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Introduction

Carbon dots (CDs) are a type of carbon-based nanomaterial,
with sizes typically lower than 10 nm, and known for their
fluorescence, biocompatibility, (photo)chemical stability, water
solubility, and tunability.3> These characteristics make CDs
highly attractive for a range of applications, including in light-
emitting devices, bioimaging, photocatalysis, and sensing.4¢

Another attractive feature of CDs is that they can potentially
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Insights into the Role of Common Sulfur Precursors in
Hydrothermally Synthesized N,S-Doped Carbon Dots: Fluorescence
Modulation via Surface Oxidation Rather Than Sulfur Doping

Sénia Fernandes?, Manuel Algarrab®, Ana T.S.C. Branddo¢, Antonio Gil®, Carlos M. Pereira¢, Joaquim
C.G Esteves da Silva? and Luis Pinto da Silva®"*

While heteroatom-doping is widely used to enhance the fluorescence of carbon dots, the actual mechanism underlying this
claimed enhancement remains unclear. Herein, we report a systematic comparison between nitrogen (N-CDs) and
nitrogen/sulfur co-doped (N,S-CDs) carbon dots synthesized hydrothermally, with ethylenediamine and sodium thiosulfate
as N- and S-dopants (respectively). Contrary to expectations, the inclusion of the S precursor significantly reduced the
quantum vyield by 63%, from 35.9% to 13.2%, while leaving the emission profile and response largely unchanged.
Characterization assays revealed that S-doping in N,S-CDs was residual, whereas surface oxygen content increased markedly,
indicating surface oxidation. The data suggest that sodium thiosulfate acted not as a dopant, but overall, as an oxidant,
generating oxygen-based surface defects that introduced nonradiative recombination pathways. Thus, our findings show
that co-doping with this S-precursor can decrease the quantum vyield by promoting surface oxidation and the effective
formation of more oxidized N-CDs, rather than heteroatom incorporation and production of co-doped CDs. This decreasing
effect on the quantum yield was also observed when using thiourea as S—precursor. Future works should include the study
of other common S-precursors. In conclusion, our research shows that specific heteroatom-based precursors can alter the
optical characteristics of CDs through redox/surface-modification effects instead of actual compositional doping, and thus,
claims based on heteroatom doping may need closer examination.

specifically, CDs can be obtained by using a wide variety of
organic waste, such as agricultural (e.g. corn stover, rice husks),
food (e.g. fruit peels, nut shells) and urban waste (e.g. spent
coffee grounds), forestry residues (e.g. eucalyptus leaves), and
industrial byproducts (e.g. sugarcane bagasse, olive pit liquor,
and seafood shells).> 1215

While CDs are known for their fluorescence, and are used in
fluorescence-based applications, their intrinsic quantum yield
can be low (for both waste- and non-waste-based CDs).16-20
Thus, CDs’ synthesis processes typically involve heteroatom-

be generated from a variety of renewable carbon sources using
environmentally friendly and non-toxic bottom-up routes.” This
is particularly relevant when considering the development of
engineered nanomaterials with a “sustainable-by-design”
approach, given that the fabrication stage of nanomaterials has
been identified as a potential environmental concern.?-11 More
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doping strategies, in which compounds containing desired
heteroatoms (such as N, S, P, and B) are added as dopants,
resulting in the incorporation of these elements into the
resulting nanoparticles.?> 22 The rationale behind this type of
strategy is that heteroatom doping generates additional
electron lone pairs, defect sites, and active centers, which
facilitate radiative recombination and markedly enhance the
fluorescence efficiency of CDs.23-2>

Among the various possible options, the most common
doping strategies are arguably N-doping and N,S-doping, with
S-doping being less employed.?1-24 26 Commonly used N-dopants
are urea, ethylenediamine (EDA), and phenylenediamine,
among others.'® 2729 Regarding S-dopants, typical ones are
Na,S,0s, H2SO4, and Na,S, among others.2% 2230 Besides binary
dopant systems (such as phenylenediamine/Na,S,0s,
urea/H,S0,4, and EDA/H,S0,), single-source N,S-dopants (e.g.
cysteine and thiourea) can also be used.31-34 Relevantly, both N-
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and N,S-doping strategies have been associated with high
fluorescence quantum vyields (QYe) and even red-shifted
emission.?4 26, 35-38

However, despite these apparently promising reports of the
potential of heteroatom-doping strategies for QYr
enhancement, there are still unclarified issues that prevent
their rational use in the fabrication of suitable and sustainable
CDs for commercial/industrial applications.

For one, while different authors claim that N-doping is a
suitable strategy for enhancing QY. of CDs, there are different
works that either didn’t find any clear relationship between N-
doping and the resulting QYg. or concluded that N-doping alone
is not enough for QYr. enhancement.* 3941 Furthermore, studies
that associate higher QYr. with N-doping tend not to synthesize
and study the corresponding non-N-doped CDs.*? 43 Without
this comparison, it is ambiguous whether the observed high
QYe, are related to the inclusion of nitrogen heteroatoms in the
structure of CDs. Finally, it is known that bottom-up synthesis
routes used to produce CDs can also generate highly fluorescent
molecular by-products,?*4¢ which can mask the luminescence
of CDs. Furthermore, dialysis is considered an essential step to
separate these by-products from CDs.*> 47> 48 Despite this,
several studies reporting N-CDs with elevated QY did not
incorporate adequate purification methods, and so, it is
possible that the observed yields are not from CDs but from
molecular fluorophores present in solution.37: 49,50

Thus, the literature indicates that despite the widespread
use of N-doping as a strategy for enhancing QYf, there are
significant doubts about its overall success and potential, as well
as its actual mechanism of action. Relevantly, while N,S-doping
strategy is relatively less used and studied than N-doping, there
is some indication that the efficiency of the former as a general
strategy should be equally questioned.

For one, there are also reports of highly emissive N,S-CDs
(over 50%), but they didn’t include proper purification (as by
dialysis).>1>* Meaning that there is a question whether the high
QY results from the N,S-CDs or from fluorescent molecular by-
products. Some studies that also report highly emissive N,S-CDs
did not include either comparison with mono- and/or undoped
CDs. Thus, it is also unclear whether the observed values result
from synergistic effects of combining S- with N-doping.>% 3> 36
Finally, there is also a number of synthesized N,S-CDs whose
QY. values are still low (£~10%).57-%0 Therefore, there are
discrepancies between the expected benefits of N, S-doping and
the observed results.

Herein, in this work, we report the systematic
characterization and comparison of N,S-CDs and N-CDs,
obtained from the hydrothermal treatment of sawdust, citric
acid (as co-carbon precursors), EDA (as N-dopant), and Na,S,0;
(as S-dopant). Our main goal is to gain insight into the role of
combined N,S-doping regarding the optical properties and
composition of CDs. The resulting data is essential to
understand the true impact of N,S-doping as a QYr-
enhancement strategy, with the systematic comparison with N-
CDs allowing for the evaluation of whether combined doping
results in any synergistic or additive effect. To this end, we have
performed a comprehensive optical, microscopy, and structural

2| J. Name., 2012, 00, 1-3

characterization of both CDs, by using atomic forcgnicroseopy
(AFM), X-ray photoelectron (XPS), FouriéplttaAsfarmNRErared
(FTIR), X-ray diffraction (XRD), electron paramagnetic
resonance (EPR), UV-Vis, and steady-state fluorescence
spectroscopy, and dynamic light scattering (DLS).

Notably, our results indicate that, contrary to potential
expectations, combined N,S-doping reduces the QYg from
35.9% to 13.2% (a ~63% reduction) when compared with N-CDs.
Despite these large alterations in QY the optical properties of
both CDs (studied in different media and in the presence of
different quenchers) were rather similar, which indicates that
including Na,S,0; as co-dopant had a limited effect. Finally, it
was observed that the incorporation of S into the CDs was not
effective, and that Na,S,03 did not act as a true S-dopant (as
expected). However, its use had an oxidative effect, resulting in
surface oxidation of the CDs and a lower QY. Thus, this study
provided new insight into the efficiency of N,S-doping strategies
for QYrL enhancement, as well as some mechanistic insight into
the role of dopant precursors in the synthesis of CDs and how
they can modulate the nanomaterials’ properties in unexpected
ways.

Results and discussion

In this study, CDs were obtained through the hydrothermal
treatment of the precursor mixture, which requires mild
experimental conditions, is easy to operate, and is secure and
low-cost.!? 61 |t can be regarded as a representative method for
creating these nanomaterials since it is also a common synthesis
pathway for the creation of CDs.13 15 20, 23,57

Citric acid was chosen as a co-carbon precursor, as it is
arguably one of the most widely used of the traditional carbon
sources for CDs’ production.?> 27, 37, 41, 62 Sawdust, a residue of
the wood industry, was included as a co-carbon precursor, in a
50:50 mass ratio with citric acid. Its inclusion allowed for
replacing half of the commercial carbon source with organic
waste, which has already been shown to be an effective method
for mitigating the environmental effects of CD manufacturing.'?
13 Both EDA and Na,S,0s are common N- and S-dopants,26: 34,40,
83 respectively, and they were used as a binary doping system to
generate N,S-CDs. For N-CDs, only EDA was used.

It is worth highlighting that we have selected widely used
synthesis routes and common precursors to ensure that the
conclusions obtained here are not limited to highly specific
conditions but instead provide insights that are broadly relevant
to this field of research. The synthesis procedures here used are
also based on a synthesis strategy developed previously by us,
for the generation of brightly fluorescent waste-based CDs.*?
The details of the synthesis procedures are provided in the
experimental section.

Optical Characterization of CDs

The study started by performing a comparative
characterization of the optical properties of N,S-CDs and N-CDs,
toward understanding the resulting effect of S-inclusion in bi-
doped CDs.

This journal is © The Royal Society of Chemistry 20xx
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The fluorescence of both CDs was initially analyzed by
measuring their 2D excitation-emission contour plots (EECPs),
which are shown in Fig. 1. Interestingly, the two CDs exhibit a
similar fluorescence profile, with the EECPs displaying a well-
defined and single luminescent center, characterized by an
emission maximum at ~440 nm and an excitation maximum at
~350 nm. This indicates that going from mono- to bi-doped CDs,
with inclusion of S, had a limited effect on the properties of CDs.
Moreover, and contrary to potential expectations, inclusion of
an S-dopant did not lead to a red-shifted emission.2* 26

The emission spectrum of each CD, measured at an
excitation wavelength of 350 nm, is also presented (Fig. 2). The
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Figure 1. EECPs of N-CDs (A) and N,S-CDs (B), in water.

spectrum shapes (Fig. 2A) are similar between CDs and are
consistent with published spectra of this type of
nanomaterials.’? The emission spectrum of N-CDs is slightly
broader than that of N,S-CDs (Fig. 2B), as can be seen by their
full width half maximum (FWHM) values of 79.4 and 73.5 nm,
respectively. Nevertheless, this difference is rather modest.
Interestingly, we can still see that the fluorescence intensity of
N,S-CDs is lower than that of N-CDs, at the same concentration
(Fig. 2A).

The UV-Vis spectra of the CDs were also measured (Fig. 2C).
The spectrum of N-CDs exhibited an absorption band with a
maximum at 350 nm (attributed to n—mt* transitions), and two
small shoulders at ~240 nm and ~280 nm that were associated

This journal is © The Royal Society of Chemistry 20xx
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with m—m* transitions. Interestingly, the spectrupm, of N,SGRs
did show some relevant differences. NameRy, WA EXHANGTEERK
the relative intensity of the 350 nm band is greatly reduced, and
the shoulder at 240 nm is now not clearly visible. The shoulder
at ~280 nm is still seen, nevertheless. Thus, the data indicate
that the addition of an S-dopant affects the surface or structural
features of these CDs.

The QYg of the CDs were also determined by a relative
method using quinine sulfate as a reference and were found to
be 35.9% and 13.2% for N-CDs and N,S-CDs, respectively. It
should be noted that the QYr obtained for N-CDs is relatively
high, given that waste-based CDs tend to have relatively low
QYe (below 20%).17-2° Thus, the followed synthesis strategy was
useful for obtaining brightly emissive waste-based CDs.1?
Nevertheless, the co-addition of S-dopant did not result as
predicted.?l 30-34, 52, 55,57, 538 That is, in a QYr enhancement. On
the contrary, the use of an S-dopant decreased the QY. by 63%.
Furthermore, even when considering just the QYg_ of N,S-CDs, a
value of 13.2% is rather modest. Thus, for this system, adding
an S-dopant in a binary system with an N-dopant, not only does
not produce brightly emissive CDs, but impairs fluorescence
efficiency. This adds more doubts about the true benefits of
heteroatom-doping strategies as a general solution for
enhancing the QYg_ of CDs.

We also measured the relationship between the absorbance
at 350 nm and the mass concentration of each CDs (Fig. 2D). The
variation was more significant for N-CDs than for N,S-CDs, which
indicates that the former is a stronger absorber on a mass basis.
Thus, not only does co-S-doping reduce the QYg, but it may also
impair fluorescence intensity by reducing the light-absorption
potential of the CDs.

In summary, so far, while co-S-doping has had little effect on
the emission band position and shape, it has impaired the
fluorescence efficiency of the CDs, while also affecting their
surface/structural features. To gain further insight into the
effect of this co-doping strategy on the optical properties of
CDs, we have performed additional fluorescence assays under
various conditions.

In the initial assays, we aimed to investigate the
fluorescence behavior of the CDs by measuring their emission
intensity in water/methanol and water/glycerol mixtures with
increasing water content (Fig. 3). With these mixtures, we tried
to probe the effect exerted by solvent polarity and viscosity
(respectively). Interestingly, both CDs had the same behavior in
these scenarios. That is, increasing the water percentage in both
mixtures did not have a significant alteration in the fluorescence
intensities of the nanoparticles. Except just in both pure
methanol and glycerol, but even then, the difference to pure
water is somewhat modest. Therefore, these data indicate that
the excited states of N-CDs are not strongly affected by solvent
polarity and that nonradiative decay due to intramolecular
motion does not appear to be relevant.®*%¢ Additionally, co-S-
doping did not alter these outcomes.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Emission (A) and normalized emission (B) spectra of N-CDs and N,S-CDs, UV-Vis spectra of N-CDs and N,S-CDs (C), and absorbance as function of concentration

for both CDs (D).

We subsequently evaluated the effect exerted by either Kl
or KNOs3 on the fluorescence of N-CDs and N,S-CDs (Fig. 4). Kl is
a well-known heavy-atom quencher, given that its addition can
result in fluorescence quenching by enhancing intersystem
crossing in organic fluorophores.52 67, 68 KNO3 was selected to
evaluate the potential effect of another small ionic compound
that shares the same counter-cation as Kl but has different
characteristics. Namely, while Kl can act as a hole scavenger,
KNOs is known to function as an electron scavenger.5? 70

Both ionic compounds induced quenching for the two CDs,
and the resulting Stern-Volmer plots (Fig. 4) showed a linear
relationship, which is usually associated with dynamic
quenching. However, the quenching was rather limited in both
cases, given that the obtained Stern-Volmer constants (Ksy)
were only 5.1-6.7 x 103 and 3-5 x 10* mM-, when in the
presence of KI and KNOs, respectively. Nevertheless, these
assays did allow us to make two conclusions: 1) the CDs are
more sensitive to Kl than KNOs, probably due to the heavy-atom
quenching effect of the former;52 71 2) the fluorescence of N,S-
CDs appears to be more sensitive to both quenchers than that
of N-CDs (Fig. 4), which indicates some effect exerted by the co-
S-doping.

In Fig. S1A, the relationship between fluorescence intensity
and absorbance for N-CDs and N,S-CDs is presented. Both CDs
showed the trend of general increase in fluorescence intensity
with increasing absorbance, which is not an unexpected
behavior. Nevertheless, some studies have shown a decrease in
fluorescence intensity with increasing concentration of CDs,

4| J. Name., 2012, 00, 1-3
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Figure 3. Variation of the fluorescence emission intensity in water/methanol (A)
and water/glycerol (B) mixtures for N-CDs and N,S-CDs. Excitation at 350 nm.
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which is attributed to aggregation-caused quenching (ACQ) and
self-absorption quenching.”> 73 Thus, these results indicate that
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The photostability of the CDs was also tested by continuous
irradiation at 365 nm for 30 minutes (Fig. S1B). Interestingly,
both CDs were found to be photostable, with F/Fo remaining
constant throughout the assays. This stability suggests
suitability for optical applications, where sustained
fluorescence is required under prolonged exposure to light.
Furthermore, the behavior of both CDs was identical, meaning
that co-S-doping had no effect on this characteristic.

The influence of the solvent in the fluorescence of the CDs
was further probed by assays in water, methanol, ethanol,
acetonitrile, and dimethylformamide (DMF), which are
presented in Fig. 5. Figs. 5A,C enable the measurement of the
shift in the emission wavelength maximum caused by the
solvent for N-CDs and N,S-CDs, respectively. Specifically, there
is a little blue shift of about 10 nm from water to
acetonitrile/DMF in both CDs. The variations in fluorescence
intensity with solvent can be better observed in Fig. 5B (N-CDs)
and Fig. 5D (N,S-CDs). Once again, the CDs behave similarly,
with a ~20% (slightly higher for N,S-CDs) decrease in intensity
from water to acetonitrile/DMF. These changes can be
attributed to the different hydrogen-bonding interactions that
the CDs can make with the solvent. That is, we observed
variations associated with changing from protic to aprotic
solvents, and there are reports in the literature that indicate
that the fluorescence of CDs can be more significantly
modulated by hydrogen bonding than by solvent polarity.”
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Figure 5. Normalized (A and C) and non-normalized (C and D) emission spectra of N-CDs (A and B) and N,S-CDs (C and D), in different solvents.
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Furthermore, the fluorescence emission behavior of both
CDs was also analyzed in the same solvents using the Reichardt
solvent polarity scale, ET(30). The results indicate that both N-
CDs and N, S-CDs samples exhibit similar emission maxima (Fig.
S2A) across different solvents, suggesting a limited
solvatochromic effect. Fig. S2B shows comparable trends in
fluorescence intensity ratios (F/Fu,0). Additionally, the
regression slopes observed in Fig. S2B indicate that both
samples respond similarly to changes in solvent polarity, with
only minor variations in fluorescence intensity.

One matter of debate regarding CDs is the origin of their
fluorescence, and the relative relevance between core and
surface states in their emission.”>7” Here we have made a
comprehensive analysis of the fluorescence of the two CDs
studied. Specifically, by assessing their responses to external
stimuli (ionic quenchers) and modifications in the external
media (solvent polarity, hydrogen bonding, and viscosity). It is
interesting to note that we have discovered that both CDs are
virtually unaffected by these variances, exhibiting only slight
alterations. This suggests that their fluorescent moieties are
partially protected from outside stimuli and media. This implies
that their predominant emissive states are probably connected
to core or protected states rather than less accessible surface-
related ones.*

It should be noted that while N,S-CDs is in great deal almost
as unresponsive as N-CDs to those stimuli/changes, the
resulting variations are slightly more relevant. Thus, it appears
that the fluorescent moieties of N,S-CDs are somewhat less
protected from the external environment, even while co-S-
doping does not change the overall situation

Therefore, the emission of N,S-CDs appears to have a
greater contribution from more surface-accessible states,
indicating some changes in the surface/structure of these CDs
with the addition of the S-dopant. This is consistent with its light
absorption data (Fig. 2C).

Microscopy, structural and surface characterization of CDs

After analyzing the optical properties of both CDs, it is
important to perform their microscopy, structural and surface
characterization. More specifically, the focus is on performing
comparative analysis to gain insight into the changes induced by
co-S-doping and how they can account for the reduction in QY.

AFM height analysis of the topography of both samples
showed distinct and separated objects with sub-10 nm particle
height (Fig. 6). This indicates that N-CDs and N,S-CDs possess a
nanosized nature, as consistent with the literature for CDs.”8-80

The CDs were also studied by DLS at two different mass
concentrations (0.06 and 0.14 g/L) (Figs. S3 and S4). Their
hydrodynamic diameters and mean  potentials are present in
Table 1. Regarding the latter, we can see that N,S-CDs have
higher T potentials at both concentrations, and so, should be
more stable in solution (Fig. S3B).

DLS analysis of N-CDs and N,S-CDs at concentrations of 0.06
g/Land 0.14 g/L reveal significant differences in size distribution
and aggregation behavior (Table 1 and Fig. S4).
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Figure 6. AFM analysis of N-CDs (top) and N,S-CDs (bottom), showing
representative 3D height images selected from full 10 x 10 (N-CDs) and 5x 5 um
scans (N,S-CDs). Z-scale: 7.9 nm (N-CDs, top) and 8.1 nm (N,S-CDs, bottom).

Table 1. Results of DLS and  Potential of N-CDs and N,S-CDs at different concentrations.

CDs Hydrodynamic diameter (um) Mean T Potential (mV)
N-CDs 0.06 g/L 0.3949 -11.9
N-CDs 0.14 g/L 0.7199 -12.4
N,S-CDs 0.06 g/L 0.3652 -16.6
N,S-CDs 0.14 g/L 0.2826 -18.1

The intensity-weighted data (Fig. S4A) indicate that at 0.06
g/L, N-CDs exhibit a bimodal distribution with peaks at
approximately 0.3 um and 14 um. However, at 0.14 g/L (Fig.
S4B), the bimodal distribution transitions to a single peak
around 0.5 um, accompanied by an increase in hydrodynamic
diameter from 0.3949 um at 0.06 g/L to 0.7199 um at 0.14 g/L,
suggesting increased aggregation at higher concentrations. In
contrast, N,S5-CDs exhibit a bimodal distribution at both
concentrations, with peaks at approximately 0.2 um and 5 um
at 0.06 g/L, and at approximately 0.2 um and 14 um at 0.14 g/L.
N,S-CDs hydrodynamic diameter decreases from 0.3652 um at
0.06 g/Lt0 0.2826 um at 0.14 g/L, suggesting improved colloidal
stability with increasing concentration. The number-weighted
distribution (Fig. S3A) further highlights key differences in
particle sizes. At 0.06 g/L, N-CDs predominantly exhibit particle
sizes with a peak at = 0.07 um, whereas at 0.14 g/L, the peak
shifts to = 0.03 um, confirming a reduction in primary particle
size with increasing concentration. In contrast, N,S5-CDs
maintain a relatively stable size distribution across both
concentrations, with a consistent peak at 0.11 um. These
findings suggest that the tendency for aggregation is strongly
dependent on particle composition, as N-CDs show a reduction
in primary particle size with increasing concentration, whereas
N,S-CDs maintain a stable size distribution, indicating higher
colloidal stability. These differences in aggregation behavior for
the CDs are in line with their respective mean T potentials.

Two additional topics should be addressed when discussing
DLS data. One is that while the hydrodynamic diameters of the
CDs (a few hundred nanometers) are significantly higher than
the particle height estimated by AFM (sub-10 nm), this

This journal is © The Royal Society of Chemistry 20xx
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difference is actually in line with the literature.8! That is, due to
their functionalized surface, the particles are capable of
interacting between themselves via hydrogen bonding and
electrostatic interactions, leading to their aggregation in
solution.82

Another noteworthy aspect is that the hydrodynamic
diameters variations with concentration (Table 1), indicate that
N-CDs aggregate with increasing concentration, while N,S-CDs
become less aggregated. However, despite this different
behavior, Fig. S1A shows that the fluorescence of both CDs
increases with concentration. Furthermore, the fluorescence
increase is more pronounced for N-CDs, whereas its aggregation
behavior would suggest the opposite. Given this, N-CDs appear
to exhibit aggregation-induced emission behavior.83 34
Meanwhile, co-S-doping decreased the aggregation potential of
the CDs, which could be due to changes to the surface
functionalization of the nanoparticles. This is in line with the
expected incorporation of additional functional groups in
heteroatom-doping strategies and aligns with the data
presented so far.

The XRD pattern of N-CDs and N,S-CDs, depicted in Fig. 7. In
both XRD patterns are shown a characteristic wide peak near 26
~ 25.0° (002 plane) and around 39.1° (100 planes) which reflect
the presence of amorphous carbon.®> 8 The occurrence of
oxygen-bearing functional groups that resemble amorphous
carbon phases justifies this wide band.®” The peak below 10.0°
is ascribed to (001 plane) to the presence of N and O groups and
ascribed to the organic compounds in the structure.®8 CDs
having an amorphous nature are consistent with previous
studies.®-91

250 4
200

150 o

Counts

100

50 =

24
Figure 7. XRD patterns for both CDs.

EPR analysis of N-CDs and N,S-CDs (Fig. S5) did not reveal
distinct peaks within the measured magnetic field range (2500
to 4500 G), indicating the absence of strongly detectable
paramagnetic species. The lack of significant EPR signals
suggests that unpaired electrons are either absent or present at
concentrations too low to be detected under these conditions.
This result highlights that the introduction of sulfur into the
carbon dot structure does not induce notable paramagnetic
behavior.

The CDs were also analyzed by FT-IR (Fig. 8), to gain valuable
insights into how co-S-doping affects the functional groups

This journal is © The Royal Society of Chemistry 20xx
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present in the CDs. The obtained spectra are typigal, for.deped
CDs, with a broad band in the 2500-3500 émt034RgERAAMIEN
demonstrates overlapping O-H and N-H stretching vibration
modes.'? 2892 Other relevant and common peaks can be found
at ~1548/1557 (N-CDs/N,S-CDs), ~1384, and ~1043/1039 cm™
(N-CDs/N,S-CDs). According to previous studies, these peaks
can be attributed to C=C/N-H, C-H/O-H, and C-O groups,
respectively.30 57, 93-95
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Figure 8. FT-IR spectra of both CDs.

Given the use of an S-dopant to produce N,S-CDs, we would
expect the presence of groups such as C-S, S-H, and 0=5=0.3057.
9597 Some studies have indicated that C-S groups are associated
with peaks at 690%7, 71357, 11983 and 1317% cm™. S-H groups
have been associated with bands at ~2500 cm™,°7 while 0=5=0
with peaks between 1000 and 1180 cm™ (1009, 1036, 1126, and
1176 cm™).%6 Unexpectedly, we didn’t find any particular peak
in the FTIR spectrum of N,S-CDs that could be associated with S-
based groups (Fig. 8), or that differed from what was found for
N-CDs. In fact, the spectrum of both CDs is quite identical in
peak position and shape (Fig. 8), which indicates that the
identity of the functional groups that they are composed of is
very similar. Given this, the FTIR data suggest that despite the
relevant effect that S-dopant addition had on the QYf. of N,S-
CDs, S-doping might not have been particularly efficient.

The surface composition of both CDs was investigated by
XPS. The survey XPS results (Fig. S6) indicate that N-CDs are
composed mainly of C (69.45%), O (19.26%), and N (11.30%).
High-resolution spectra for the C 1s, N 1s, and O 1s levels were
obtained for the N-CDs. To determine the functional groups on
the surface of the CDs, the corresponding deconvolution,
chemical state, and quantitative analysis were carried out. The
C 1s spectrum of N-CDs (Fig. 9A) consists of four contributions:
284.5, 286.2, 287.9, and 289.32 eV. The produced graphitic
structure carbon is responsible for the main contribution at
284.5 eV. The contributions at 286.2, 287.9, and 289.2 eV are
due to the presence of C-O/C-N, C=0, and O-C=0 groups,
respectively. N1s spectrum (Fig. 9B) reveals three peaks, with
in parentheses being their Full Width at Half Maximum
(FWHM): 398.4 (1.85) , 399.4(2), and 401.0 eV (2), which are
ascribed to the pyridinic, pyrrolic, and quaternary N atoms,
respectively.®® The Ols spectrum showed two contributions at
531.2 (C=0) and 532.8 (C-O) eV (Figure 9C).
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Figure 9. XPS core level spectra of N-CDs: C 1s (A), N1s (B), and O 1s (C); and of N,S-CDs: C 1s (D), N 1s (E), O 1s (F), S 2p (G).

The survey XPS results reveal that N,S-CDs are superficially
composed of C (63.70 %), O (21.82%), N (10.14%), and S (1.67
%), respectively, as shown in the full scan spectrum (Fig. S6). The
deconvoluted C 1s spectrum (Fig. 9D) shows three peaks: at
284.8 eV, due to C=C/C-C; at 285.9 eV, due to C-O/C-N/C-S; at
287.6 eV, due to C=0 groups. The N1s spectrum (Fig. 9E)
showed a complex of 4 different contributions: 398.5 eV (2.7),
399.96 eV (1.97), 401.52 eV (2.03), and 402.5 eV (2.29),
corresponding to pyridinic N, pyrrolic N, quaternary N, and
oxidized N, respectively. The O1ls spectrum showed three
contributions at 531, 532.6, and 534.4 eV, which are assigned
to C=0, C-OH/C-0O-C, and O-C/O-S bonds (Fig. 9F).°° The S2p
spectrum is shown in Fig. 9G, and consists of two distinct
doubles: one at 162.3/163.5 eV and the other at 168.1/169.3
eV. The former is indicative of reduced sulfur species, such as
thiophene-like or sulfide groups. The latter is characteristic of
oxidized sulfur forms, such as C-SOx groups. This spectrum is
consistent with that observed for S-doped CDs. However, the
higher intensity of the 168.1/169.3 eV doublet and the presence
of Na signal in the XPS survey (Fig. S6) could also indicate the
presence of residual thiosulfate.

Postulated Mechanism for QYg.-reduction

Consistent with FTIR, the XPS results reveal that S surface
incorporation is residual, and that the main compositional
difference between N-CDs and N,S-CDs lies in surface oxidation
rather than S content. Namely, N,S-CDs display a lower C
content (~64% v. ~70%) and a higher O content (22% vs. ~19%),
which corresponds to a ~24% increase in the O:C ratio (from
0.27 to 0.34). Meanwhile, S content was under 2%, despite the
addition of Na,S;0; being in a 1:1:1 mass ratio with the N-
dopant and the combined carbon precursors. This indicates that
Na,S,03 did not act as an effective dopant under the employed
conditions.

8| J. Name., 2012, 00, 1-3

This last finding is surprising given the marked decrease of
QY. observed for N,S-CDs (by 63%), which appears to be too
large a variation to be caused by such residual co-S-doping.
Nevertheless, the low S ratio in N,S-CDs helps explain why its
optical properties (besides QYe.) are quite similar to those of N-
CDs.

As stated in the Introduction section, while different
researchers have claimed that heteroatom doping has some
QYe-changing properties,?* 263538 it is still not proven that the
measured effects are truly due to the inclusion of those
heteroatoms.* 3941 Given this, it is possible that the QYg
decrease is not due to the (residual) S-doping here achieved.
Nevertheless, any difference between N-CDs and N,S-CDs
results, in a way or another, from the inclusion of Na,S,03 in the
synthesis mixture of the latter.

Repeated syntheses of N,S-CDs consistently produced a
“rotten-egg” odor upon opening the hydrothermal reactor,
suggesting the release of reduced sulfur species.’® This
observation, together with previous reports of Na,S,03
decomposition and disproportionation in aqueous solutions
under heating,01-104 jndicates that this compound was not inert
but chemically transformed during the reaction. Thus, the
measured composition changes between N-CDs and N,S-CDs
are most likely due to (secondary) redox effects arising from
thiosulfate decomposition, rather than surface S-doping.

In fact, the observed increase in O:C ratio by XPS
demonstrates that Na,S;0; addition promoted surface
oxidation of the CDs, producing a more oxygenated material.
This was achieved while the CDs maintained an identical N:C
ratio, of ~0.16. Consequently, the N,S-CDs here obtained can be
interpreted as oxidized N-CDs rather than as true co-doped
nanomaterials. Interestingly, this oxidant-like role of Na;S;03
was described before.10>

Finally, the observation that N,S-CDs are more akin to an
oxidized version of N-CDs, rather than an actual co-doped

This journal is © The Royal Society of Chemistry 20xx
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nanomaterial, helps to explain the measured QYr reduction.
Namely, Chahal et al.** have claimed that QY is correlated with
0O:C ratio and that N-doping is insufficient to increase QY. This
is in line with our data, as the N:C ratio difference between N-
CDs and N,S-CDs is negligible, while the latter nanoparticles are
more oxidized than the former (O:C ratio is increased by ~24%).
Previous authors have also correlated lower QYr with higher
oxidation degrees.1% 107 This can be explained by the formation
of oxygen-based surface defects that act as non-radiative
centers, thereby allowing for non-radiative relaxation
pathways.108 109 This is compatible with our data, especially
considering that despite the QY being markedly lower in N,S-
CDs, its emission band position and shape remained mainly
unchanged (when comparing with N-CDs). Furthermore, the
fluorescence of N,S-CDs presented similar variation to external
media/stimuli than N-CDs, with some apparent contribution
from more surface-accessible states.

It should be noted that the potential presence of residual
thiosulfate (Figs. 9G and S6) could raise the question of whether
the QYp decrease could be attributed to it instead (by
quenching effects). To investigate this, we have measured the
potential quenching effect of Na,S,03 toward N-CDs and N,S-
CDs, in a quencher concentration up to 100 mM (Fig. S8). The
quenching effect was found to be from negligible to small.
Namely, at 30 mM, the Fo/F ratio for N-CDs was still ~1, and just
~1.20 for N,S-CDs. These small effects are unlikely to account
for the observed 63% decrease in QY especially given that the
residual concentration of potential thiosulfate should be
significantly lower than the range investigated here (mM
levels). Finally, it should also be said that even if residual
thiosulfate is present, it still supports our conclusion that
Na,S;03; did not act as an effective dopant under these
conditions.

To better assess the extension of our conclusions, we also
synthesized two additional CDs: N,S-CDsthiourea and N,S-CDshas.
The former was produced in the same way as N,S-CDs, except
that Na,S,0; was replaced with thiourea. N,S-CDshas was
produced with Na;S;03 but in a 1:1:0.5 mass ratio (C, N and S
sources, respectively). That is, half the amount of Na,S,0; used
to produce N,S-CDs. Their EECPs are shown in Fig. S9, and their
QYsg are 3.8% (N,S-CDSthiourea) and 34.1% (N,S—CDSha|f).

This shows that the use of thiourea has also resulted in a
significant decrease in QY (by 89%), when compared with N-
CDs. This indicates that the detrimental effect attributed to S-
precursors is not limited to NaS,03. Regarding N,S-CDshai, its
QY is actually similar to that of N-CDs (5% decrease). This
indicates that the detrimental effect of Na,S:0; is
concentration-dependent, which is expected for redox/surface-
modification routes. Furthermore, while similar, the QYg, is still
inferior to that of N-CDs. Thus, it is another example where co-
S-doping does not provide a visible performance enhancement
over N-doped CDs.

Overall, our data show that the co-addition of Na,S;03
during hydrothermal synthesis does not lead to effective S
surface incorporation but instead promotes oxidation of the
carbon surface. The resulting N,S-CDs are therefore best
described as oxidized N-CDs with a higher O:C ratio, where

This journal is © The Royal Society of Chemistry 20xx
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oxygen-based surface traps are hypothesized to acgount fosthe
observed 63% decrease in quantum yield PRRis FiHdHE HigRRgHS
the possibility that some S-precursors commonly used for S-
doping may act primarily as redox modifiers rather than
dopants, emphasizing the need for careful surface-composition
correlation when interpreting QYr. changes in doped CDs.

Beyond this specific case, our results may reveal a broader
issue in CDs research. While many studies attribute optical
property modulation to heteroatom doping, there is in the field
a limited quantified assessment of heteroatom incorporation
into CDs and how it correlates with observed changes. Given
this, the role of “dopants” may be misinterpreted, and non-
doping surface oxidation/modification effects may be
overlooked. Compounds intended as dopants may in fact act
primarily as redox-active agents, catalysts, or surface modifiers.
Hence, there is a need for systematic compositional analysis and
mechanistic validation when evaluating the true impact of
doping strategies on CDs emission. Nevertheless, it should be
noted that our work focused solely on hydrothermal reactions,
not on other synthesis routes (such as microwave-assisted or
dry-heating). It was also focused on Na,S,0s3 rather than other
common S-precursors (such as cysteine). Therefore, future
work is needed to properly assess the impact of our results in
the field of CDs.

Experimental
Carbon Dots synthesis procedures

N-CDs and N,S-CDs were produced by following a general
hydrothermal treatment route previously developed by us for
the synthesis of brightly emissive waste-based CDs.12 Namely,
the precursor mixtures for both CDs were prepared in a NaOH
(0.01 M) solution, with the final reaction volume being 10 mL.
For N-CDs, the precursor mixture consisted of the carbon
precursors citric acid and sawdust (the waste material), in a
50:50 mass ratio (total of 0.15g), and the N-dopant (EDA, 0.15g).
N,S-CDs were prepared from a similar mixture, with the
difference being also adding 0.15g of Na,S,0; pentahydrate, as a
S-dopant. Both reaction mixtures were placed in a 25 mL Teflon-
lined reactor with a stainless-steel shell from Cambridge Energy
Solutions (CES) and then heated at 200 °C for 8 h in a D-6450
Hanau oven from Heraeus. Afterwards, the resulting CDs
solution was placed in an ultrasonic bath from VWR, model
USC100TH, for 20 minutes. Later, the sample was centrifuged
for 30 minutes at 6000 rpm through a MIKRO 220R from Hettich
to remove suspended particles. The precipitate was discarded,
and the supernatant was further purified. Namely, the CDs were
subsequently submitted to dialysis for 24 hours, using a Float-
A-Lyzer®G2 Dialysis Device, MWCO: 3500 Da. The commercial
chemicals used in the synthesis were citric acid anhydrous (>
99%), EDA (299%), and NaOH (297%) from Sigma-Aldrich, as
well as NaS;0; (Merck). The sawdust was supplied by a
Portuguese company specializing in timber trading and the
production of derivative products. The efficiency of the dialysis
process was assessed by measuring the absorbance of the
dialysate solutions at 350 nm (the excitation wavelength of the
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CDs), of the dialysate solutions at the first cycle of water
replacement and at the end of the 24h dialysis (Fig. S7). While
the absorbance at the end of the first cycle was of 0.116-0.123,
at 24h, only basal absorbance values were observed for both
CDs (0.003-0.007). These decreases correspond to almost 100%
(~95% for N-CDs and ~97% for N,S-CDs), and support the
adequacy of our dialysis conditions.

Characterization techniques

Fluorescence measurements were performed using a
Horiba Jobin Yvon Fluoromax-4 spectrofluorometer, using a
standard 10 mm fluorescence quartz cell. The fluorescence
spectra were acquired with slit widths set to 2 nm. Samples
were analyzed at a fixed concentration of 0.1 g/L, except in
concentration-dependent assays. Absorbance spectrum was
recorded using a UV-3100PC spectrophotometer from VWR,
using quartz cells.

Dynamic light scattering (DLS) and -potential
measurements were conducted using an Anton Paar Litesizer™
500 particle analyzer. -potential measurements were
performed in a polycarbonate Omega Cuvette, and size
measurements (by DLS) in a disposable polystyrene cuvette.

transform (FT-IR) spectroscopy was
using a PerkinElmer Spectrum Two FT-IR
spectrometer (ATR module) and Spectrum software. The
analysis included 4 scans per spectrum and covered a
wavenumber range from 4000 to 400 cm™.

Fourier infrared

conducted

Using monochromatic Al- K, radiation (49.1 W, 15 kV, and
1486.6 eV), X-ray photoelectron spectroscopy (XPS) was
conducted on a Physical Electronics PHI VersaProbe I
spectrometer to analyze the core-level signals of the
components of interest using a hemispherical multichannel
detector. Using a circular analysis region of 200 um in diameter,
the sample spectra was recorded with a constant pass energy
value at 29.35 eV. PHI SmartSoft software was used to analyze
the acquired XPS spectra, and MultiPak 9.3 was used for
processing. The adventitious carbon C 1s signal (284.8 eV)
served as the reference for the binding energy measurements.
The binding energies were found using Gauss-Lorentz curves
and Shirley-type backgrounds.

Laboratory X-ray powder diffraction (XRPD) patterns were
collected using a PANanalytical EMPYREAN automated
diffractometer. Powder patterns were recorded in Bragg-
Brentano reflection configuration by using the PIXcel 3D
detector with a step size of 0.01° (28). The powder patterns
were recorded between 5-70 in 26 with a total measuring time
of 60 min.

Electron Paramagnetic Resonance (EPR) spectra were
measured using a Bruker Elexys Ill E580 spectrometer, which
operates in the X-band (9.5 GHz).

Atomic force microscopy (AFM) analysis was conducted with
Nano-Observer AFM (CSinstruments AFM Microscopes, Les
Ulis, France). For this purpose, a mica substrate treated with 0.01%
Poly-L-Lysine hydrobromide was used to deposit the sample, and
measurements were carried out using a sharp Si N-type probe with a

10 | J. Name., 2012, 00, 1-3

resistance of 0.01-0.025 Q cm and a frequency resonance.of 200
400 kHz. Samples were prepared by drop &/p&vaiéw bF aanuged
CDs solution, and Gwyddion software was used for AFM data
analysis.

Fluorescence Quantum Yield

Fluorescence Quantum Yield (QYr) was determined following a
standard methodology, which involves comparing the integrated
luminescence intensities and absorbance values of the sample (in
this case, the CDs) to those of a reference fluorophore, quinine
sulfate (QS). The calculation of QYf is based on the following
equation,

2
Gradmml’le Nsample

Grados * 100

QYL = QY X Z
Ngs

where "Grad" represents the gradient derived from the plot of

integrated fluorescence intensity versus absorbance, and "n
denotes the refractive index.

In this study, QS was utilized as the reference fluorophore due to
its established QYq of 0.54. QS is commonly used for QYr
determination of CDs because it absorbs at the selected excitation
wavelength and emits in a spectral region comparable to that of
typical CDs, including the ones analyzed in this study. The refractive
index of the reference (QS) was 1.33 (0.1 M H,S04), and the sample
(CDs) was 1.34 (H20). To minimize reabsorption effects, absorbances
at the excitation wavelength were kept below 0.1.

Conclusions

In summary, this study provided a comprehensive and
comparative characterization of N-CDs and N,S-CDs synthesized
from sawdust, citric acid, EDA, and Na,S,03 under hydrothermal
conditions. More specifically, while heteroatom-doping
strategies are widely used to enhance the QYg of CDs, there is
a limited understanding of the mechanism behind it. In fact, it
is still unclear how truly effective these strategies are. One
example is the lack of a comprehensive demonstration that co-
N,S-doping provides additional advantages over single N-doping
approaches. Herein, our study aimed to provide insight into
these processes by focusing on commonly used precursors, N-
and S-dopants, and synthesis strategies, thereby ensuring a
broader generalization of the conclusions within this research
field.

Despite the broadly claimed benefits of co-N,S-doping and
the common use of Na,S;03 as an S-dopant, the results revealed
that its inclusion markedly reduced the QYg_of N,S-CDs by 63%.
Detailed microscopy and spectroscopic analyses indicate that
this loss in QYg is not due to successful S-doping, but rather to
a more oxidized surface, as evidenced by the higher O:C ratio
measured by XPS. These findings suggest that the inclusion of
Na;S,03 had a primarily oxidant effect during the synthesis
rather than the compound acting as a dopant, promoting
oxygen-based surface defects that introduce nonradiative
traps. In other words, the addition of Na,S,03 resulted in a form
of more oxidized N-CDs rather than co-doped N,S-CDs. It should

This journal is © The Royal Society of Chemistry 20xx
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be noted that thiourea also was found to cause a marked
reduction of QYe..

Beyond this specific case, this study highlights the possibility
that heteroatom-containing compounds can behave as redox-
active modifiers rather than true dopants. As such, future
studies should perform more quantitative assessments and
validation of heteroatom incorporation into the resulting CDs,
to better distinguish between real doping effects and surface
modifications mediated by heteroatom-based compounds.
Furthermore, S-precursors (e.g., cysteine), which are also
commonly used, should be specifically investigated to assess
whether they induce this QYr-reducing effect, at least under
some experimental conditions. Thus, this study provides
valuable insight into the use of heteroatom-precursors, which
can inform a more rational design of better-performing CDs.
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