 
equivalence ratio of 2.01 and 2.46. (A colour version of this figure can be 
viewed online.) 

Fig. 6. Representative TEM image for CDs collected in ethylene flames with 
equivalence ratio of 2.46. 
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reported in the panels of Fig. 7. For samples collected in the ethylene 
benzene flames the absorbance signals in the 350–700 nm range were 
too low for reliable measurements of the SEC chromatograms and 
evaluation of optical band gap within a satisfactory tolerance. 

However, UV–Vis spectra reported in Fig. 7A are very similar among 
them and show a quite similar behaviour with the CDs collected from the 
ethylene flame at the lower equivalence ratio having the largest ab
sorption in the UV region. Looking at the fluorescence spectra with an 
excitation wavelength of 350 nm reported in Fig. 7B, the changes in the 
emission as a function of the equivalence ratio appear evident. Fluo
rescence shift toward higher wavelengths as the equivalence ratio in
creases is even more evident than for the ethylene case, hence the effect 
of this parameter for the benzene flames seems quite more important. 
Also for the ethylene/benzene flame with the highest equivalence ratio 
investigated (phi = 2.0), CDs show a fluorescence more shifted toward 

the blue region with respect to those produced in the ethylene flames. In 
particular, the fluorescence band observed for CDs obtained in ethylene 
flames peaked at about 520 nm (Fig. 2B) is not present in the CDs 
collected in the ethylene/benzene flames. As showed in the previous 
work [32] by fuelling an aromatic molecule, CDs fluorescence is 
generally shifted towards the blue region. The QY, reported in Fig. 7C, 
decreases when the equivalence ratio decreases. This feature is similar to 
the trend found for the pure ethylene flames (Fig. 4). Hence, QY for the 
flame-formed CDs studied in this work is directly proportional to the 
equivalence ratio and depends strictly on the chemical structure of the 
particles. Particles produced at high equivalence ratio are characterized 
by a more compact structure, which inhibits vibrational movements and 
leads to stronger fluorescence signals in the visible range at longer 
wavelengths. On the contrary, the particles formed at low equivalence 
ratio are smaller and are characterized by a loose structure, which de
termines easier energy dissipation through roto-vibrational movements 
[25] and a greater fluorescence in the visible at shorter wavelengths. 
Overall, the equivalence ratio is able to tune the features of the CDs 
produced also in the aromatic flames. 

3.3. CD stability over time, temperature and pH 

The stability of as prepared CDs vs time, pH and temperature was 
tested. In Fig. 8, the normalized fluorescence spectra of E246 sample 
acquired after 1 h, 2 h, 1 and 2 days from the NMP solution preparation 
were reported. The spectra appeared unchanged over time. Particularly, 
the fluorescence spectrum acquired after 240 days showed only a small 
difference of about 4% in the range above 500 nm, as observable in the 
same figure. Therefore, the CDs appear to be very stable with time also 
up to hundreds of days. 

CD fluorescence stability vs pH was tested in NMP-water solutions in 
a pH range where the NMP solvent in water has shown to be stable and 
the spectra obtained have been reported in Fig. 9. Indeed, as reported in 
Ref. [59], NMP decomposition rate in water solution largely increases 
with the decrease of pH. The starting pH of pure NMP is basic, about 10 
[60], and the progressive addition of water has the effect of decreasing 
it, moving toward a neutral solution. As observable in Fig. 9, with water 
addition up to 50% in volume, the fluorescence is constant. In this range 
of water addition, the estimated pH varies between 8 and 10. Higher 
percentages of water (66% and more) cause a further decrease of pH and 
a shift of the fluorescence toward blue region (see also Supplementary 
Material, Fig. S1). This latter is hence to be most likely ascribed to the 
NMP decomposition that is known to give this kind of shift, rather than 
to an instability of CD fluorescence. It is worth to note that the spectra 
reported are normalized on the maximum intensity. Therefore, in the 
range of stability of the solvent, CDs showed a significant fluorescence 
stability over the explored pH range. 

Fig. 7. UV–Vis spectra Normalized at 300 nm (panel A), Normalized Fluores
cence spectra excited at 350 nm (panel B) and Quantum Yield at 350 nm of 
ethylene/benzene-formed CDs at different equivalent ratios. (A colour version 
of this figure can be viewed online.) 

Fig. 8. Height normalized fluorescence spectra, acquired at 350 nm excitation 
wavelength, of E246 sample vs time. (A colour version of this figure can be 
viewed online.) 
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CD fluorescence stability vs temperature was tested by measuring the 
fluorescence of E246 at three temperatures: 5, 25 and 80 ◦C. The highest 
temperature was chosen in order to avoid NMP degradation and also 
because it was used in another experiment presented in the paper (see 
SEC procedure). At the highest temperature (80 ◦C), the acquisition was 
also repeated after 2, 4, 6, and 8 h of temperature conditioning. The 
results are reported in Fig. 10, where it is possible to observe that the 
spectra acquired at 350 nm of excitation wavelength do not change at 
all. For the maximum conditioning time and temperature (80 ◦C for 8 h), 
NMP was found not significantly degraded and stable in terms of 
background fluorescence (verified analyzing pure NMP fluorescence 
spectrum after 8h at 80 ◦C). 

4. Conclusions 

Flame reactor in premixed configuration was used to synthesize CDs 
with tunable fluorescence emissions. Equivalence ratio has been inves
tigated as a key parameter to control combustion and hence CD pro
duction . Two different fuel mixtures, namely ethylene and ethylene/ 
benzene, have been used for synthesizing CDs in order to simulate the 
effect of a pure aliphatic and an aliphatic/aromatic fuel mixture. CDs 
produced in flames were sampled by means of the thermophoretic 
deposition on a glass plate, successively washed in DCM in order to 
remove the DCM-soluble fraction. Once dried, samples were sonicated 
and dissolved in NMP and finally filtered in order to remove the larger 
soot particles and the aggregates with sizes larger than 20 nm. The 
remaining fraction is constituted by CDs of few nanometers, as also 
confirmed by SEC analysis. 

UV–Vis spectra of CDs produced in ethylene flames showed a trend of 
increasing UV absorption as the equivalence ratio decreases. The fluo
rescence spectra showed the same trend, with CDs exhibiting a blue- 
dominated fluorescence for the lowest equivalence ratio, which shifts 
towards a green/yellow-dominated fluorescence as the equivalence 
ratio increases. An increased mean size of the constituent PAHs and/or 
an aromatization/stacking process within the CDs as the equivalence 
ratio increases is likely responsible for this optical behavior. However, 
from the Raman, TEM and HRTEM analysis even the CDs produced in 
the highest equivalence ratio flame show the absence of fringe structure 
typical of soot particles, exhibiting substantially an amorphous internal 
organization. These findings are in line with similar considerations 
made for the nanoparticles detected in situ in flame. 

CDs produced in ethylene/benzene flames - also for the highest 
equivalence ratio investigated - exhibit emission signals more shifted 
towards the blue region with respect to those produced from the pure 
ethylene flames investigated. Generally, as for the ethylene case, by 
increasing the equivalence ratio it was possible to move the fluorescence 
spectra toward the green region. 

Finally, CDs have showed to be generally stable for mild change of 
temperature (up to 80 ◦C), mild basic pH (pH = 8–10) and over long time 
at room temperature (up to 240 days). 

The use of equivalence ratio, i.e. a powerful and simple tool, to tune 
the features of the CDs produced with different fuel mixtures opens the 
possibility of having scalable processes and thus producing CDs by flame 
synthesis on large scale, making them effectively and largely available 
for different applications. 
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