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a b s t r a c t

Carbon nanoparticles (CNPs) have received great attention because of their unique optical and electronic
properties. To modulate their photoluminescence properties, nitrogen doping has been previously re-
ported, but it was difficult to find correlations between the photoluminescence properties and the
nanoparticle structure. For this purpose, we analyzed the effect of the chemical composition and the
particle size on the photoluminescence of N-doped carbon nanoparticles (NCNPs) obtained by the acidic
treatment of different starting materials. However, the use of different precursors introduced a high
degree of heterogeneity in the nanoparticle structure, which hindered the interpretation of the photo-
luminescence results. To minimize these effects, in this work we have selected the hydrothermal
treatment of the graphene oxide (GO) and urea by modifying the urea: GO mass ratio. Our results show
the existence of four emissive centers assigned to p/p* transition for aromatic domains in zigzag and
armchair configurations, charge-transfer, and n/ p* transitions. We also report linear correlations be-
tween the charge-transfer and n / p* emissions and the percentage of pyrrolic and pyridinic N-groups.
Besides, we show that the charge-transfer emission is quenched by the carbonyl groups at the basal
plane of the nanoparticles.

© 2022 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon nanoparticles are a new class of materials constituted by
Csp3 atoms embedded in Csp2 aromatic domains. These materials
have aroused great interest due to their advantages over other
quantum dots (QDs) as their low toxicity, large surface area, tunable
band gap, easy synthesis, and high solubility in water [1e3]. These
properties make them good components of solar cells, photo-
catalysis, sensors or photodetectors [4]. Besides, due to their non-
cytotoxicity, several studies revealed their great potential as bio-
markers [5] and in drug delivery [6]. However, their applicability as
a new type of fluorescent nanomaterials is subject to debate since a
general model to interpret their optical properties has not been
proposed. This is partly due to the great variability in the structures
and in surface functional groups that control the emissive states
and recombination processes. This variability is caused by the
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i. Published by Elsevier B.V. This is
different precursors and preparationmethods used in the synthesis
[7]. The top-down synthesis methods are commonly used to obtain
high-quality nanomaterials and consist of cutting different carbon
precursors such as graphite, graphene oxide or carbon nanofibers.
Some examples are the acid oxidative cutting [8,9], electrochemical
oxidation [10], or laser ablation [11]. In contrast, bottom-up
methods consist of piece-by-piece synthesis from small organic
molecules. Some examples are hydrothermal methods [12e16],
thermal decomposition [17,18] and microwave synthesis [19e21].
In top-down methods, the cutting mechanism is not well under-
stood, therefore, it is difficult to control the functional groups and
the dimensions of the nanoparticles. Conversely, bottom-up
methods allow a greater control, however, the low functionaliza-
tion of the edges leads to the aggregation of nanomaterials
decreasing their exceptional properties [22]. A comparative anal-
ysis of these methods can be found in a recent review [23].
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Focusing on one of the most interesting properties of these ma-
terials, the photoluminescence emission, it is well established that
the emission is due to domains of Csp2, intrinsic emission, and edge
states constituted by the functional oxygen or nitrogen groups,
extrinsic emission [24,25]. It has been reported that the functional-
ization with oxygen groups affects both kinds of emission, however,
the effect of the different types of functional groups on each emission
is still subject to debate [26,27]. Similar behavior was observed in the
nanoparticles doped with nitrogen atoms [15,28].

Graphene nanoparticles emit a brilliant blue fluorescence which
limits some applications, such as the biological ones, since the strong
emission of the biological molecules interferes with the emission of
the nanomaterials. To avoid this interference, it is necessary to
design the carbon nanoparticles (CNPs) with red emission. N-doping
was proposed for this purpose [29]. The replacement of carbon
atoms by electron-rich atoms as the nitrogen ones increases the PL
quantum yield and leads to a significant redshift of the emission
spectrum [28]. However, some contradictory experimental results
were reported. Two illustrative examples of these discrepancies are
the blueshift observed in the emission spectrum in some N-doped
graphene quantum dots [30e32] and the inconsistency between the
PLE and the absorption spectrum reported in some functionalized
graphene QDs [30,33]. All these contradictory facts make it difficult
to find the correlations between the structure of materials and their
photoluminescence properties. We believe that these correlations
should play a crucial role in the design of the nanomaterials with the
necessary properties for each application.

To find a correlation between the structure and the PL properties,
in a previouswork [9], we analyzed the PL properties of the N-doped
graphene nanoparticles obtained by the acid oxidative treatment
using five different precursors, including several kinds of graphite,
carbon nanofibers and graphene oxide. Results showed that the
functional groups and the particle size of the nanomaterials depend
on the starting material used in the synthesis. We also showed that
PL is due to four emissive centers assigned to the p/p* transition
corresponding to the aromatic domains in the zigzag (~400 nm) and
armchair (~450 nm) configurations, the p/p* charge-transfer
transition (~500 nm) the and n/ p* transition (~550 nm). Be-
sides, the bands corresponding to the p/p* transitions exhibit a
quantum confinement effect, while the relative intensity of the band
assigned to n/p* transition, linearly increases with the percentage
of the CeN groups derived from the XPS measurements. Finally, the
charge-transfer emission is quenched by the carbonyl groups at the
basal plane of the carbon nanoparticles [9].

We believe that the use of different precursors introduces a high
degree of heterogeneity in the morphology and functionalization of
the nanomaterials. This fact makes it difficult to analyze the effect of
the functional groups on the PL emission. Therefore, the objective of
the currentwork is to find the structure-PL properties correlations by
analyzing the PL emission of the N-doped carbon nanoparticles with
the different functional groups and of similar morphology. For this
purpose, we have selected hydrothermal synthesis using the gra-
phene oxide (GO) and urea as carbon and nitrogen sources, respec-
tively [34]. To modify the chemical composition of NCNPs, we use
three urea:GO mass ratios, 100:1, 300:1 and 500:1, respectively. The
reaction time and the temperature were kept constant. This syn-
thesis was previously reported to construct electrodes for high per-
formance capacitors [34].

2. Experimental

2.1. Materials

To obtain CNPs we have used graphene oxide, GO, synthesized
by the oxidation of natural graphite flakes (99.02 fixed C) provided
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by Qingdao super graphite Co., LTD. The reagents used in the syn-
thesis of the N-CNPs were: H2O2 (30%), KMnO4, NaNO3, H2SO4
(98%) and urea. All these reagents were provided by Sigma Aldrich
and used without further purification. Millipore Ultra-pure water
was obtained by combination of RiOs and Milli-Q systems from
Millipore. The conductivity and the surface tension values of water
were <0.2 mS/cm and 72.5 mNm�1, respectively.

To synthesize the N-doped carbon nanoparticles, NCNPs, we
used a procedure based on the hydrothermal treatment of a sus-
pension of graphene oxide and urea previously reported [34]. De-
tails of the synthesis procedure are in the Supporting data.
Graphene oxide was obtained by a modified Hummer's method
previously reported by our group [35e37]. Since we are interesting
to modify the type of the N-functional groups attached to the car-
bon nanoparticles, we have used three different urea:GO mass ra-
tios, including 100:1, 300:1 and 500:1. The materials obtained are
denoted as NCNP-1 (urea:GO ¼ 100:1), NCNP-3 (urea:GO ¼ 300:1),
and NCNP-5 (urea:GO ¼ 500:1), respectively.

2.2. Characterization techniques

X-ray photoelectron spectra of powder samples were recorded
in a PHI Versa Probe II (Physical Electronics, USA). The equipment
uses an excitation source of Al Ka (1486.6 eV) at 25 W and a 1.3 V
and 20.0 mA neutralizer. The high-resolution spectra were recorded
working at 29.35 eV analyzer pass energy.

Raman spectra were recorded at room temperature with a
micro-Raman spectrometer of the type LabRAM HR Evolution from
Horiba Jobin-Yvon. NCNPs were irradiated with the 532 nm light
using a 100� objective, and the size of the laser spot was 1 mm2. To
avoid the damage of the materials, the laser power was kept below
1 mW. Each Raman spectrumwas recorded in five different regions
on the solid and averaging 40 scans. The spectra represented in the
figures are the average of these measurements. In the experimental
conditions the spectral resolution was of 2 cm�1.

The absorption spectra were recorded in the spectrophotometer
UV-2401 PC from Shimadzu (Shimadzu Corp. Japan) with a spectral
resolution of 2 nm. To record the fluorescence spectra, we used a
Shimadzu spectrofluorometer model RF-5301PC, equipped with a
150 W Xenon lamp. The excitation and emission slits were fixed at
5 nm, except when the excitation wavelengths were 450 and
500 nm in which the PL intensity was too low, then the emission
and excitation slits were increased to 10 nm. The photo-
luminescence spectra were corrected to consider the spectral
response. Since the emission spectra show overlapping features, so
in order to avoid errors in the signal processing, the intensity signal
was transformed into an energy plot, before the deconvolution
process [38]. The energy plots, I(E)dE vs. E, will be called hereinafter
as normalized intensity.

The dynamic light scattering (DLS), and the zeta potential
measurements were performed in a Zetasizer Nano ZS (Malvern
Instruments, Malvern, U.K.). All measurements were carried out at
25 �C. The intensity autocorrelation functions were obtained at 13�

and transformed into the electric field autocorrelation functions
using the Siegert relationship [39]. Some details of these mea-
surements are in the Supplementary data. The electrophoretic
mobility was transformed into zeta potential, z, by means the
Smoluchowski relationship [40].

3. Results and discussion

3.1. Chemical composition of N-doped carbon nanoparticles

To obtain the chemical compositions of the NCNPs we used the
X-Ray Photoelectron Spectroscopy (XPS). All the C1s, N1s and O1s
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core-level spectra are collected in Figs. S1eS3 of the Supplementary
data while Fig. 1 shows the survey spectra of the three materials
and of the illustrative examples of the core level spectra corre-
sponding to NCNP-3.

The survey spectra of the three materials, depicted in Fig. 1a,
show the presence of oxygen and nitrogen-groups in all samples.
Table S1 of the Supplementary data displays the percentage of the
C, N, O atoms in each sample. As can be seen in Table S1 when the
urea:GO ratio increases the atomic percentage of C decreases while
the oxygen percentage increases. The atomic percentage of N goes
through a maximum at the urea:GO ratio value of 300:1. This trend
has already been reported. It should be noted that the N atomic
percentage obtained in the current work is lower than that previ-
ously reported [34]. Differences between the chemical composition
of the two graphene oxides used as precursors in the two syntheses
could be responsible of the different N-doping capacity.

As shown in Fig. 1bed, the C1s, N1s and O1s core-level spectra are
asymmetric bands fitted by four Gaussian functions (C1s), two
peaks (N1s) and three Gaussian functions (O1s), respectively. The
results in Fig. 1bed correspond to NCNP-3, but similar results were
found for the rest of thematerials and are collected in Figs. S1eS3 of
the Supplementary data. The position of the maximum of the four
components of C1s core-level are 284.5, 285.6, 286.7, and 288.9 eV,
respectively. These components have been assigned to the aromatic
carbon rings (284.5 eV), CeN bonds (285.6 eV), CeO bonds corre-
sponding to the alcohol or the epoxy groups (286.7 eV) and the
COO- groups (288.9 eV) [9,35,36,41e43]. Each N1s core-level
spectrum was fitted to two components. These peaks have been
previously reported for N-doped graphene materials [44] and were
assigned to pyridinic (389.9 eV), referred to the nitrogen atom
contributing to the Csp2 network with one p-electron, to pyrrolic
(400.5 eV) in which the nitrogen atom contributes with two p-
electrons, (pyridone, lactam or pyrrole groups) and to the graphitic
N bonds (401.5 eV) in which the nitrogen atom replaces the carbon
one and is incorporated into the graphene layer. Besides, the O1s
Fig. 1. X-ray photoelectron survey spectra of NCNPs (a). (b) C1s core level spectrum of NCN
Circles represent the experimental data, dashed lines are the functions into which the spec
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core-level spectra were deconvolved in three peaks centered at
531.0, 532.3 and 534.7 eV, respectively. The band centered at
531.0 eV was previously assigned to the carbon bound to oxygen by
a double bond [35,43]. The peak at 532.3 eV was assigned to the
oxygen bound to Csp2 by a single bond [43], whereas the band at
534.7 eV was detected in some graphene oxides and was assigned
to water molecules adsorbed on the carbonaceous network [45]. To
analyze the evolution of the chemical composition of NCNPs with
the reagent proportion used in the synthesis, we have calculated
the fraction of the different groups from the areas of each peak
referred to the total area. Table 1 summarizes both, the band po-
sition, and the fraction of each species. For comparison graphene
oxide was subjected to the hydrothermal method, GOH, and the
core level spectra of C1s and O1s are collected in the Figs. S1 and S3
of the Supplementary data. The C1s core level spectrumwas fitted to
three peaks centered at 284.4, 285.6, and 288.3 eV, assigned to
Csp2, CeO and C]O, respectively [35,36,41e43].

Data in Table 1 reveal that the percentage of Csp2of N-doped
materials are lower than the value corresponding to GOH. Besides,
the oxygen functionalization depends on the urea:GO mass ratio
used in the synthesis. Thus, the percentage of CeO bonds is not
significantly influenced by N-doping while that the percentage of
C]O groups decreases respect to the value of GOH. This fact points
to interactions between the carbonyl group and NH3 released by
urea and is consistent with the mechanism reported for this reac-
tion [34]. The mechanism considers that the first step is the for-
mation of amide groups which evolve to other N-groups during the
thermal treatment. However, regarding to the values collected in
Table 1, the evolution is quite different, depending on the urea:GO
ratio used in the synthesis. Thus, Csp2 of the N-doped nanoparticles
goes through a maximumwhen the urea:GO ratio was 300:1, while
the percentage of the CeN achieves a minimum at that urea:GO
ratio value. In addition, the percentage of the CeO bonds of NCNPs
slightly depends on the urea:GO ratio used in the synthesis and
presents a high value (>30%) compared with the fraction of
P-3. (c) N1s core level spectrum of NCNP-3 and (d) O1s core level spectrum of NCNP-3.
trum was split, and solid lines are fits to the data.



Table 1
Binding Energy values and relative proportion of the different functional groups obtained from XPS Measurements.

Sample C1s
emission

Max. Binding energy
(eV)

Composition
(%)

N1s emission Max. Binding energy
(eV)

Composition
(%)

O1s emission Max. Binding energy
(eV)

Composition
(%)

GOH C¼C
CeO
C¼O

284.4
285.6
288.3

43 ± 4
42 ± 4
15 ± 1

C ¼ O
CeO
water
adsorbed

531.1
533.3
534.1

55 ± 4
36 ± 3
9.0 ± 0.7

NCNP-
1

C¼C
CeN
CeO
C¼O

284.4
285.1
286.6
288.1

33 ± 3
19 ± 2
40 ± 2
8 ± 1

pyridinic
pyrrolic
graphitic

398.9
401.9

82 ± 3
e

18 ± 1

C ¼ O
CeO
water
adsorbed

530.8
532.4
534.5

4.0 ± 0.3
92 ± 3
4.0 ± 0.2

NCNP-
3

C¼C
CeN
CeO
C¼O

284.4
285.0
286.6
288.1

39 ± 2
12 ± 1
40 ± 1
9 ± 2

pyridinic
pyrrolic
graphitic

e

400.7
401.5

e

56 ± 3
41 ± 1

C ¼ O
CeO
water
adsorbed

530.7
532.1
534.1

3.9 ± 0.3
92.2 ± 3
3.9 ± 0.3

NCNP-
5

C¼C
CeN
CeO
C¼O

284.4
285.0
286.7
288.5

30 ± 3
27 ± 2
32 ± 2
11 ± 1

pyridinic
pyrrolic
graphitic

e

400.0
401.3

e

31 ± 3
69 ± 1

C ¼ O
CeO
water
adsorbed

531.2
532.4
534.6

8.0 ± 0.7
87 ± 2
5.0 ± 0.5
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carbonyl groups. This fact is confirmed by the O1s core level spectra,
since the peak assigned to the CeO bonds is predominant, while the
percentage C]O bonds is very low.

The N1s core level spectra are also asymmetric bands which were
decomposed in peaks assigned to N-pyridinic bonds (398.9 eV), N-
pyrrole bonds (400.3 eV) and graphitic bonds (401.5 eV), respec-
tively. As can be seen in Table 1, the type of bonds and their relative
area depend on the urea:GO ratio as well. So, for the urea:GO
ratio ¼ 100:1, the N-pyridinic bonds predominate (~82%) over the
graphitic ones (~18%). However, when the urea:GO ratio increases,
the pyridinic bonds are transformed into the N-pyrrole bonds. In
addition, the percentage of the N-graphitic bonds increases with the
urea concentration and predominates at the urea:GO mass ratio of
500:1. These facts indicate that when the urea:GO ratio increases the
N-pyridinic bonds evolve to pyrrolic and graphenic bonds. The
evolution of the N-groups during the synthesis has been reported
[34,46] and could interpret the observed behavior. Thus, it was re-
ported that in the first step of the reaction, NH3 reacts with the O-
groups resulting in amide intermediates which by dehydration or
decarboxylation form pyridinic or pyrrolic groups [46]. These groups
spontaneously evolve to quaternary N bonds, referred as graphitic
bonds, by reorganization of the unsaturated carbons and further
incorporation of the nitrogen atoms into the carbon network [34,46].
Our results show that the increase of NH3 in the reaction medium
favors the formation of the quaternary bonds.

3.2. Structure and surface charge of N-doped carbon nanoparticles

After the characterization of the functional groups by XPS, we
analyze the particle size and the surface charge of the NCNPs using
dynamic light scattering and zeta potential measurements,
respectively. DLS measurements were utilized to obtain the nano-
particle size since it was previously demonstrated that the values
obtained by DLS measurements agree acceptably with those ob-
tained from the scanning electron microscopy (SEM) images [36].
The solids were dispersed inwater by sonication during 1 h in steps
of 15 min. The solution concentration was 0.1 mg/ml. Fig. 2a and b
present the size and zeta potential distribution functions of the
three materials.

The size distribution functions, Fig. 2a, are monomodal for all
samples and the apparent diameter values obtained for the three
materials were: 490 nm (NCNP-1), 488 nm (NCNP-3) and 441 nm
(NCNP-5). When we compare the size of NCNPs with the apparent
diameter of the precursor GO (825 nm), we conclude that N-
doping using the hydrothermal method breaks the GO sheets.
4

Besides, the apparent diameter of NCPNs slightly decreases with
the urea:GO ratio. On the other hand, the distribution functions of
the zeta potential are multimodal functions for NCNP-1 and NCNP-
3, while it is almost monomodal, with a wide distribution, for
NCNP-5. This behavior means that depending on the urea:GO ratio
values we can obtain materials with different surface charges.
Thus, the NCNPs obtained using the lowest proportion of urea,
NCNP-1, follow a multimodal distribution function, with at least
three populations of different surface charges. The first one bears
more negative surface charge (�83 mV) than graphene oxide
(�41 mV), the second and predominant population bears lower
surface charge (�18mV) than the GO sheets and the third onewith
an electrical charge positive. When the urea:GO ratio increases, the
different populations evolve to an almost monomodal distribution
at the urea:GO ratio of 500:1. In this case, the distribution is
centered at - 28 mV, but it is a wide distribution which includes
positive zeta potential values. This behavior indicates that the
surface electric charge depends on the urea:GO mass ratio and it is
consistent with the XPS results that showed different N functional
groups for distinct urea:GO ratios. XPS results show that the in-
crease of the urea:GO ratio increases the number of graphitic N-
groups with positive electric charge, therefore, the surface charge
of NCNPs evolves to more positive values as the urea:GO ratio used
in the synthesis increases.

After the hydrothermal treatment, we check if the graphene
network was retained by recording the Micro-Raman spectra.
Fig. 2c shows an illustrative example corresponding to NCNP-5, but
similar spectra were obtained for the rest of materials. All the
Raman spectra are collected in Fig. S4 of the Supplementary data.
As can be seen in Fig. 2c, the Raman spectrum presents the twowell
defined D (1350 cm�1) and G (1390 cm�1) bands, characteristic of
disordered graphitic materials. This fact indicates that this N-
doping treatment kept the graphene network intact. Like for other
graphene derivatives, such as graphene oxide [42,47] or graphene
quantum dots [9], the Raman spectra of NCNPs present other bands
which are clearly visualized by the deconvolution of the first order
Raman spectrum. These bands are assigned to D* (~1170 cm�1), D��
(~1539 cm�1) and aweak shoulder at 1740 cm�1. In a previous work
[42,47] we related D��band with amorphous phases and D* with
disordered graphitic lattices provided by the existence of Csp3, the
latter was confirmed in a recent work [48]. The shoulder at
1740 cm�1 probably is due to the C]O stretching vibration. On the
other hand, the spectra also present a well-defined second order
Raman spectra with bands centered between 2500 and 3000 cm�1.
In Fig. S4 of the Supplementary data can be seen the deconvolution



Fig. 2. Size (a) and zeta potential (b) distribution functions of NCNPs. (c) Deconvolution of the first and second order Raman spectra of NCNP-5. Circles represent the experimental
data, dashed lines are the functions into which the spectrum was decomposed, and solid lines are fits to the data.
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details of the first and second order Raman spectra of these ma-
terials. Tables S2 and S3 of the Supplementary data collect the
parameters obtained from the fits. Fig. 2c displays an illustrative
example for NCNP-5. The second order spectra were fitted to four
Lorentzian functions assigned to G* (2535 cm�1), interpreted by an
intervalley process involving iTO and LA phonon [49], 2D
(2700 cm�1), the combination band DþD� (2945 cm�1) and 2D�
(3150 cm�1) bands, respectively. We have demonstrated that in the
graphene oxide spectrum the position of the DþD�band and the ID/
IG ratio are related with the percentage of Csp2 [42]. Specifically, the
position of the maximum of the DþD�band linearly increases with
the percentage of Csp2, while the ID/IG ratio decreases linearly with
the percentage of the aromatic carbons [42]. Similar trends are
reported in Fig. S4d of the Supplementary data for the NCNPs.
Finally, the presence of the D�� band in a low percentage in the
Raman spectra points to a moderate crystallinity [47].

3.3. Photoluminescence properties of N-doped carbon nanoparticles

After characterization of N-CNPs, the absorption and photo-
luminescence spectra of aqueous solutions of N-doped carbon
Fig. 3. Absorption spectra of NCNPs (a). Photoluminescenc

5

nanoparticles were recorded. The absorption spectra (Fig. 3a) pre-
sent a strong absorption below 230 nm characteristic of the p/ p*
transition of aromatic carbons [35,41,50]. A second band centered
between 260 and 270 nmwas also detected and is usually assigned
to n/ p* transitions corresponding to the functional groups [28].
As can be seen in the inset of Fig. 3a the intensity and position of the
last band are different for each material.

We analyze the effect of the excitation wavelength on the PL
spectra of NCNPs. Fig. 3bed collect the spectra. All the PL spectra
are asymmetric bands whose intensity decreases as the excitation
wavelength increases. Besides, the position of the maximum is
redshifted as the excitation wavelength increases due to the exis-
tence of different emissive centers [9,51,52]. Our results also show
that the relative intensity of the different emissive centers depends
on the excitation energy and seems to be different for each mate-
rial. These facts were previously reported for N-doped carbon
nanoparticles synthesized by acidic oxidative cutting and are the
signature of the existence of different emissive centers [9]. In some
PL spectra an additional peak corresponding to the Raman spec-
trum of water was observed, this peak presents the characteristic
dependence on the excitation wavelength.
e spectra of: NCNP-1 (b), NCNP-3 (c) and NCNP-5 (d).
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To study the evolution of each emission with the urea:GO ratio
used for synthesis, the PL spectra were deconvolved in their com-
ponents. We select the spectra obtained using the excitation
wavelength of 318 nm because at this excitation energy all the
emissions overlap. To avoid errors in the signal processing, the in-
tensity signals were transformed into energy plots [38] prior to the
deconvolution process. In Fig. 4 are plotted the experimental data
among the Gaussian bands in which the PL spectra were split.

During the analysis we have found that four Gaussian functions
fit very well the PL spectrum of all samples. The parameters
calculated from the fits including position, width, and the relative
area, calculated as the area of each function relative to the total area
are collected in Table 2.

Bands centered at 3.20 eV (~390 nm) and 2.85 eV (~435 nm)
have been reported for the graphene quantum dots [12,53,54] and
the combining fluorescence and Raman spectroscopies were
attributed to the p/ p* transitions of zigzag and armchair edge
states, respectively [55], as can be see Fig. 5a. We also observed
these bands in the PL spectra of N-doped carbon nanoparticles
synthesized by the acidic treatment [9]. These p/ p* transitions
are usually attributed to the intrinsic band-gap fluorescence, since
they are due to electronehole pair recombination. The relative in-
tensity of these emissions, see Table 2, is higher for the armchair
conformation than for the zigzag one. In addition, the relative
Fig. 4. Deconvolution of the PL spectrum of NCNPs excited at 318 nm, results correspond to:
lines are the functions into which the spectrum was decomposed, and solid lines are fits to

Table 2
Parameters obtained from fits of the PL spectra of N-doped carbon nanoparticles.

Sample Zig Zag p/ p* Armchair p/ p*

xc/eV (nm) w/eV A (%) xc/eV (nm) w/eV A (%

NCNP-1 3.25 (381.2) 30.8 5.0 2.84 (436.5) 23.4 61.9
NCNP-3 3.18 (390.0) 37.6 18.0 2.87 (432.0) 22.1 54.0
NCNP-5 3.25 (381.5) 37.0 29.3 2.87 (432.0) 22.1 49.3

Fig. 5. (a) Energy level structures to explain the PL emission of NCNPs. Correlations betw
percentage of pyridinic and pyrrolic groups obtained from XPS (b) and quenching of the ch
linear fits to the experimental data.
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intensity due to the zigzag conformation increases as the urea:GO
ratio increases, while it decreases for the armchair conformation.

The band centered at 495 nm can be assigned to the charge-
transfer transitions (CT) [9,30], as it is shown in Fig. 5a. Our cur-
rent results allow relating this emission with the pyridinic or the
pyrrolic N-groups, since the relative area of this peak increases
when the fraction of these groups increases (see Fig. 5b). Accord-
ingly, it can be attributed to the unpaired electrons of the N-groups
and pure Csp2 domains.

Besides, our results also show that the CT emission is quenched
by the C]O groups attached at the basal plane (see Fig. 5c). This
behavior was observed in our previous work [9]. To interpret the CT
band it is necessary to consider that N-doping introduces new
states into the HOMO/LUMO gap inducing a new CT emission
redshifted with respect to the emission corresponding to the
undoped materials. Accordingly, when the number of pyrrolic or
pyridinic N-atoms, electron-rich atoms, increases, the probability of
emission from this CT state also increases [56]. However, the C]O
groups seems to act as traps favoring the non-radiative recombi-
nation [57,58] (see Fig. 5a).

Finally, the band centered at 550 nmwas already reported in our
previous work and showed a linear dependence with the CeN
bonds calculated from the C1s core level spectrum, so that, it was
assigned to the n/ p* transition between the unbonding states of
(a) NCNP-1, (b) NCNP-3 and (c) NCNP-5. Circles represent the experimental data, dashed
the data.

Charge Transfer p/ p* n/ p*

) xc/eV (nm) w/eV A (%) xc/eV (nm) w/eV A (%)

2.51 (494.5) 22.4 28.6 2.26 (549.0) 35.5 4.5
2.51 (494.5) 21.8 24.5 2.26 (549.5) 34.1 3.5
2.53 (490.0) 22.5 19.0 2.25 (550.0) 38.6 2.4

een the relative intensity of the charge-transfer and the n/ p* transitions with the
arge-transfer emission by the carbonyl groups attached at nanoparticles (c). Lines are
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the N-groups and the excited p state of the Csp2 domains [9]. Re-
sults obtained in the current work allows to relate this emission to
the pyridinic or pyrrolic N-groups, since the relative intensity of
this band increases as the number of the pyridinic or pyrrolic N-
groups obtained by XPS measurements (see Fig. 5b).

4. Conclusion

To analyze the effect of the functional groups on the photo-
luminescence aqueous solutions of the N-doped carbon nano-
particles (NCNPs), we synthesized nanomaterials with different
functional groups using the hydrothermal method and graphene
oxide and urea as the starting materials. We have demonstrated
that is it possible to tune the chemical composition of the nano-
materials by modifying the urea:GO mass ratio used in the syn-
thesis. Our results allow us to confirm the existence of four emissive
centers assigned to the p/p* transition for the aromatic domains
in the zigzag and armchair configurations, charge-transfer, and n/
p* transitions. We also demonstrated that the charge-transfer
emission is quenched by the C]O groups attached at the basal
plane. Finally, we also reported linear correlations between the
relative intensities of the n / p* and CT bands and the percentage
of pyrrolic or pyridinic groups. We expect that these correlations
help to understand some previous experimental observations and
allow the design of NCNPs with tuned properties according to the
needs of each application in the fields of bioimaging, light-emitting
devices, or optical sensors.
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