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Carbon nanoparticles (CNPs) have aroused a great interest due to its strong blue fluorescence emission. However,
the blue fluorescence limits its applications in several cases; therefore, the synthesis of CNPs with multicolor
emissions becomes mandatory. A widely used strategy of modulation of CNP photoluminescence is doping the
carbon network with nitrogen atoms. Despite the great number of works carried out with N-doped CNPs, some
contradictory experimental observations have been reported. These contradictions seem to be due to structural
differences resulting of the different synthesis routes. Therefore, it is difficult to correlate the Photoluminescence
properties with the nanoparticle structure. To address this issue, we study the Photoluminescence properties of
CNPs with different chemical composition and sizes. Nanoparticles were synthesized by an acidic treatment for
cutting carbonaceous materials previously reported and five different precursors. Using this methodology, we
obtained five different materials which allow correlating the Photoluminescence spectrum with chemical
composition and nanoparticle sizes.

1. Introduction
Carbon nanoparticles (CNP) are materials with lateral nanometric
dimensions that have aroused great interest due to their unique prop
erties and low-cost synthesis. They present low toxicity, large surface
area, tunable band gap and photoluminescence and are easily dispersed
in water. These properties make them good candidates in a widely
number of applications such as components of fuel cells and lightemitting devices [1], for bioimaging applications [2–4], antibacterial
agents [5], sensors [6,7] and for enhancing the heat transfer properties
of nanofluids [8]. These excellent properties justify the enormous in
terest in these materials, evidenced by the high number of work and
reviews published in the lasts years [1,6,9–11].
The preparation methods are typically classified into top-down and
bottom-up. Top-down processes include cutting of different carbon re
sources (graphene oxide, carbon nanofibers and graphite) through the
hydrothermal treatment, chemical oxidation, and microwave treatment
[12,13] or by physical procedures such as laser ablation [14] and
nanolithography by reactive ion etching (RIE) [15]. Although the

top-down procedures are commonly adopted for obtaining high quality
CNPs, the cutting mechanism is not completely understood and conse
quently, is difficult to control the nanoparticle size and the chemical
composition at the edge of nanoparticles. On the other hand, the
bottom-up approaches are based on piece-by-piece synthesis from small
organic fragments [16]. Bottom-up methods lead to a greater control
than the top-down procedures, but, since the edges are lesser function
alized than the top-down ones, CNPs easily aggregate. Aggregates are
difficult to characterize and lose some of the unique properties of none
aggregated nanoparticles[17]. To overcome these difficulties, the
top-down procedures are often preferred, and great efforts are carried
out nowadays to develop new chemical routes for optimizing the CNP
synthesis.
One of the properties of CNPs that have aroused a greater interest is
its strong fluorescence emission. This is partially due to the advantages
of CNPs compared to the photoluminescence of other nanoparticles.
These advantages are the broad band optical absorption, high stability
against photobleaching, low cytotoxicity and chemical stability [10]. In
general, it is well established that the PL emission band (blue PL) of
CNPs results from energy transition of the carbon core (π → π*) [18].
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nanofibers, GANF®, and graphene oxide synthesized by oxidation of
graphite flakes. Using this strategy, we obtain 5 different CNPs, which
allow us to correlate the PL spectrum of nanoparticles with their
chemical composition. Besides, the work provides new insights about
the origin of blue and green emissions for N-doped carbon nanoparticles.

Abbreviations
CNPNF

carbon nanoparticles synthesized from GANF carbon
nanofibers (non-graphitized)
CNPPW carbon nanoparticles synthesized from graphite powers
CNPHPG carbon nanoparticles synthesized from Highly Oriented
Pyrolytic Graphite
CNPG
carbon nanoparticles synthesized from graphite flakes
GOCNP carbon nanoparticles synthesized from graphene oxide
obtained by oxidation of graphite flakes

2. Experimental methods
2.1. Materials and reagents
To obtain CNPs with different chemical composition the starting
materials selected were: natural graphite flakes, 99.02 fixed C, from
Qingdao super graphite Co., LTD; graphite powder of particle size <20
μm and Highly Oriented Pyrolytic Graphite (HOPG) provided by Sigma
Aldrich (St. Louis, MO) and GANF® helical-ribbon Carbon Nanofibers
none-graphitized provided by Carbon Advanced Materials, Grupo
Antolín (Spain). Commercial GANF® carbon nanofibers are synthesized
by CVD using the floating catalyst method [41].
The reagents HNO3 (65%), H2SO4 (98%), Na2CO3 and HCl (35%)
were provided by Sigma Aldrich and used without further purification.
The dialysis bag Spectra/Por® 6 Standard RC 2 kDa, was supplied by
Spectrum Labs (California, USA). Millipore Ultra-pure water prepared
using a combination of RiOs and Milli-Q systems from Millipore was
used to prepare solutions and reactions. The conductivity of the water
was lower than 0.2 μS/cm and its surface tension value was 72.5
mNm 1. We use silicon wafers (100) with 300 nm of dry thermal SiO2 to
deposit different materials by drop casting methodology.

However, the blue-emission limits some applications of CNPs especially
in biological applications due to the strong fluorescence background of
some biomolecules. Therefore, it becomes necessary the preparation of
CNPs with long wavelength emissions. A widely used strategy to
modulate the PL properties of CNPs is doping the carbon network with
electron-deficient or electron-rich atoms [19]. Some literature reported
functionalization with Germanium for chemical sensors [20], with
Gadolinium [21] for NMR imaging, with Magnesium [22] for cell im
aging, with Phosphorus for cell labeling [23] and with Boron for bio
sensors [24]. However, nitrogen is one of the most widely used dopant
since doping procedures are relatively easy and N-doped CNPs present
excellent photoluminescence properties. So, the replacement of carbon
atoms in the graphitic network by nitrogen drives to significant increase
of the photoluminescence quantum yield, probably due to
electron-donating tendency of nonbonding orbital of nitrogen [25].
Several chemical routes have been reported to prepare N-doped CNPs.
The hydrothermal procedure using natural biosources has been suc
cessfully employed for obtaining nanoparticles of dimensions below 10
nm and with green photoluminescence [26–29]. Electrolytic [19,30]
and microwave [13] treatments were also used to obtain N-doped
nanoparticles. Chemical oxidation and exfoliation route using carbon
nanofibers as starting materials has been reported to obtain CNPs of 1–2
graphene layers and excitation-independent photoluminescence [31].
Despite the great interest aroused by these nanoparticles, some contra
dictory experimental observations have been reported. Some authors
reported that the PL maximum is blue shifted in doped nanoparticles
compared with undoped ones [30], while other experiments showed the
opposite behavior [32,33]. Moreover, in materials functionalized with O
and N-groups, the long wavelength emission bands were attributed to
fluorophores formed during the synthesis [34,35]. Besides, other aspects
on excitation photoluminescence spectra (PLE) remain also unknown.
So, in some Oxygen-functionalized graphene quantum dots, the PLE
spectrum is not consistent with the absorption one [32,36]; this fact
points to the existence of different emissive centers. All these contra
dictory findings could be due to structural differences originated from
the distinct synthesis routes or different starting materials employed in
the synthesis, these aspects hinder the correlation between the PL
properties and the structure of the nanoparticles. We think that a
possible solution could be to find a synthesis strategy that, using the
same cutting procedure, leads to nanoparticles with different chemical
composition, avoiding the chemical reduction processes which often
lead to the incorporation of oxidized species on the basal plane [37].
These oxidized species drive to nonradiative states, energy traps,
decreasing the PL intensity [38].
In previous work, we demonstrated that using different starting
materials it is possible to modulate the chemical functionalization of
graphene oxides [37–39]; in the current work we explore this strategy to
synthesize CNPs with different functional groups. We have selected the
acidic treatment reported elsewhere for cutting carbon fibers [40] and
five different starting materials. The precursors employed in the syn
thesis were: three different types of graphite, graphite flakes, graphite
powders and Highly Oriented Pyrolytic Graphite; commercial carbon

2.2. Synthesis of N-doped CNPs
The synthesis of CNPs was previously reported [40] and consists in
an acidic treatment of the different starting materials. Briefly, 0.30 g of
carbonaceous starting materials were added into a mixture of H2SO4 (60
mL) and HNO3 (20 mL). Solutions were sonicated for 2 h and stirred for
24 h at 100 � C. After that time, the brown solution is transparent indi
cating that the carbonaceous material is completely dissolved, see
Fig. S1 in section 1 of the Supplementary Material. In the next step the
solution is cooled at room temperature and the mixture was diluted with
Millipore Ultra-pure water (800 mL). Then, the pH was adjusted to 8
with Na2CO3 and the solution becomes light yellow. Finally, the solution
was filtered to eliminate the solids of precursor materials and salts that
have not reacted and further dialyzed for 3 days in a dialysis bag
(retained molecular weight: 2000 Da). The list of acronyms corre
sponding to each material is found above, abbreviation list. The con
centrations of aqueous solutions after dialysis were 0.45 (CNPNF)
mg/mL, 0.28 (CNPPW) mg/mL, 0.21 (CNPHPG) mg/mL, 0.44 (CNPG)
mg/mL and 0.25 mg/mL (GOCNP).
2.3. Characterization techniques
X-ray photoelectron spectra of powder samples were recorded in a
VG Escalab 200R spectrometer (Fisons Instruments, USA) equipped with
an excitation source of Mg Kα (hν ¼ 1253.6 eV) radiation and a hemi
spherical electron analyzer. High resolution spectra were recorded
working at 20 eV analyzer pass energy. During the data acquisition the
residual pressure in the analysis chamber was maintained below 4 �
10 7 Pa.
The absorption spectra were recorded on a Shimadzu UV-2401 PC
from 500 to 200 nm with a nominal resolution of 2 nm. The fluorescence
spectra were recorded on a Shimadzu spectrofluorimeter model RF5301PC. The spectrofluorimeter is equipped with a 150 W Xenon
lamp and a diffraction grating of 1350 lines/mm with a resolution of 1.5
nm. The excitation wavelength ranges from 270 to 420 nm. The exci
tation and emission slits were kept constant at 5 nm. The PL spectra have
been corrected to take into account the spectral response. To avoid er
rors in data processing and since PL spectra showed overlapping feature
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[42], prior the deconvolution process, the intensity signal was trans
formed into energy plots, I(E)dE vs. E, hereafter referred as normalized
intensity.
FTIR spectra, from 4000 to 500 cm 1, were recorded in a Vertex 70v
spectrometer from Bruker. The spectrometer operates in vacuum
avoiding the absorption of atmospheric moisture and is equipped with a
Liquid N2 cooled detector. Using this configuration, the nominal reso
lution achieved was 0.2 cm 1. The solids were pressed in KBr (Merck)
pellets using the material/KBr mass ratio of 1:300. To improve the
signal-to-noise ratio we have averaged 30 scans.
Raman spectra were recorded at room temperature with a microRaman spectrometer LabRAM HR Evolution (Horiba Jobin-Yvon). To
obtain the Raman spectra of each material, it was deposited onto silicon
wafers by using the drop casting methodology. Materials were irradiated
with 532 nm light from a solid-state laser and a 100x objective (laser
spot size �1 μm2). The laser excitation power was kept below 1 mW to
avoid laser-induced heating. Calibration was performed by checking the
Rayleigh band and Si band at 0 and 520.7 cm 1, respectively. The area
was scanned with a spatial resolution of approximately 0.5 μm and the
acquisition time was 3 s at each point. Each Raman spectrum was
recorded at least in five different regions of films and spectra showed in
figures are the average of all measurements. The diffraction grating used
was (1800 gr mm 1) and the spectral resolution was of 2 cm 1.
Transmission electron microscopy (TEM) images were taken with a
120 kV Tecnai G2 Spirit TWIN from FEI. The line resolution is 0.2 nm.
Materials were deposited by the drop casting method on a holey carbon
grid, HC200–Cu Holey Carbon (200 mesh) from Embra Grids. The par
ticle size was calculated from TEM images of films using the free ImageJ
software.
Nanoparticle Tracking Analysis (NTA) measurements were per
formed with a NanoSight NS300 from Malvern equipped with a sample
chamber with a 642-nm diodes laser. Aqueous solutions of nano
materials were injected in the sample chamber with sterile syringes until
the liquid reached the tip of the nozzle. The system uses a CCD camera to
capture the Brownian motion of particles within a field of view of
approximately 100 μm � 80 μm x 10 μm. The particle movement rate is
related to a sphere equivalent hydrodynamic radius as calculated
through the Stokes-Einstein equation. The equipment allows measuring
particle diameter range from 30 to 1000 nm in liquid dispersion and in
the concentration range of 107 to 109 particles per mL [43]. All mea
surements were performed at room temperature. Results were averaged
from at least 6 measurements.

Fig. 1. X-ray photoelectron spectra of: (a) C1s core levels and (b) N1s for
CNPPW. Squares are experimental data; dashed lines represent the functions
into which we split the spectrum and solid lines are fits to the data.

Table 1 are summarized the band position and the fraction of different
species.
Results in Table 1, show that the chemical composition of CNPs
depends on the starting material. This is a similar situation to that
observed for graphene oxides synthesized by oxidation of different
precursors [38,39,46].
FT-IR spectra of solid materials were recorded and represented in
Fig. 2.
FT-IR spectra show bands centered at 1604 cm 1, 1685 cm 1 and
– C of aromatic rings,
1734 cm 1, Fig. 2a. These bands are assigned to C–
– N bonds and C–
– O bonds, respectively.
the stretching vibrations of C–
Bands below 1500 cm 1 correspond to the C–H in-plain bending of ar
omatic compounds. Besides, a broad and asymmetric band appears be
tween 3100 and 3700 cm 1, Fig. 2b. In this region, stretching bands of
O–H and N–H bonds appear; therefore, since XPS results prove the ex
istence of these groups in materials, the broad band can be attributed to
stretching vibrations of both, the O–H and N–H bonds. Bands assigned to
C–H stretching [47] located between 2900 and 3100 cm 1 can be also
observed in Fig. 2b. Rocking bands of C–H, N–H and O–H bonds are
located between 1360 and 1400 cm 1 and a broad band between 1000
and 1100 cm 1 assigned to C–O stretching vibration can be observed,
Fig. 2c [9]. Superimposed to this band, several peaks can be seen as
shoulders at 1106, 1141, 1169 cm 1 attributed to zigzag conformation
and at 1213, 1261 and 1340 cm 1 assigned to armchair configuration
[48]. These configurations appear at the edges of graphene layers and
are consistent with carbene and carbyne structures at H-free zigzag and
armchair sites, respectively [49].
Graphitization and crystallinity of as-synthesized CNPs were
analyzed by Raman spectroscopy, see Fig. S4 of the Supporting Infor
mation. Raman spectra present the D and G bands centered at 1350 and
1585 cm 1 characteristic of disordered graphitic materials. The ID/IG
ratio is close to 1 and is characteristic of low-defect graphene [50]. In
addition, the Raman spectra also present the interband D00
(~1500 1550 cm 1), that was reported for some carbon-based mate
rials [39,46,51,52]. In a recent work and using different graphene oxides
[46], we have analyzed the origin of this band and demonstrated that
the its intensity, relative to the intensity of G band, is related with the
crystallinity. Thus, our results proved that when the crystallinity in
creases the relative intensity of D00 decreases [46]. Accordingly, the
relatively low-intensity D00 band observed in our Raman spectra suggests
the presence of moderate crystallization in the as-synthesized N-doped
CNPs.
After chemical characterization, we also analyzed the effect of the
starting material on the nanoparticle dimensions using TEM

3. Results and discussion
3.1. Structural characterization of carbon nanoparticles
To study the effect of chemical composition on the photo
luminescence spectra of these materials, it is necessary to obtain their
chemical compositions using X-Ray Photoelectron spectroscopy (XPS).
All C1s and N1s core-level spectra for different materials are collected in
Figs. S2 and S3 in section 2 of the Supplementary Material. Fig. 1 shows
illustrative examples of these spectra for CNPPW.
As can be seen in Fig. 1a and b, the C1s and N1s core-level spectra are
asymmetric bands that were fitted by four components (C1s) and three/
four components (N1s). The C1s core-level spectrum presents the wellestablished components centered at 284.5, 285.6, 286.7, 287.9 and
288.9 eV, assigned to the aromatic carbon bonds (284.5 eV), C–N (285.6
eV), C–O bonds corresponding to alcohol or epoxy groups (286.7 eV)
and to COO groups (288.9 eV) [44]. The N1s core-level spectrum was
fitted by four components centered at 398.3, 399.6, 400.7 and 402.2 eV,
respectively. The atomic percentage of N is around 2% and does not
depend on the type of material. These peaks have been reported for
N-doped graphene materials [45] and were assigned to imine, amine,
protonated amine and protonated imine, respectively. The fraction of
the different groups was calculated from the areas of these peaks. In
3
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Table 1
Values of binding energies and fraction of different groups obtained from XPS measurements for CNPs.
Sample

C1s emission

Max. Binding energy (eV)

Composition (%)

N1s emission

Max. Binding energy (eV)

Composition (%)

CNPNF

C¼C
C–N
C–O
C¼O
COO¡
C¼C
C–N
C–O
C¼O
COO¡
C¼C
C–N
C–O
C¼O
COO¡
C¼C
C–N
C–O
C¼O
COO¡
C¼C
C–N
C–O
C¼O
COO¡

284.5
285.6
286.7
287.9
288.9
284.5
285.6
286.7
287.9
288.9
284.5
285.6
286.7
287.9
288.9
284.5
285.6
286.7
287.9
–
284.5
285.6
286.7
287.9
288.9

53 � 3
17 � 2
14 � 1
9�1
6�1
63 � 4
15 � 2
2�1
19 � 2
1 � 0.4
45 � 4
31 � 2
1�2
20 � 1
3 � 0.2
60 � 4
16 � 2
15 � 1
9 � 0.3
–
44 � 3
36 � 2
3 � 0.2
17 � 1
–

¼N
-N
- Nþ
¼ Nþ

398.3
399.6
400.7
–

32 � 3
47 � 3
21 � 1
–

¼N
-N
- Nþ
¼ Nþ

398.3
399.6
400.7
402.2

22 � 2
36 � 3
27 � 3
15 � 1

¼N
-N
- Nþ
¼ Nþ

398.3
399.6
400.7
402.2

16 � 1
21 � 2
35 � 2
28 � 1

¼N
-N
- Nþ
¼ Nþ

398.3
399.6
400.7
–

30 � 3
35 � 3
25 � 3
–

¼N
-N
- Nþ
¼ Nþ

398.3
399.4
400.7
402.2

21 � 2
18 � 1
28 � 2
33 � 3

CNPPW

CNPHPG

CNPG

GOQD

Fig. 2. FT-IR spectra of carbon nanoparticles: CNPNF (line 1); CNPPW (line 2); CNPHPG (line 3); CNPG (line 4) and GOCNP (line 5). For clarity spectra are
vertically shifted.

measurements. CNPs were deposited by the drop casting methodology
on holey-carbon grids and then, the TEM images of films were taken.
Fig. 3 shows illustrative examples of film images.
As can be seen in Fig. 3, CNPs synthesized from different precursors
present distinct sizes. According images in Fig. 3, nanoparticles syn
thesized from carbon nanofibers, Fig. 3a, and graphene oxide, Fig. 3i,

are mainly constituted by small carbon dots. The frequency analysis of
images is represented in Fig. 3b and j, respectively, and shows mono
modal distribution peaks fitted to Gaussian functions centered at the
diameter value of 10 nm. For the rest of materials, the TEM images show
carbon nanoparticles bigger than 10 nm, therefore, we have used
Nanoparticle Tracking Analysis, NTA, to obtain theirs distribution size

Fig. 3. TEM images of CNP films for: CNPNF (a); CNPPW (c); CNPHPG (e); CNPG (g) and GOCNP (i). Distribution functions calculated from TEM images for: CNPF
(b) and GOCNP (j). Distribution functions obtained from NTA measurements for: CNPPW (d); CNPHPG (f); GOCNP (h).
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functions. The concentrations of CNP aqueous solution used in NTA
analysis were: 0.28 (CNPPW) mg/mL, 0.21 (CNPHPG) mg/mL and 0.44
(CNPG) mg/mL. It is necessary to note that the NTA analysis was no
carried out for nanoparticle solutions of carbon nanofibers and graphene
oxide because its diameter value (10 nm) is outside the detection limit of
the NTA equipment > 30 nm [43].
NTA results show that the most populated distribution corresponds
to nanoparticles of diameter values close to 52 nm, although some peaks
corresponding to less populated distributions can be observed for
CNPPW and CNPG. In this situation, the software of NTA equipment
calculates the averaged diameter. The values found were: (93.6 � 3.8)
nm, (52 � 1) nm and (85.3 � 1.1) nm, for CNPPW, CNPHPG and CNPG,
respectively. It is necessary to notice that, although TEM has a size
resolution under x-y and NTA measures the hydrodynamic radius of
nanoparticles in solution, we have checked the consistence between the
size values obtained by TEM and NTA observing good agreement be
tween them. This fact agrees with recent results obtained by our group
for different graphene oxides using TEM and Dynamic Light Scattering
measurements [38]. Our results show that N-doped CNPs are bigger than
those synthesized by other authors using different synthesis procedures
[13,26,29]. However, since their diameters range from 10 to 96 nm, we
can analyze the effect of the nanoparticle size on the PL properties of
N-doped CNPs.

wavelengths between 270 and 420 nm. We report in Fig. 4b results
corresponding to CNPPW aqueous solutions, but similar behavior was
observed for the rest of nanoparticles. As can be seen in Fig. 4b, the PL
emission is an asymmetric band in which PL intensity decreases when
the excitation wavelength increases, in agreement with the absorption
spectra. Besides, the position of maximum remains independent on the
excitation energy for the excitation wavelengths below 365 nm, while a
red shift in the PL spectrum is observed for excitation wavelengths above
365 nm. In the latter, the relative intensity of different peaks also seems
to be dependent on the excitation energy. To observe this behavior more
clearly, the normalized emission spectra are represented in the inset of
Fig. 4b. As can be seen in Fig. 4b, the emission below 2.48 eV (500 nm) is
preferentially excited bellow 318 nm and the bands above 2.25 eV (550
nm) are excited at excitation wavelengths above 425 nm. Finally, the
emission corresponding to all emissive centers overlaps when the exci
tation wavelength ranges between 310 and 340 nm. This behavior is
similar to that observed for small carbon nanodots (2–7 nm of diameter)
and points to the existence of different emissive centers [53].
In Fig. 4c are plotted the PL spectra of CNPs recorded at the excita
tion wavelength of 318 nm. As can be seen in Fig. 4c, PL spectra present
a broad band constituted by different contributions centered between
400 and 550 nm. This broad band centered between 400 and 500 nm
was previously reported for N-doped graphene QDs [13,19,26–29,31,
54]. In our materials, the percentage of different contribution seems to
be dependent on the CNP structure. Accordingly, the maximum of the PL
spectrum is centered at 500 nm for CNPG while is blue shifted for the
rest of materials. To extract the different contributions and to study the
evolution of each emission with the chemical composition and size of
CNPs, we have fitted the PL spectra in terms of normalized intensity to a
sum of Gaussian functions. Details of fits can be seen in section 3 of the
Supplementary Material, Fig. S5, and an illustrative example is provided
in Fig. 4d. The PL spectra selected for fittings correspond to excitation
the wavelength of 318 nm since at this wavelength all contributions are
overlapped. During the analysis, it was found that four Gaussian func
tions fitted very well all PL spectra. Table S1 on section 3 of the Sup
plementary Material collects the band parameters obtained from the fits.
The relative intensity of emission included in Table S1 was expressed as

3.2. Photoluminescence properties
After chemical characterization, the absorption and photo
luminescence spectra of aqueous solutions of CNPs were recorded and
for comparison, the absorption spectrum was corrected dividing the
absorbance between the CNPs solution concentration, Fig. 4a.
The absorption spectra in Fig. 4a present strong optical absorption in
the region of 230–320 nm attributed to π→ π* transitions for aromatic
rings and a weak absorption band above 350 nm which has been pre
viously related with n→ π* transitions of functional groups [25]. As can
be clearly seen, both, the peak position and the intensity depend on the
nanoparticle considered.
We have recorded the emission spectra using different excitation

Fig. 4. Absorption spectra (a) of aqueous solutions of CNPs. (b) PL spectra of CNPPW obtained at the excitation wavelengths from 270 to 420 nm. (c) PL spectra of
aqueous solutions of CNPs at the excitation 318 nm. (d) Deconvolution of the PL spectrum of CNPPW excited at 318 nm. (e) PLE spectra of CNPPW obtained at
emission wavelengths of 393 nm (line 1), 455 nm (line 2), 496 (line 3) and 550 nm (line 4). In the rest of figures, lines correspond to: CNPNF (line 1); CNPPW (line 2);
CNPHPG (line 3); CNPG (line 4) and GOCNP (line 5).
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the integrated area of each band relative to the total area.
Bands centered at 3.10 eV (400 nm) and 2.76 eV (450 nm) were
previously detected in the PL spectra of graphene quantum dots [12,18]
and in a recent work [18,55], using a combination of fluorescence and
Raman spectroscopies were attributed to zigzag edge state (400 nm),
carbene-like with a triplet ground state and armchair edge state, (450
nm), carbine-like with a singlet ground state. According to it, we have
assigned bands centered at 3.10 eV (400 nm) and 2.76 eV (450 nm) nm
– C of sp2 domain in zigzag and armchair
to π→ π* transition for C–
configurations, respectively. The existence of those two configurations is
in accordance with the FTIR analysis described above. This type of PL
emission is commonly named as intrinsic band-gap fluorescence,
because is due to electron–hole pair recombination produced when an
electron from the valence band is promoted to the conduction band
leaving a hole behind and the next recombination step results in the
emission of a photon of light. This PL emission is often governed by
quantum confinement effect (QCE) [56]. This could be the situation in
our nanoparticles. We check that issue by analyzing the variation of the
maximum position of these bands with the nanoparticle diameter ob
tained by TEM and NTA measurements. Results are collected in Fig. 5a.
For comparison, we have also analyzed de size-dependence of the rest
bands, Fig. 5b.
Results plotted in Fig. 5a and b shows that the position of bands
centered at 3.10 eV (400 nm), 2.76 eV (450 nm) and 2.48 (500 nm) are
red shifted, lower energies, when the nanoparticle diameter increases.
This fact is in excellent agreement with the quantum confinement effect
(QCE) [56,57]. Conversely, the position of the peak centered at 2.25 eV
(550 nm) is independent on the nanoparticle size, Fig. 5b.
According to data in literature, PL bands centered above 500 nm
could be due to functional groups, O and N-groups, respectively [19,58].

Therefore, one expects that the relative intensity of these bands may be
related with the fraction of functional groups attached at the basal plane.
To check this assumption, we have analyzed the relationship between
the relative intensity of bands centered above 500 nm and the fraction of
functional groups obtained from XPS measurements, Fig. 5c and d. The
relative intensity was expressed as the integrated area of each peak
relative to the total area. We have found two different correlations, the
first one between the intensity of the band centered at 500 nm and the
fraction of carbonyl groups obtained from XPS, Fig. 5c, and the second
one between the relative intensity of the peak centered at 550 nm and
– N bounds, Fig. 5d. Thus, the intensity of 500 nm band
the fraction of C–
decreases when the fraction of carbonyl groups increases, while the
relative intensity of the band centered at 550 nm linearly increases with
– N bounds determined by XPS.
the fraction of C–
Concerning the band centered at 500 nm, it was previously attrib
uted to charge-transfer transition (CT) between unpaired electron of Ngroups and pure Csp2 domains[32]. Our results show that its fluores
cence emission is quenched by carbonyl groups attached at the basal
plane. Quenching produced by carbonyl groups has been previously
reported for anthracene derivatives [59,60] and was interpreted as due
to the population of triplet states introduced by carbonyl substitution
that may enhance the intersystem crossing [59] and consequently,
decrease the fluorescence intensity. This could be the situation in our
nanoparticles, although more efforts are required to confirm this
behavior. Finally, the linear dependence between the relative intensity
– N bonds seems to
of the band centered at 550 nm and the fraction of C–
indicate that the emission at 550 nm can be mainly due to n→ π* tran
sition of nonbonding orbital of N-groups to the π* orbital of the sp2
carbon domains.
We have also recorded the PLE spectra, Fig. 4e. Based on the

Fig. 5. Variation of peak positions of bands corresponding to: (a) zigzag and armchair configurations; (b) the charge-transfer band (500 nm) and n→ π* transition
with the nanoparticle size. (c) Variation of the relative intensity of the charge-transfer band with the fraction of C–
–O groups obtained from XPS. (d) Variation of the
relative intensity of the n→ π* transition band with the fraction of C–
– N bonds obtained from XPS. The solid line corresponds to the linear fit of the experimental data
and dashed lines are just visual guides.
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deconvolution of PL spectra the emission wavelengths selected were
3.15 eV (393 nm), 2.73 eV (455 nm), 2.51 eV (493 nm) and 2.25 eV
(550 nm), respectively. The criterion for selecting the excitation wave
length was choosing wavelengths corresponding to the different emis
– C in zigzag (393 nm)
sive centers. This is the situation for C–
configuration and C–N bonds (550 nm); however, it was not possible to
– C in armchair configuration and charge
apply this criterion for C–
transfer transition because in the range of emission wavelengths be
tween 400 and 550 nm the emission of all contribution overlaps. To
minimize this effect we have selected the emission wavelengths of 455
and 493 nm.
– C in zigzag
As can be seen in Fig. 4e, the PLE spectrum of C–
configuration recorded at emission wavelength of 393 nm presents a
sharp peak at 263 nm and a broad band centered at 322 nm with a
shoulder at 345 nm. New bands centered at 285, 332, 392 nm with
shoulders at 307 and 376 nm appeared when the emission wavelengths
were 455 and 493 nm, respectively. In the latter, a new broad band at
455 nm is observed appear. From these results, it is possible to conclude
that the excitation spectra of Csp2 in zigzag and armchair conformations
are different. Besides, the broad band at 455 nm obtained when the
emission wavelength is 496 nm, charge-transfer emission, could be
attributed to the excitation of CT transition, although this assignment
must be taken with caution since at 455 nm other contributions overlap.
Finally, in the PLE spectrum recorded at the emission wavelength of 550
nm, the intensity of excitation bands below 425 nm sharply decreases
while a band above 460 nm appears. This band can be attributed to
excitation of C–N bonds and exhibits a weak intensity characteristic of
this type of transitions. The existence of different emissive centers with
distinct excitation spectra seems to provide a solid argument for inter
preting the inconsistency between the PLE and absorption spectra pre
viously observed by other authors [32,36]. Finally, the fluorescence
stability was analyzed, see details in Fig. S6 of the Supporting Infor
mation. Results show that N-doped CNPs synthesized in the current
work present high fluorescence stability.

correlations will be helpful to interpret some contradictory observations
previously observed and can be of broad interest to the community
doing research in the field of bioimaging, optical sensing or lightemitting devices.
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